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PHOTOINDUCED ELECTRON, PROTON OR HYDROGEN-ATOM TRAFER REACTIONS IN BENZOPHENONE-
TYROSINE AND BENZOPHENONE-METHIONINE BICHROMOPHORISYSTEMS

1 INTRODUCTION AND LITERATURE BACKGROUND

1.1 Introduction and Aim of the work

The main aims of this thesis are (1) to charaaerzethionine and tyrosine
chemistry of biological significance, (2) to proeidbasic chemical information
concerning photochemical reactions that can ogtmatural biological systems, e.g. in
proteins, and (3) to contribute to an understandihgbiological processes at the
molecular level. Since methionine contains thedthier group, it plays crucial roles in
many biological and cellular processes. As S-adapasethionine, it takes part in
transmethylation,trans-sulfurylation andtrans-alkylation' In addition the oxidation
of methionine is one of the most important causas the inactivation of some
hormones (corticotrophin, human growth hormdflepxidation of the thioether side
chain of methionine residues in peptides and pmetthat lead to sulfur radical cations
has been suspected in oxidative stress and &gthiyloreover, in the pathogenesis of
some neurodegenerative diseases (Alzheimer's, Jammltzfeld’s, and Parkinson’S),

8 oxidation of the thioether side chain of methi@ngeems to be strongly involved.

Tyrosine, as well as phenols, in general play fomelatal roles in biology due to
their, mainly, reversible redox chemistry. The mogties of phenols to act as chain-
breaking agents or antioxidants in the radical-cedl peroxidation of organic
compounds are well established as vital rolesHertyrosine/tyrosyl radical couple in
the active centers of numerous enzyfiés.The chain-breaking ability of phenols is
generally attributed to the ease of the donatiothefphenolic hydrogen atom (H-atom)
to the attacking radical. As a net effect, one bgeén atom is transferred from the donor
to the acceptor.

In the light of the roles of tyrosine and methianipresented above, it is of
general importance to carry out a comprehensivdystfi the photoinduced reactions of
hydrogen, electron and proton transfer that occamfthose two amino acids. Because
of the complexity of the biological systems, simph®del bichromophores such as
benzophenone-tyrosine and benzophenone-methiosimeslh as trichromophores such
as carboxybenzophenone-methionine-tyrosine were logeg to analyse the
photochemical intramolecular reactions that o¢owitro. This approach can serve as a

useful tool in understanding the radical procesisatstake placen vivo.
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Although photoinduced hydrogen-abstraction andtedactransfer reactions by
triplet-excited carbonyl compounds have been cktdipcs of photochemical research
for many years, there is still much controversyutibe mechanisms of these reactions.
In addition, various factors associated with thelsetoprocesses have been considered
to influence their reaction rate constants. Stdreogcal control and chiral
discrimination are essential features in biologegtems. In this context, part of the
interest in the present thesis has been focusedtheneffect of chiral center
configurations on the diastereo-selectivity of thplet quenching processes. This was
accomplished by a comparison of the reactivity airg of diastereocisomers for
benzophenone-tyrosine as well as for benzophenatbiomine dyads. In addition,
special attention is paid to the effect of molecug@aometry on the quenching rate
constants. The role of the steric constraints enowverall reactivities was examined by
modulation of the flexibility of the linkage betweéhe interacting groups.

Furthermore, the impact of the reaction media @nrtties and the actual transfer
mechanisms is addressed. Since there are no systestadies on the solvent
dependence on the intramolecular H-atom transfex,ad the goals of this thesis is to
perform detailed studies on the solvent dependericéhe intramolecular H-atom
transfer in order to verify whether the Ingodd al!s concept of a Kinetic Solvent
Effects (KSE}>*? of bimolecular H-atom transfer is applicable tdramolecular
reactions. To clarify the respective solvent depewed on the photoinduced
intramolecular reactions, studies on the dyads wargmented by results on a
bimolecular system: benzophenone/anisole. It welldmown that the reactivity of an
electronically excited molecule can be greatly exed by changes in the nature of the
solvent. In particular, the efficient one-electroxidation of anisole by triplet-excited
BP in protic solvents allowed convenient accesshi radical-cation chemistry of
anisole!’®

In order to describe photoinduced intramoleculactiens of hydrogen atom,
electron and proton transfer, a comprehensive sivatycarried out by means of laser-
flash photolysis and steady-state irradiations. sEheexperimental studies were
supplemented by the results from molecular-dynansicsulations and theoretical
calculations. This theoretical work involved stigdigf the ground-state structures and

conformations which established a quantitativeyseef the conformer distributions of
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the dyads and triads and defined the moleculaeqasites of the individual quenching
geometries.

These experimental and theoretical studies provioesic information on the
kinetics of intramolecular reactions between tymesinethionine and triplet-excited
benzophenone. This information opened possibilitiesa discussion of the details of
the transfer mechanisms in terms of the reactiodian@nd the molecular structures. In
addition, the results obtained verify whether alitpiave order of reactivity can be
established. The bases for establishing this oroerreactivity are geometric
considerations and molecular-dynamics simulatidinee latter makes use of the pair-
distance distribution between the reacting groupsaafunction of the molecular
structure. Most interestingly, as an extensionhe previous knowledge, the work
presented in this thesis addresses not only thetigneof the factors that have an impact
on the overall reactivity but also of factors whataracterize whether those parameters

are independent or correlated with each other.
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1.2 Molecules in the excited states

All photochemical and photophysical processesratied by the absorption of a
photon of visible or ultraviolet radiation leading the formation of an electronically-
excited state. Light absorbing molecules contaougs called chromophores which are
responsible for the absorption of the light. Absianp of ultraviolet and visible light by
molecules results in electronic transitions in Vihichanges in both electronic and
vibrational states occur. The energy gap betweectrehic states is much greater than
that between vibrational states.

An electronic configuration of an organic molecude defined by listing the
molecular orbitals that are occupied with electrofise highest occupied molecular
orbital is called the HOMO, and the lowest unocedpmolecular orbital is called the
LUMO. Photon absorption of the appropriate energsults in excited-state
configurations by the promotion of one electromiran occupied molecular orbital to a
vacant molecular orbital. The electronic configimas of the ground state, Sare
generally (HOJ(LU)® for ordinary organic molecules. An electronicaglycited state
possesses one electron in each of the two keyatst§liO)(LU)®. Electrons in the half-
filled orbitals can be of the same (parallel) spmof different (opposed) spin. Such
states correspond to triplet T and singlet S sta=pectively. An excited triplet state
generally has a lower energy than that of the sporeding excited singlet state, which
Is in agreement with Hund’s rule. This rule statiest when two unpaired electrons
occupy different orbitals, there is minimum repaoisienergy between the electrons
when their spins are parallel. The excited staté@glily produced by absorption of a
photon are almost always singlet states. This talse almost all organic molecules
have a singlet ground state, and the selections rtde absorption strongly favor
conservation of spin during an absorption proceéssn this aspect of molecular orbital
theory, there are, in principle, six types of alesic transitions, designated:—c
6—m, 1T, T— 6, N— o, n—n . If the two atomic orbitals are two s-orbitals ihe
the resulting molecular orbitals are calledbonding ands  antibonding orbitals.
Molecular orbitals formed by mixing two parallelopbitals are callea if bonding and
n if antibonding. Molecular orbitals, designatedcontain in the ground state a lone
pair of electrons localized on just one atom.

Of the possible electronic transitions, more aitentill be paid tor—xn and
n—n due to their relevance for the aromatic ketonesdum this work, namely

4
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benzophenone. Absorptions duetten” and n>rn transitions differ from one another
in several important aspects. First of all>n transitions normally occur at shorter
wavelengths than do absorptions due temn. In addition, =—n transitions are
characterized by high values of molar absorpticeffaentsemax in the range of 10—
10> Mt cm™* whereas s>n transitions have weak absorption withy values of 1 —
10> M cm™ In agreement with the description above, the U/-spectrum of
benzophenone has a maximum absorption at 250 raneitonitrile withemax = 16000
M~ cm™ which can be assigned toma—>n transition. A weaker +TT transition

appears at 340 nm in acetonitrilg.= 150 M* cm %).1*9
1.2.1 Dissipative pathways of excited states — Jablons#tiagram

Electronically-excited states of molecules haveeacess of energy due to their
being formed by photon absorption. These excitatestare short-lived, losing their
excess energy through a variety of deactivatiorcgsses. If the excited molecule
returns to its original ground state, then theigas/e process is a physical process.
However, if a new molecular species is formed, tlila dissipative process is
accompanied by chemical change. The propertidseoéxcited states (relative energies,
electronic configurations) and their relaxation qggeses are represented by Jablonski
diagrams (Figure 1.2-1).

Radiative processes (blue solid arrows in Figu&1).involve the emission of
electromagnetic radiation as the excited molecelaxes to the ground state. Two
processes can be distinguished:

* FluorescenceH) — caused by a radiative transition between statése same
multiplicity. It usually occurs from the lowest vdtional level of the lowest
excited singlet state,;SS;(v - 0) = § + hve. Fluorescence is a rapid process
with a rate constard on the order of 10- 16 s.[%

* Phosporescenceli) — is the result of a spin-forbidden transitiortvieen
states of different multiplicity, usually from th@west vibrational level of the
lowest excited triplet state;TT,(v —» 0) = § + hvpr,. The process has a much

smaller rate constakp, ~ 102— 10 s 1120
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Figure 1.2-1 The Jablonsktate energy diagra blue solid arrows — radiative tratisns, red dashe
arrows — nonradiative transitions.

In contrastto radiative process in radiatonless transitionsed dashe arrows in
Figure 1.2-) there is no emission of elromagnetic radiation accompany the
deactivation procesfadiationless transitions occur between isoenergebirationa-
rotational levels of different electronic statesnéng the radiationless transitions t
processes can be identified:

* Internal ConversionIC) — is a radiationless transition tixeen different
electronicstates of the same multiplicitinternal conversior from upper
excited electronic states, e.(n — S, Tm — Tn are extremely rapid so th
other radiative and nonradiative transitions dogeterally occur from upp
electronicallyexcited states as they cannot compete with thesanail
conversions. Internal conversion from the firstied singet state, howeve
is so slow that fluorescence can compete with ypidal rate constants f
internal conversion between excited st are on the order of ** - 10"
s 129 1t is worth noticing that the ergy differences between the exci
states for each multiplicity are usually less thatween the ground staty
and the first excited states; or T;). Thus, as a consequenakthe energy

gap law irrespective of which upper excited states artelly populated, fas
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internal conversion and vibrational relaxation widlax an electronically
excited molecule to its lowest vibrational levefsSpor T;. This is the basis
of Kasha's rule, which states that luminescencessiom and chemical
reactions of excited molecules will always origsatrom the lowest
vibrational levels of Sand T.

* Intersystem Crossingl§C) — is a spin-forbidden radiationless transition
between isoenergetic states of different multipticie.g. $ — Ti. The
intersystem crossing:S— T, or § — T, which is competitive with
fluorescence, is the process by which the triplaetes can be populated. In
addition, radiationless deactivations of the lowagblet state T — &
compete with the phosphorescence from the sfate. The intersystem
crossing usually has rate constags on the order of 10~ 10+ s*.2%

Vibrational relaxation{R) involves transitions between vibrational statethw
a given electronic state. In solutions, this occeificiently when excited molecules
collide with other species such as solvent molexuléne excess vibrational energy is
dissipated as heat. Typical rate constants foptbeesskyr are on the order of 0-
108 st

The radiative and radiationless processes of aksit@te deactivation described
above are unimolecular processes that involve ongy molecule. It is also possible to
deactivate an excited state by an interaction waitbther molecule, in a process called
guenching. Quenching processes occur by many eiffenechanisms and are induced
by many different substances. Of these, oxygemésad the most efficient quenchers of
the excited states. Thus, in order to perform dqteive quenching studies, it is
essential to limit its concentration.

Quenching of electronically excited states can ptguphotophysical processes
or by photochemical reactions, e.g photoadditionpbpotoreductionvia hydrogen
abstraction. Photophysical processes, which ddeaat to new ground state products,
can be divided into charge transfer, energy transfed heavy atom effect.
Photoinduced hydrogen abstraction and electronsfieanare directly related with
aspects of this thesis, and that will be describatktail in Chapter 1.3.1.1 and Chapter
1.3.1.2, respectively.

In order to determine what processes are mostylikeloccur from $ or Ty,

information is required on the rate constants tbofithe possible photochemical and
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photophysical processes that can compete for de#iom of these states. The relat
rates of the transitions from a given state deteenthe probability of the variol
processes that cacaur from that stat

Since the investigated compounds are all derivatofedbenzophenone, its enel
statediagram will be consider: (Figure 1.2-2) This molecule is nearly nonfluoresct
(quantum vyieldpr < 10%), and the liftime of its singlet state;$s very shortzs~ 10
s). At 77 K,benzophenone exhibits intel phosphorescence with a quantum yi®p
= 0.9 and a lifetime of 6 x ~3s*?¥ Almost every benzophenone molecule undert
intersystem crossing to; With a very high rate constaksc ~ 2 x 10*! s This
feature is common for a carbonyl compound haa S(n') state with a close-lying
T(r,n).

S,(n,m")

100 kcal/mol ke~ 1012 ¢!

kige = 2x10" 57!
Sl(n,n*) _.L_ISL> _— Tz(ﬂ;’n )
74 keal/mole ~100% £ 100 %
: — v @ T(nm=)

H 69 keal/mole

ke<107s7 |g =106

kp,= 1.8x102 57!
10%; 90 %

So v vy v v

Figure 1.2-State diagram for benzophenone at 7%
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1.3 Selected aspects of the photochemistry of carbongdmpounds

Compounds containing the carbonyl C=0 chromophozenadely and intensely
investigated in photochemistry. The overall phatot®n of ketones and aldehydes is
composed of two stages:

« the primary photochemical process which is typicalitiated by $(nx’) or
Ti(nm) states and produces intermediates, e.g. radiaab, pbiradicals,
radical ion pairs;

» secondary thermal processes that lead to products.

All of the compounds investigated in the thesiseMeenzophenone derivatives. So, the
following description of the photochemistry of canyl compounds will be limited to

aromatic ketones.

1.3.1Primary processes of carbonyl compounds and moleai orbital description

of their excited states

The reactive state of aromatic ketones is genethBytriplet state due to very
efficient intersystem crossing (Figure 1.2-2). Tdescription of the ¥nx') excited
state assumes that the n-orbital is localized erCttatom of the C=0O group and that the
n is delocalized over both atoms of the C=O group.sbme molecules, e.g.
benzophenone, the molecular orbital is not only delocalized onto BeO atoms but
also to some extent onto other atoms which areugatgd with the C=0 group. In
addition, there is the possibility of mixingr states with m; state. This can influence
the photochemistry of the compound. For examplenanstate that possesses some
n,m character can undergo the same processes as ajpustte but with different rate
constants.

An analysis of the orbital interactions oftnstates with HOMO and LUMO
states of other molecules or with intramoleculaougs gives a description of the
possible kinds of photochemical primary procesgesnolecule in an m, state will
interactvia its n-orbital with a HOMO of another molecule, avid its n orbital with
the LUMO of another molecule. Taking into accoumattorbitals of the HOMOs of
organic molecules can be definedsag and n orbitals, there are three possible types of
interaction between the n-orbital of am nstate with the HOMOSs of another molecule:

n—o?, n—n® n—n’. By analogy, there are only two categories for th#MOs of
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organic moleculest’, ¢'; sc, as a result, there are only two possible types —

LUMO interactionsn® —=n , T —o . A summary of all the fundamentally different tg;
of orbital interactions involved with a typical prary photochemical procses are
presented in Figure 1.3-1.

Electron- poor olefin

Addition to C=Cbond " _ — _o me—___0, B-cleavage

Electron- rich olefin

Addition to C=C bond Meoc oo \ . — —298 1y, (lone pair) electron transfer

—NnN
o \ 98 0., Hydrogenatom transfer

7, %
7,
“,
v,

Figure 1.3-1Possible primary reactions of ther state based on the orbital interactitfis.

0-Cleavage Oc.c

Electron transfer and hydrogen atom abstracrelevant to the work presentedthis
thesis will be discusseskparatly in Chapters 1.3.1.1 and Chapter 1.3.1eBpectively.

1.3.1.1 Photoinduced hydrogen atom transfe

Photoinduced hydrog-abstraction reactions by triplekcited carbony
compounds have been a central topic of photochémgicearch for many yeat*® 2> 2
The mechanisms involve transfer of a hydrogen atonthe oxygen atom of tf
carbonyl excited state from a donor moiety whiclyrba a solvent molecule, an adc
reagent or an inamolecular hydroge-atom donor.As a consequen, possible
reactions of the investigated compounds with theestd molecule have to be taken i
account in such experimen#&bstraction of a hydrogen atom by the tripletitect state
of a carbonyl compaw from a hydrogen donor XH leads to a geminatécahgbair

3I(RP)gemthat consists of a ketyl radical arn X radical:
HsC

R
>—O* 4+ H—X —— /C'—OH + X
R HsC

10
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The 3I(RP)gem, before undergoing combinations or disproportimmat needs to
undergo intersystem crossing. However, this protaess ~ 17 s and is slower than
the escape of the geminate radical pair from aeslgage in non-viscous solvents. The
favored route for secondary reactions depends a@n diucture of the radical
intermediates, on the concentrations of the reagenthe hydrogen-donor power of the
reducing agent and on the temperature. The mosthooneaction involving alcohol as
H-donor leads to the corresponding pinacol witthhjgelds.

The nature of the lowest excited triplet state hedce the electron distribution in
this state of the carbonyl compound is of decisivgortance in the process of
hydrogen atom transfer. As an example, there ialanost three orders of magnitude
difference in the rate constant of H-abstractiamfr2-propanol by benzophenone in a
Ti(n,n) state k; = 1 x 16 M~ s) and 4-phenylbenzophenone in drl ) state K, =
5 x 16 M s1.' The smaller reactivity of the %ft') state toward hydrogen
abstraction might be a very good way to observetchivig between {nx') and
T.(n,n) states with a change in the solvent. For exanthke rate constant for triplet
acetophenone to abstract hydrogen from 2-propaectedses by three orders of
magnitude in going from benzene to acetonitrileckhndicates that the triplet state has
nn character in acetonitrile. The rate constant fgdrbgen abstraction can be
increased by using better hydrogen donors with eeblkX bonds.

The reactivity of ny excited triplet aromatic ketones, mostly benzophenavith
alkaned?? alcohols® hydrides?® alkylbenzene&’ 28 and aminéé” *? has been
investigated to establish the role of the dondhanhydrogen abstraction process. These
works revealed that hydrogen abstraction can odwgura variety of mechanisms
depending on the identity of the hydrogen atom dombese mechanisms include (1)
“pure” alkoxy radical like abstractidfi- *2 (2) a reaction initiated by charge or electron
transfer to the excited carbonyl compound fromhizdrogen atom donor, followed by
proton transfel® 3% and (3) a mechanism involving an intermediate bgdn-
bonded triplet exciple®® *! The configuration of the lowest triplet state &iéved to
be less important in electron transfer-mediatedtieas. Thus for most amine donors,
for example, the rate constants are determinedagpilynby the thermodynamics of
electron transféf® The mechanism for charge transfer (CT) assistedragen
abstraction from alkylbenzenes is believed to imgothe initial formation of an
exciplex, held together by interactions between dleetron-deficient n-orbital of the

11
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ketone and a=MO of the H-donor. This results in a slight incsean the acidity of the
transferring hydrogen which, in fact, facilitates transfer. Rate constants for ketone
triplet quenchingvia this mechanism correlate with both the arene aiion potential

and the triplet reduction potential of the ketéife.
1.3.1.1.1 Hydrogen atom abstraction by phenols

Among all of the photoinduced hydrogen atom transfactions, special attention
has been given to reactions between remote phewotriglet-excited ketone moieties
since hydrogen-atom abstraction from phenols isacdy one of the most important
oxidation processes in biochemical systems. Stavtith the seminal study by Das and
Scaiano in 198F% reactions of phenols with triplet-excited carbongmpounds have
stimulated recurrent interdéf: 3 3 There is much interest and controversy in the
mechanism of the H-atom transfer quenching of atimmtaplet states by phenols.
Three main mechanisms of the phenols’ action agdeolgen-atom donor are generally
discussed: 1) hydrogen-atom transfer (HAT) with #lectron and proton being
transferred in one kinetic step; this notation ules proton-coupled electron transfer
(PCET); 2) sequential proton loss and electronsfean(SPLET), which was put
forward only recently by Litwinienko and Fétf ¥ and 3) electron-transfer followed
by proton transfer (ET-PTj% ¢3

Das and Scaiano presented, for the first time, databsolute rate constants for
the reactions of aromatic carbonyl triplets withepbls. They used 18 different phenols
to quench the triplet state of benzophenone, haiténipwest triplet state being ofm,
character, and p-methoxypropiophenone, with itseltviriplet state oftmt character.
Representative rate constants for benzophenonetsrip benzene were measured to be
1.3 x 10 M* s (phenol) and 8.1 x foM™ s (m-fluorophenol) while for p-
methoxypropiophenone the respective values were<4l@ M~* s and 5 x 1dM™
s *. Irrespective of the electronic nature of the Istvexcited triplet state (m, vs Tyt ),
H-atom transfer from phenols occurred with highogfhcies (usually close to unity), in
particular much higher rates than were observedafgrhatic alcohols. The high
efficiency of radical intermediate formation waswtasted by a very inefficient product
formation®® The excited-state energy thus is dissipatéal consecutive H-atom
transfer steps, which regenerate the starting maéen their electronic ground state.

Aromatic ketones abstract hydrogen from phenolsatgs that are substantially faster

12
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than those from substituted toluenes, which is whigiht be expected on the basis of
the lower ionization potential and bond dissociagmergy of phenol compared to those
of toluend®® However, the lack of a significant difference imthand Tt triplet
ketone reactivity with phenols and the generallyalérkinetic isotope effects for H-
transfer in these reactions both tend to arguenaga simple H-atom abstraction
mechanism. Kinetic isotope effect measured by DaksScaiano for the benzophenone
triplet state quenched by phenol in an acetoniwidg¢er (9:1 v/v) mixture was only
ka/ko = 1.2 Those researchers also showed that protic solvews a rate retarding
effect for benzophenone and p-methoxypropiophenah&h has been suggested to be
the result of hydrogen bonding between the sohamt both the pherdf and the
excited keton&”

Recently, evidence has been presented for the fmmaf encounter complexes
prior to H-atom transfer between phenol and theteddetone benzoylthiophene, with
aTTt lowest triplet, based on laser flash photolys&ilts and DFT calculation®: >3
Perez-Prietet al’®* 3 demonstrated that photoreduction of benzoylthiogh@T) in
the presence of phenol or indole generates ketiftaits with high rate constants and
quantum yields close to 1. However, long irradiationes were needed (mainly in the
case of indole) to achieve important conversionsthe steady-state irradiation
experiments. These data confirmed that ketyl arehpkyl or indolyl radicals largely
react to regenerate the starting materials, whicas valso observed for the
photoreactions of benzophenones with phenols anidiesmBased on the different
trends observed for the solvent-dependence of tiemaping rate constants, together
with DFT theoretical studies, they proposed fundatale differences between the
mechanisms of the reaction of the BT triplet wittepol and indole. Specifically, they
proposed that the reaction for the BT/phenol paioives a hydrogen-bonded exciplex,
where concerted electron and proton transfer léadsradical pair. Conversely, in the
case of indole, electron-transfer precedes pratumster. Pereze-Prietd al. suggested
that this marked reactivity difference arises frdme lower ionization potential and
acidity of indole, together with the lower aciditf the indole radical cation, when
compared to the corresponding values for phenoltarrddical cation.

Leigh et al. in 1996 have also proposed that the alkoxyacetopfes’ ftm)
mechanism of hydrogen abstraction from phenol ve®lhydrogen bonding between

the excited triplet ketone and the phenol, in wmeh hydrogen atom transfer occurs in

13
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the form of a coupled electron/proton transfer. filgdrogen bonding interaction was
proposed to adjust the reduction and oxidationmi@ks of the reactants to the extent
where electron transfer becomes thermodynamicayprable®” Such a process is
expected to be more favorable for ketones withloheest state being thet triplet
state because of the increased basicity in this ofgriplet configuration in comparison
to ketones with my as their lowest triplet state. Detailed study lé guenching of
fluorenone fy1t) triplets by phenol in aprotic solvents led Lingztand co-workers to
the same mechanisfit. In 2006 Leigh and co-workers reported extensiilte for
rate constants of reactions involving the loweptdt states of 37 aromatic ketones with
p-methylphenol in acetonitrile. The list of invggtted ketones included substituted
benzophenones, acetophenones and several bicydlictrecyclic compounds with
different configurations of the lowest triplet gtaBased on the plots of ldg vs. the
triplet reduction potential, they suggested thagrmitic quenching of ketones with a
lowest nJt state proceedsia two mechanisms, depending on the triplet stataatésh
potential and the proximity of the higher lyingm triplet state. Electron-acceptor-
substituted benzophenone derivatives were proptsdae quenched by the charge
transfer exciplex mechanism where the charge flives the aromatic ring of the
donor into the half-filled n-orbital of the keton€he quenching rate constant for this
mechanism depends both on the oxidation potentiathe hydrogen donor and
reduction potential of the acceptor. Quenchingletteon-donor-substituted derivatives,
on the other hand, was proposed to proceed, as thithtrt triplet state,via the
hydrogen-bonded exciplex mechanism involving thghéi-lying, relatively basiar, T
triplet states. The quenching situation for ttee triplet state is expected to be different
in protic solvents, in which the solvent dominaassa hydrogen bond agent and thus the
hydrogen-bonded exciplex mechanism cannot opefae mechanisms of the phenolic
quenching of thett triplet state and the m, triplet state merge into the electron-
transfer mechanism when the triplet reduction piders reduced to the level at which
the free energy of electron transfer becomes nega@lear evidence for a two-step
process, initiated by electron transfer, ET, isitiéth to aqueous medi#: ¢ Recent
work by Sultimowa and co-workers showed that thenghing process of the triplet
state of 4-carboxybenzophenone (CB) by phenol itesmaroceeds, at any pMia an
electron transfer. By direct observation, they obeeé the radical anion CBwhich at

pH = 8 is protonated, producing a ketyl radical CBH

14
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1.3.1.1.1.1Intramolecular H-atom transfer

The biochemical applications of H-atom transferuraty generate special
interest in the intramolecular version of tripletrlconyl-phenol quenching of covalently
bound dyads. Various aspects of this photoprocess ke considered. Although
intramolecular H-atom transfer is expected to lbecaééd by the molecular structure, the
effects of steric constraints on monomolecular tteacrates have been the subject of
only a few studie&® * ® The chemical nature of the linker between the riuphores,
that is, the flexibility and the directionality tdfe linker, has been reported to be a major
source of kinetic diversity. Remarkable variatiansthe reaction rates of isomeric
ketone/phenol dyads have been attributed to madotaf the distance distributions
and relative orientations of the reacting moietMsreover chiral center configurations
have been reported to influence the monomolecul@nching of ketone triplets by
phenols covalently linked by flexible spacBfs.®® In addition, the intramolecular
reactivity of the phenol with the triplet-excite@tkne is expected to be substantially
dependent on the H-bonding properties of the meditiowever, the solvent
dependence of intramolecular H-atom transfer reastiin ketone/phenol dyads, in
contrast to intermolecular H-atom transfer, hashs&n addressed in detail.

Issues such as stereoelectronics, steric hindreffieets and the influence of the
chemical surroundings will be discussed in detaithe following chapters since they
seem to be the most important factors that mayenite the kinetics and mechanism of

hydrogen abstraction.
1.3.1.1.1.1.1Chiral discrimination

Chiral recognition is a subject of increasing iat#rin photochemistry. In
principle, the use of chiral compounds can enabtamenation of pure chiral
discriminations by a comparison of their quenchiatgs, since diastereoisomers have
the same electronic nature and are of the same. slHewever, the
diastereodifferentiating interactions in the intddecular hydrogen abstraction by
excited triplet aromatic ketones from different dmhave been rarely reporte >* ¢°
68|

Aside from abstracting hydrogen atoms from the plgnit is noteworthy to
mention briefly chiral discriminations in intramoldar abstractions from other

hydrogen donors. Bosca and co-workers undertodlddy sn order to detect a possible
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chiral discrimination in the intramolecular abstran of allylic hydrogens (S- or R- 1,2-
dimethylcyclohexa-2-5-diene-1-methanol) by benzowne triplets (S-ketoprofeff)’
Intramolecular quenching of the triplet aromati¢dkess with allylic systems occurs by
hydrogen abstraction and by physical quenching wighallylic Tt system. The results
presented by Bosca indicated that there is a chaiatrimination in all the
photophysical and photochemical processes involiredintramolecular hydrogen
abstraction. The stereoselectivity factor, expréssethe ratio of the rate constants for a
pair of diastereoisomers involved in the hydrogbsti@ction process, was equal to 2.3.
Abad and co-workers investigated a series of diasteeric compounds combining (S)-
ketoprofen and tetrahydrofuran or isopropylbenzevmeties as hydrogen dond#g.
The highest stereoselectivity found in that workswla8. The authors stated that the
observed stereodifferentiation was the result idetfactors: 1) the strain introduced in
the cyclic transition state for hydrogen abstracti®) the steric hindrance related to the
close approach between the two active moietieS3atite degree of freedom associated
with conformation equilibra.

Enantioselective discrimination in the intramolesufuenching of the excited
aromatic ketone by a phenol in diasteromeric dyaas reported by Mirandet al. in
199954 They have investigated the four enantiomericallyrep bichromophoric
compounds obtained from the thiaprofenic (TPA) aoidsuprofen (SUP), with the
methyl ester of the naturally occurring amino ad8)-tyrosine. Remarkable
stereodifferentiation was found for the tripletetimes of the bichromophores. The
largest difference of the triplet lifetimes was ogpd for the pair of diastereocisomers
(S,S)-SUP-Tyr and (R,S)-SUP-Tyr in MeOH. The valoesasured were 312 ns and 45
ns, respectively. Inversion of the configurationome stereocenter produced a marked
variation in the triplet lifetimes, which indicatetthat there are specific structural
requirements for the intramolecular quenching & #tomatic ketones. The authors
related the reactivity of the systems with theigbdf the compound to form a parallel,
sandwich type arrangement of the aromatic ringsiected through the aliphatic chain.
Even small deviations from parallel were associatétl the observed decrease in the
reactivity. The extended analysis of the stereedttftiations of those systems was
presented in 2004Y In addition to previous work, considerable steiffexbntiation
was also observed for the biradical lifetimes, whicas connected with the ease of the

system to undergo intersystem crossing. The resiiltee stereodifferentiation in the
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intramolecular quenching could have important lgatal consequences. Thiaprofenic
acid and suprofen have been shown to be potenbalteigens. This is thought to
depend on the binding of the drugs to proteinspgloty to tyrosine residues. In this
regard, Perez-Prieto and co-work&tsfound, in the remarkable configuration-
dependent photobehavior of the bichromophoric camgde, the possibility of a

different photoallergenic potential for the drugaatiomers.
1.3.1.1.1.1.2Geometric effects

In the current section the role of geometric fastor intramolecular phenolic
hydrogen abstraction by aromatic ketone tripletd & reviewed. Leigh and co-
workers showed that rate constants of H-atom tesinsfried strongly with the position
of the attachment of oxyethyl spacers to the carband phenol moietieé® “ This
research group has studied bichromophoric compoliadsg a para- or meta- phenolic
moiety attachedsia meta- or para- three-atom (oxyethyl) spacers ttophenones,
indanones, and benzophenones. The effect of thexetit positions of the attachment of
the oxyethyl linker on the triplet lifetimes of tipdenolic ketones were reported to be
significant. The reaction of the meta,meta’ anatogi the phenolic acetophenone
toward intramolecular H-atom transfer was foundb® 500 times slower than the
reactions of the para,para’ analogue although #te constants for the bimolecular
guenching of p- and m-methoxyacetophenone by p-raratesol were similar. The
differences between para and meta positional iserimerbenzophenone and indanone
derivatives follow the same trends, but the ratfotlee triplet lifetimes between
meta,meta’ and para,para’ isomers were less praeouand equal to 18 and 2.5 for the
benzophenone and indanone derivatives, respectivatiiooret all*® concluded that
the origin of the variation of the triplet lifetirmein the phenolic ketones must be
connected with structural factors that affect taseewith which the molecules can adopt
a conformation that allows for fast hydrogen ateamsfer. They have proposed, based
on molecular mechanics calculations, that the miactyer triplet lifetime for the
meta,meta’ phenolic acetophenone derivative istduts ability to adopt conformations
in which the phenolic hydrogen is within abstragtiotistance of the carbonyl oxygen,
but in which there were no overlaps between therargs. In contrast, the very reactive
para,para’ analogue can form a sandwich-like gegmetth nearly perfect orbital

overlap between all six carbons of the two aromatigs, which were thought by
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Lathiooret al.to be required for fast H-atom transfer. Base@lbthe experimental and
theoretical data, they proposed that the almostetbrders of magnitude difference
between the triplet lifetimes of the above discdsseetophenones is a characteristic of
the intramolecular hydrogen abstraction by the ke$oconnectedia meta,meta’ -vs.
para,para’ — oxyethyl linkages when the lowest ldtipstates are of thetm
configuration and possess moderate charge tracisheacter.

The relative reactivity factor of 18, measured fitre meta,meta’-linkage
compared to para,para’ of the phenolic benzophenjomas one order of magnitude
smaller than the analogous relative reactivity 60 Gneasured in the acetophenone
series. The proposed reason for this constrastai@\or is related to the electron-
withdrawing character of the meta-alkoxy substitughich facilitates the formation of
conformers in which the n-orbital of the carbonylygen is directed into thesystem
of the remote phenolic group. The additional quergipathvia an n-type exciplex for
meta,meta’ phenolic benzophenone, which is geooadlyi impossible in the
para,para’-analogue, resulted in smaller differsenicerelative reactivity between the
para,para’ and meta,meta’ benzophenone derivatiles.work presented by Lathioor
et al. *¥ has further shown that the geometric constraintsntramolecular motions,
tuned by different positions of the attachment wyaihyl spacers within the phenolic
ketones, have observable consequences for theimotecular reactions.

Perez-Prieto and co-workers also took up the stibjethe geometric effects on
intramolecular H-atom transf€f They have investigated the process of model
bichromophoric compounds where the linker betwé&endonor group (phenol, indole)
and the 2-benzoylthiophene chromophore is attaeltbdr to the thienyl’s 5-position or
the benzoyl's para position. This structural difiece caused a marked influence on the
photoreactivity of the compounds. In general, fdlr 22 investigated compounds,
guenching rate constants were higher for the 5kalkyenzoylthiophenes than for their
corresponding regioisomers, 2-(p-alkylbenzoyl)thiepes. Interestingly, the time-
resolved studies have shown that the rate consfamtise bimolecular quenching of 2-
benzoyl-thiophene substituted at the thienyl’'s SHyon were lower than those for the
2-benzoylthiophene substituted at the benzoyl's gaosition. Thus the trend for this
intermolecular triplet quenching is opposite to #malogous intramolecular reaction. It
shows that predicting the influence of geometrictdes on intramolecular hydrogen

abstraction is not trivial. Based on DFT calculasip Perez-Prietet al®® suggested
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that possible overlapping of the molecular orbiialshe origin of the variation of the
reactivity of the bichromophoric compounds withfelient positions of the substituent.
The 5-alkyl-2-benzoylthiophenes showed a more fabler orbital interaction of the
approaching atoms in the exciplex and were fourtgetthe more reactive isomer.

Work by Horner and co-workers has presented angboért of view of the
geometry being an important factor in controllimg tintramolecular reactivity toward
hydroger®@ They addressed the question of how the intramt@ecteactivity of
ketone/phenol dyads could be modulated by tunirg ftbxibility of the linkage
between the interacting groups. The study addretbeedffects of molecular geometry
on the intramolecular triplet quenching in four bephenone-tyrosine dyads,
synthesized from three benzophenone carboxylicsaedd §- and R)-tyrosine
methylester, Tyr-OMe. It was found that the ratestants for the H-atom transfer
depended markedly on the dyad geometries with sal@eying by three orders of
magnitude in acetonitrile solution. Hornet al. interpreted the reactivity order of the
four dyads in terms of molecular geometry. Disaussivas based on the results of
ground-state NMR and molecular modelling. Withisaies of three meta-substituted
dyads that differed only in the nature of the amidking group between the phenol
and the triplet-excited ketone, the reactivity cbbk correlated with the probability of
close contacts and the extent of electronic overlap

Substantially smaller H-atom-transfer rates werantb for the dyad whose
chromophores were connecteid a rigid amide bond, compared to the rates found in
two more flexible alkylamide dyads. This was trueere though similar distance
distributions of the reacting moieties prevailedlhthree cases. This was interpreted as
due to insignificant aromatic—aromatic interactiolmund in NMR. A lack of
intramolecular reactivity was observed for the commls that had a rigid amide bond
in the para-position. Based on the results of satnubs, it was concluded that the
presence of a rigid amide bond linked in the parsitpon confines the accessible space
of the remote groups in a way such that close ctsthetween the ketone and the
phenol are completely inhibited. The directionabifythe benzamide linker between the
two chromophores effectively excludes reactiveaimiolecular contacts and thereby
inhibits the concerted HAT pathway. Lack of thecteaty of the dyad linked by a rigid
amide bond in the para position is in agreemertt tie work of Wagnéf? who found

an upper limit of 3.1 A for the distance betweea tarbonyl oxygen and the H-atom of
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the donor RH to allow an intramolecular HAT quemghiln summary, in cited work of
Horner et al. the observed order of reactivity correlated withthbthe probability of
close contacts and the extent of the electronialapebetween thet systems of the
donor and acceptor moieties.

Studies of the intramolecular HAT of several phendletones have provided
evidence that the chemical nature of the linkewbeh the chromophores, that is, the
flexibility and the directionality of the linkersione major source of kinetic diversity.
Based on literature reports, it can be stated rbratarkable variations in the reaction
rates of isomeric phenolic ketone dyads can béatéd to modulations of the distance

distributions and relative orientations of the teagrmoieties.

1.3.1.1.1.2Kinetic solvent effect

The concept of a Kinetic Solvent Effect (KSE) ore ttate of H-atom transfer
reactions by specific solvation of the H-atom dohas been elaborated mainly by
Ingold and Lusztyk within the past two decal&s” %" Systematic studies of the
solvent dependence on the rate constants of hydralggtraction were made on various
H-donors: tert-butyl hydroperoxide, numerous phenaniline, cyclohexane and
different radicals such as diphenylpicrylhydrazytlaaumyloxyl radicals. The model on
which the KSE was derived is based on an H-bondliequm (XH---solvent) in a

simple kinetic scheme (Scheme 1.3-1)

KS
XH + § === XH---S
Y| Koo Y,
YH+X+ S no reaction

Scheme 1.3-1

This simple kinetic model assumes that each substnalecule, XH, can act as a
hydrogen-bond donor to only a single hydrogen-baockptor solvent molecule, S, at
any time. Moreover for steric reasons, the H-atonthe XH-S complex cannot be
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directly abstracted by the radical .Mt means that only a small fraction of the XH
molecules can react with*Yin particular, the ones that are not hydrogendednto a
solvent molecule, S.

Based on this model and the analysis of the exmatah results for
intermolecular H-atom abstraction, the Kinetic Solv Effect was quantified in one
single empirical equation (Eq 1.3-1) which predictaction rates, if the HB-acceptor
ability, 23", of the solvent is knowti*" 7

log(kf /M~ts™1) = log(kf /M~ 1s™1) — 8.3Zak 5B Eq1.3-1

In this equationk;, andk? denote the bimolecular rate constant for H-atostrabtion
from a H-atom donor by a radical in the solventn8ar study and in a reference solvent
that has negligible HB-acceptor ability (usuallyhgdrocarbon), respectively. The
parameter&a,” are the solutes’ HB-donor abilities given by tlmstants of Abraham
et al."? values ofa," range from 0.00 in alkanes to nearly 1.00 forrggracids. The
relative hydrogen-bond acceptor (HBA) propertiessolvents are given by thgs,"
constants of Abrahamet all”® These 38" values represent a general,
thermodynamically related scale of solute hydrogend basicites in C¢land vary in
magnitude from 0.00 for a non-HBA solvent such as akane to 1.00 for
hexamethylphosphortriamide, the strongest orgaagebThe scale contains values of
¥, for at least 400 organic compounds. The monotdeaease of rate constants with
increasingz 3, of the solvents, as implied in Eq 1.3-1, is intetpd as being due to a
reduction in the concentration of free phenol byregen bonding to the solvent. It is
based on the assumption that only the fractionh&npl that is not H-bonded to the
solvent is active towards H-atom transfer. An imt@ot implication of this model is that
the nature of the attacking radical, which impléso its solvation properties, has no
impact on the KSE.

Triplet states are commonly taken to be radica-lin naturé’? so it is
reasonable to expect that the KSE concept shoutbvidmen applied to a description of
H-atom transfer in the quenching of a triplet-eadiketone by phenols. The KSE model
with its argument of a solvent-dependent “maskiafjithe phenol was used to interpret
the solvent dependence of rate constants for imiecular triplet quenching by
phenols, qualitativel§” *3 and quantitativel§*¥ In the latter study the rate constants for

H-atom transfer from phenol to the triplet statedfenzoylthiophene were analyzed in
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terms of Eq 1.3-1. This equation predicts a slope4o9 for a linear fit of log K /
M~2s™h vs £8" in describing H-atom transfer reactions with pHefi" = 0.59),
independent of the hydrogen accept®Experimentally a significantly smaller slope of
-3.9 was found for the bimolecular quenching. Theiateon was associated with
increasing contributions of an electron-transfatiated mechanism in strongly HB-
accepting solventé?

Solvent effects have also been commonly observetti@mnates of intramolecular
H-atom transfer in ketone-phenol dydts?® 5! %* %The relative order of the rates has
been tentatively ascribed to the H-bond acceptopgaties of the surrounding medium
but was based on data in only 2-3 solvétit§? There are no systematic studies on the
solvent dependence of intramolecular H-atom traresteept for two works by Horner
and co-worker§> " Thus, one of the goals of this thesis was to perfdetailed
studies on the solvent dependence of intramoleddlatom transfer and to verify
whether the Ingolcet al's concept of a KSE towards H-atom transfer cougb de

applied to intramolecular reactions.
1.3.1.2 Photoinduced electron transfer

Photoinduced electron transfer (PET) is one of thest important chemical
processes in nature, and it plays a central roieany biological, physical and chemical
(both organic and inorganic) systems. Photosyrghasiolves a chain of electron-
transfer reactions, which result in effective cleageparation and lead to a proton
gradient across a biological membrane. As a resuitlight energy is stored and can be
used for the formation of energy-rich adenosinphsphate. In proteins and other
macromolecules, such as DNA, the transfer of edestioccurs over distances that are
significantly larger than the sum of the van deral¥aadii of the electron donor and the
acceptor. Moreover PET plays a role in semiconduptmtocatalysis, silver halide
photography and xerography. Studying PET processegll-defined model systems
may lead to further insight into the early eventsh® biological processes that are
responsible for a major part of the energy cyclearth.

Light induced electron transfer is a process inclwhan electron is transferred
from an electron donating species to an electrare@olg species. Prior to electron

transfer one of the components is excited withtligfn PET, the excited state, ,Rean
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be either arelectron donor or an electronceptor when reacting with another moleci

M (Figure 1.3-2 andFigurel1.3-3).
LU —?—\
- L ¢
—

Ho—éi— %HO +%

Figure 1.3-2Molecular orbital represenion of oxidative electron transfer.

v 4 -
=
o 4t + +

R* M

LU

Figure 1.3-3Molecular orbital representation of reductive elesttransfel

Subsequent ta@r electron transfer in which both the donand acceptor are
neutral speciess charge transfer state is created consistingeofadical cation of th
donorand the radical anion of the acce..

An important parameter of photoinduced electron temisf the rate constakgr
of the primary processThe rate constanter has been found to depend on seve
factorsl’’® Thesefactors include the separation diste of R and M, the relativ
orientation of the electron donor and acceptort(thetermines the effective orbit
overla), solvent polarity, excitation energy o and the redox potentials of and M
that influence the Gibbs free energy cha During the past decades, there have t
numerous studies gshotoinduced intramolecular electron transfer imatently linked
donor-bridge-acceptarompounds that incorporate hydrocarbon bis e.g. steroid§?
cyclohexyls’? or norbornylogol® types to link two chromophores. Based onse

studies muchinformation has been obtained about thiseogess, regarding distan
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dependence, symmetry effects, influence of thegeridonfiguration (rigid spacer,
flexible spacer) and the energetics.

Oevering et al® studied a series of molecules containing a 1,4-
dimethoxynaphthalene as an excited state electomordand a 1,1-dicyanoethylene
moiety as an electron acceptor connected by 5 rdiife rigid and nonconjugated
bridges. The length of the bridges varied to previbnor-acceptor center-to-center
separations ranging from 7.0 — 14.9 A. One of tlaénnaims of the work was to obtain
experimental insight into the manner in which tiagerof PET is modulated by the
bridge linking the donor and acceptor groups. lddéee rate constahtr showed only
a small dependence on the solvent polarity butedsead significantly with increasing
separation distance, ranging freml0* s for a four-bond separation tox41@ s for
a 12-bond separation. One of the most remarkaldéures of this work was the
observation that a saturated hydrocarbon bridgebeahighly effective in mediating
electron transport. Electron transfer based on Fergolden rule requires electronic
coupling between the donor and acceptor. The madmiof the electronic coupling
depends on the overlap of the wave functions oftth®r and the acceptor. Electronic
wave functions of the donor and acceptor cannotlapesignificantly when they are
separated by a distance of 10 A. However, veryelargues oker were nonetheless
found for compounds with such a large distance re¢ipa. In that case, a second
mechanism was proposed for the electronic cougfrige donor and acceptor that uses
the wavefunctions of the andc orbitals of the spacer in assisting the propagabid
the electronic coupling interaction between theatand acceptor. This mechanism is

called electron superexchange or through-bondrelgictcoupling.
1.3.1.2.1 Energetics of photoinduced electron transfer

Photoinduced electron transfer can be regardetleaprbcess where light energy
is converted into electrochemical energy. Howesaccessful electron transfer depends
on thermodynamic factors. At heart of electron d¢fan photochemistry lies the
fundamental thermodynamic condition which states #pontaneous electron transfer
reactions require a negative overall free energhl{& energy) change. The reactants
must not only meet this exothermic condition fozotton transfer, but the lifetime of
the excited sensitizer (electron donor or accepioust be long enough to make

guenching by electron transfer possible.
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The excited state” is always both a better oxidizing and a better cedyspecie!
than the ground state R. Electron affinEA) is the energy released when an electrc
moved from a nomateracting environment at infini into a vacant orbital near tl
nucleus. TheEA for the excited state Ris larger than for the ground statFigure
1.3-4) since more energy is released in going from dinéation limit o the half-filled
bonding HOMOthan in going from the ionization limit to the anding LLMO of
any molecule. On the other hand, the ionizatiorempil is lower for the excited ste
R’ than for the ground state because it requiresdassgy to remce an antibonding
electron from the LMO since electrons are not as strongly hobas core electror
from the HOMOof the ground state,. All this is schematically summarized Figure
1.3-4.

REDUCTION OXIDATION
gas-phase —@ O
EA(R) *EA(RY)  IP(R) *IP(RY)
W — @ -y —— —O—
1
I*
1 E
|
1
HO -©@— -0 ---- 00— —0—
ground state, R excited state, R ground state, R excited state, R”
Electron affinity lonization potential

Figure 1.3-4The ionization potentiallP) and electron affinityEA) of an excited state are decreased
increased, respectively, as compared with the grstate

The free energy change in the gas phase for grstaté electron trans' is equal
to the difference in the ionization potential oé tonor IPp) and the electron affinit
of the electron acceptoEAs). For an excitedlonor, the free energy change for exc
state electron transfer differs from the free epefyground stte electron transfer kt

the amounbf the electronic excitation energy, o) (Eq 1.3-2).

AerG® = IPp— EAy —Eop Eq1.3-2
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The more negative the free energy change, the mathermic the reaction is. Based
on Eq 1.3-2, it should be noted that excitationrgnerovides a negative contribution
to the free energy change which makes the exciizte snore favorable for electron
transfer compared to the ground state. lonizatiotengials and electron affinities are
electronic properties obtained in the gas phase,santhey cannot describe properly
electron transfer processes in solution. Solvatibthe charged species produced by
electron transfer causes a significant modificatiothe gas-phase free energy change
AprG°. Adjustment of the free energy change of electransfer from the gas phase to
solution is performed by employing electrochemictdchniques, e.g. cyclic

voltammetry, which allow to measure reversible po#ds for oxidation€,, = E(‘)D+/D)

and reductions,.; = E&/A-). The free energy for an electron transfer reactiom

the excited state in solution is given by Eq 1.3-3.

2

— o

Eq 1.3-3
where:

F — Faraday constant, used to convert redox potsntiaappropriate units, 9.656

10* C mor'™®;

Na — Avogadro’s number, 6.02810%

e — charge of the electron, 1x6L0*° C;

€0 — permittivity of the vacuum, 8.8610 2 C* Nt m™;

¢ — dielectric constant of the solvent;

r — distance between the two charges.

The last term in Eq 1.3-3 is called the Coulomleient and will be discussed in
the next paragraph for the case of neutral reaxt&#dox potentials always refer to the
reduction process, so that one has to be carefdecning the signs of redox potential
values when computing the overall value/g#G°. In addition, redox potentials are
reportedvs. a reference electrode. So, comparing the redogngiats or calculating
free-energy changes requires converting the redmenpals to the same reference
electrode. Calculating of the overall free energyneglecting the Coulombic term
requires only three experimental parameters: 1) dRkeited state energy of the
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photoexcited molecule, 2) the reduction potentfathe electron acceptor and 3) the
oxidation potential of the electron donor.

The Coulombic term in Eq 1.3-3 is an expressiorthef energy connected with
bringing two particles of opposite charge close@etber. The Coulombic correction is

2
proportional to‘:—r, wherer, as a first approximation, can be taken as the cutime radii

of the two ions. This term shows that small sepamatistances and solvents with low
dielectric constants should favor PET. As the saiymlarity increases the Coulombic
term decreases and may become negligible evermnfall salues ofr. For example, in
water, the Coulombic term is less than 1 kcal/mblseparations of ~ 2 A. For
comparison, in nonpolar solvents like benzene, @oallombic term is already 10
kcal/mol at a separation of ~ 2 A and may beconféicintly large to favor ionic
association. Coulombic forces draw the initiallymfh@d ions into close proximity. These
ions are called contact ion pairs. Due to closeipmity of the ions, back electron to the
donor can occur very rapidly, resulting in no neémical change. However, in polar
environments, the solvent molecules can stabilieedharge on the contact ion pairs.
Solvent molecules can surround the ions and alsetpde the space between the ions
which can then lead to the formation of solventasafed ion pairs. Polar conditions
facilitate escape from the solvent cage and bldekt®n return. Escape of ions from
the solvent cage is a desired feature of PET iatisol because it allows the ion pairs to
react with other molecules.

The dependence of the electron transfer rate aotsskar on the free-energy
changed;-G° has been investigated by Rehm and Weller who pldtie logker for
electron-transfer fluorescence quenching in aceitenby a variety of quenchexs the
free energy changt,;G°.®? The measured values kér ranged from ~ 10to ~ 2x
10" M™s whereas the free energy change for the investigelesdron transfer varied
from ~ 5 to—60 kcal/mol. The Rehm-Weller plot is characteribgda steep decrease of
the rate constants for endothermic reactions. M@eocthe value ofkgr reached a
plateau when the free energy changeG° was about-10 kcal/mol and remained at the
diffusion controlled rate constant up to the highesgative values od+G°. It was
concluded that electron transfer is not the raterd@ning step in the plateau region but

that diffusion becomes the rate-limiting process.
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1.3.1.2.1.1Marcus Theory of electron transfer

The theory of electron transfer was developed byldfah A. Marcus, who
received the Nobel Prize in 1992 for this w827 It was originally formulated to
address outer-sphere electron-transfer reactionsyhich the two reacting chemical
species are not directly bonded to each other. ianas the first to appreciate that the
activation barrier to electron transfer results nirodifferences in the nuclear
configurations of the reactants and products. Feakly coupled donor-acceptor
systems, the activated state for electron-transfecharacterized by those nuclear
configurations for which the energies of the dofr@actant) and acceptor (product)
states are equal (point TS in Figure 1.3-5). Thugerms of Marcus theory, the rate
determining factor in elementary electron transf@ocesses involves nuclear
reorganization. Once the reorganization of the mdé and solvent structures have
taken place and the nuclear-reaction coordinatat ithe crossing point of the two
potential-energy surfaces for the reactants andymts, weak electronic interaction can
initiate the electron-transfer event from the do(i@) to the acceptor (A). Factors that
determine the nature of the transition state ictede@ transfer include the bond and
angle changes that take place during the formatidahe transition state (TS) as well as
changes in the orientations of the solvent molecatzurring prior to electron transfer.

A profile of the potential energy surfaces for t@ats and products are given in
Figure 1.3-5. The vertical axis is the free-eneahpange, and the horizontal axis
represents a generalized reaction coordinate whiehfunction of all the nuclei of the
reacting species and the surrounding solvent. Tlaekbparabola represents the
potential-energy surface for the nuclear motiontlud reactants/solvent, along the
reaction coordinate, in the initial state, and tad parabola represents the potential-
energy surface for the nuclear motion of the prt&lsolvent, along the reaction
coordinate, in the final state. Based on Figure5l.the coupling parameters required
for the quantitative computation ki in terms of the Marcus theory can be defined:

 the reorganization energy,— is the energy difference (in an overall isoengcg
transfer) between having the electron on the irsite with the nuclei relaxed and
the electron on the final site, but with the nuckill in their original
configurations. The total reorganization energy banseparated into two terms:

A =1, + A, wherel, is the inner-sphere reorganization energy tharsefo the

energy changes accompanying changes in bond leagthbond angles arid is

28



PHOTOINDUCED ELECTRON, PROTON OR HYDROGEN-ATOM TRAFER REACTIONS IN BENZOPHENONE-
TYROSINE AND BENZOPHENONE-METHIONINE BICHROMOPHORISYSTEMS

the outer-sphere energy whose contributions coora the reorganization of the
solvent around the reactants and products;

 the thermodynamic free energy of reactidgyG° — is the difference between the
minima of the reactants’ and products’ free-enangyes;

« the free-energy of activatiod,G” — represents the free energy required to reach
the transition-state configuration (TS) startingnfrthe minimum of the reactants’
potential-energy curve.

A

D+A

Free energy

v

coordinate

Figure 1.3-5 Representation of the potential enangwes used in electron transfer theoky;G® —
overall Gibbs free energy changestotal reorganization energyG” — Gibbs free energy of activation.

If entropy changes are ignored, the free energyrbes an energy or a potential-
energy. Using Marcus’s approximation of parabolatemtial energy surfaces for the
reaction coordinate, the free energy of activatiétf for the crossing of two adiabatic
curves in terms of the overall free energy of neaci\;;G° and the reorganization

energy,\, can be derived (Eq 1.3-4).

_ (BprG° + 2)?

AG*
42

Eq 1.3-4

Eq 1.3-5 (of the Arrhenius type) gives the usuahsition-state theory expression

between the experimental rate constant and arafictivenergy.

AG*
ker = Aexp| — kT Eq1.3-5
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where:
T — temperature,
ks — Boltzmann constant, 1.38102%J K*;
A — pre-exponential factor that represents the poilibathat the representative
point will jump from the reactants curve to the gwots curve when it is in the
vicinity of the transition state for electron tréers

The Marcus expression for the activation energglfit is remarkable in that it
directly connects the kinetics of the reaction wits overall thermodynamics.
Furthermore, it shows that even in an isoenergelectron transfer, the nuclear
reorganization provides a purely nuclear barrieelextron transfer. These expressions
hold when the electronic coupling between donorawptor is weak.

Based on the general relationship of the free gnef@ctivation as a function of the
overall free-energy change and the reorganizatiengy, the Marcus theory identifies
three different regions for electron transfer:

* the “normal” region — it is the region frot;;G° = 0 to negative values that
meet the condition-AzG° < A. From Eq 1.3-4 it can be concluded that the free
energy of activatiom\G* in the normal region decreases as long as thdioeac
exothermicity increases and, at the same time,doaseEq 1.3-5, the electron-
transfer rate constant increases;

* the “optimal” region— it is the barrierless region which is reached when
-AgrG° = A. Mathematical analysis of Eq 1.3-5 for th&€* = 0 leads to the
conclusion that the rate of electron transfer entht a maximum;

« the “inverted” region- it is the region from-Az;G° = A to any value ofAgG°
> 1. Marcus’ theory predicts that forAp;G° > A the activation free energy
increases ad;-G° becomes more negative. If the absolute valua@iG° is
larger thani, then the tern{Ag-G° + 1) in Eq 1.3-4 is more negative. However,
the free energy of activation is proportional te sguare of that term and, thus,
the free energy of activation increases even thotlgh reaction is more
exothermic. Moreover, the rate of electron transiews down as the reaction
becomes more exothermic beyond the point for whith-G° = A.

The experimental evidence for the inverted regemuired avoiding the diffusion

controlled limiting electron transfer reaction. €%0and Miller were the first to show
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evidence for such an inverted region in intramdkacelectron transfer by using a series
of covalent donor-bridge-acceptor compoufitld.ater, Guldi and Asmus documented
an inverted region even for an intermolecular psscanamely, the electron transfer
between Gs and Gg fullerenes and arene radical catiéfis.

The classical Marcus equation works well in thenmarand optimal regions, but

in the inverted region, the measured rates areshitfian expected from the theory.
1.3.1.2.2 Photooxidation of methionine containing compounds

The thioether side chain of methionine in peptided proteins is susceptible to
oxidation. Indeed methionine is one of the mostleasidized amino acid residues by
reactive oxygen speci€®: ! Such oxidation is of great interest because akitsvance
to the inactivation of protein pharmaceutiddfsaging®® ¥ and neurodegenerative
diseases such as Parkins&f¥sand Alzheimer'd$®® The important role of methionine
containing compounds in biological processes hamuiited numerous studies on
simpler systems in order to understand the oxidatd the thioether group in
biologically relevant compound¥*® These efforts have involved both the
characterization of the reactive species in thegdations and the detailed reaction
mechanisms in which these species participate.

Marciniak and co-workers have studied one electymtooxidations of
methionine derivatives by 4-carboxybenzopherfon&: 1> *® The quenching event
involving the deactivation of triplet CB by dipegtis (Met-Gly, Gly-Met) and
tripeptides (Met-Gly-Gly, Gly-Met-Gly, Gly-Gly-Metyvas probed in detail for aqueous
solutions and reported in 19983 The primary photochemical step in these reactions
was proposed to involve an electron transfer froendulfur atom to the triplet state of
the carbonyl. This conclusion was supported bydservation of large rate constants
for quenching which were determined to be in thegea(1.82.3) x 10° M™* s* for
neutral and alkaline solutions. In addition, thegance of the various electron-transfer
intermediates accompanying the CB triplet quenclkewent was identified.

The detected electron-transfer intermediates irmduthe CB radical anion, the
CB ketyl radical, intermolecularly bonded{S)" and intramolecularly bonded [(S\)*
radical cations. The characteristic electronic Ueatof these latter species is that the
respective bonds contain two bondimeelectrons and one antibondirg-electron

resulting in an overall bond order of 4. The (SIN)* two-center, three-electron-
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bonded species was observed only when there wdsgnNral methionines because,
then, a relatively stable five-membered ring canfdrened. Although (SN)* was
expected to form only when an N-terminal methioniesidue had an unprotonated
amino group with a lone pair of electrons (whiclcurs at high pH), it was also
detected at low pH, but with a lower efficiency [i®me 1.3-2). Formation of the
(SON)" at low pH was explained by deprotonation from #maino group of the
methionine derivatives that temporarily frees ael@air on the amino group while the
proton neutralizes the CBto the CBH ketyl radical.

It was shown that the radical-ion complex decaysmetitively by 1) a back
electron-transfer process to form the ground stétthe reactants, 2) proton transfer
within the complex, with diffusion apart of the Q&tyl radical and armu-thio-alkyl
radical, and 3) escape of the radical ions intolbkk solution (Scheme 1.3-2). The
ratio between these three decay channels variggendeng on the quencher and
molecular structures. Secondary reactions of teetmn-transfer products were also
affected. Possible reactions that may accompanyqtlenching process of CB by
methionine-containing compounds are presented iheife 1.3-2. The types of
intermediates and their quantum yields were foundepend on the pH of the solution
and also on the structure of the methionine-comgisompounds e.g. on the location
of the methionine unit with respect to the termifuactions.

One prominent reaction that was observed was dexgdiion. The products of
this reaction were-amino-alkyl radicalsoN) which are good reducing agents and were
observed to reduce, for example, the ground sfa@Bo(Scheme 1.3-2). As a result, a
secondary growth of the CB radical anion was ote#fV/In contrast to the studies on
the quenching of the CB triplet by methionine whefécient decarboxylation was
observed? only very low yields of C@were measured in the work on dipeptides and
tripeptides, which led to the conclusion that thamido-alkyl radicalsoN) were not
formed. In 1996, Hugt al. stated that the resonance structure of thé relical with
the radical cation site on the nitrogen atom was frecursor to the observed
decarboxylatioh'®? Moreover, they noticed that the electron-withdragvsubstituents
on the analogous nitrogen in the C-terminal of nogtine-containing peptides affect the
stability of the resonance structure leading toommete lack of decarboxylation in

those peptided®?
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Scheme 1.3-Possible electrc-transfer processes accompanying@ietriplet quenching by methionir
containing compounds.

A continuation of thework on thephotooxidation of dipeptides and tripepti,
containing one metanine residu, was a study on Miethionyl oligopeptides wit
differing numbersand poitions of the methionine group®ne of the aims of that wo
was to investigate the competitibetween the two intramolecular t-centered, three-
electron bonded speci(SOS)" and ($IN)" that play roles in the secondary kine of
these chemical systs!®® This was accomplishedby measuring the primal
photochemical quantum vyields in thCB-sensitized photxidation of thes:
oligopeptides and determining the extent of decarladion. The main conclusions
thiswork were as follo\s: 1) back electron transfer was efficient for all theestigatec
peptides; 2) significant yies of the (8]N)" species wer@bserved even at low p
where there were ntone electron pairson the amino groups that co directly
participate in formingintramolecular thre-electron §IN bonds.As in the exampl
above, i was concluded that tH((SON)* formation alow pH was preceded by a prot
transfer within the char+transfer complex from the protonated amino g of the
radical cation to theCB radical anio (Scheme 1.3-2). Theelatively high quantur
yields of ($3IN)" at both low and high p further showed that (3N)* formation was a
competitive process to intramolecular formation(SOS)" in these mul-methionine
containing oligopeptide

The electron lone pairs on the heteroatoms in gegdionds until recently we
thought to be delocalized and, as a result, toradle to participate in the stabilizati

of sulfur radical cationsStabilization of sulfur radical cations in peptidess,
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nevertheless, found to involve lone pairs of etetdron the C-terminal and N-terminal
moieties of the peptides. is known that the sulflical cation >5 can be stabilized by
complexation with nucleophilic heteroatoms, in gahe and especially through
neighboring group effect®’ "+ %8 101 1%Tjs effect on the intramolecular stabilization
of sulfur radical cations was studied, in particufar two cyclic dipeptides cyclo-L-
Met-L-Met and cyclo-D-Met-L-Met as models for priste with no terminal group&”
191 One-electron oxidation of cyclo-L-Met-L-Met BQH radicals, for example, led to
efficient formation of the intramolecular [[8N) radical. This process was competitive
with the formation of intramolecular [8S)" radical cations. Moreover, it was shown
that formation of (8 N) radicals involved the hydrogen atom of the miptiond?” In
contrast, similar oxidations of the isomer cyclovi2t-L-Met did not lead to the
intramolecular (8 S) radical cations. This contrasting behavior betwientwo cyclic
Met—Met dipeptide isomers was attributed to thacddtiral differences between the two

isomers that were computed by molecular modelfitfy.
1.3.1.2.3 Reactions of methoxybenzenes with benzophenone

The mechanism of BP-triplet quenching by methoxyleees in non-protic
solvents has previously been studied in some detaihumber of workef&’%?
associated the decay rates with the extent of ehaagsfer interactions between the BP
triplet and the quencher, with the former being #iteeptor and the latter being the
donor. Quenching of benzophenone by anisole andletssatives (ADs) has been
studied in non-protic solvents like benzene, dicdiloethane, acetonitrile (ACN) and in
an ACN-HO (4:1 viv) mixturd!® ' Daset al. carried out a detailed study of the
charge-transfer interaction of different carbonyliplets with a number of
methoxybenzenes. By means of nanosecond flash Igbisiothe rate constants for
benzophenone quenching by the ADs were determimadatonitrile and benzene. The
values in ACN varied from 3.8 10° M~* s for anisole to 3.% 10° M*s™ for 1,2,4-
trimethoxybenzene. What is more important was th&eovation that there was only a
two-fold increase in the quenching rate constantst@anging the solvent from benzene
to acetonitrild!®" 1 This observation speaks in favor of the formatibintermediates
with only partial charge-transfer character. An alwement of a charge-transfer
interaction in a reaction requires that a goodedation exists between the reaction rate

constants and thermodynamic factors such as iooizgbotentials or oxidation-

34



PHOTOINDUCED ELECTRON, PROTON OR HYDROGEN-ATOM TRAFER REACTIONS IN BENZOPHENONE-
TYROSINE AND BENZOPHENONE-METHIONINE BICHROMOPHORISYSTEMS

reduction potentials of the participating speci@ésrrelations of the rate constants of
benzophenone triplet quenching with the oxidatiooteptials of the substituted
methoxybenzenes in acetonitrile gave slopeséod eV* 1% and-5.5 eV with a
view to the experimental uncertainties, the slopese in good agreement and point to
charge-transfer quenching. Formally one third dula charge was being transferred
during the quenching processes, whereas a fultreletransfer requires a significantly
higher slope of ca. 17.9 &4/%3 8

Okadaet al. considered two competing mechanisms of quenchingriplet-
excited benzophenone by the ADs: electron tranfdr) and induced quenching
(1Q).1%3 Both of these mechanisms are preceded by the fiomaf a triplet exciplex
with charge-transfer character. In benzene, thedtion of transient photoproducts for
the ADs has not been observed. However, in an AGO-FL:1 v/v) mixture for the
anisole derivatives excluding anisole itself, thadical cation has been produced as a
consequence of the separation of the charge-tracsfeplexes. The induced quenching
appeared to be very efficient for anisole sincetnansient products of the BP-triplet
qguenching by the anisole have ever been observes, i@ the very polar ACN-4D
(4:1 v/v) mixture. Similar conclusions also holdr fthe quenching of other triplet
sensitizers like biace#yf! and flavin derivative§!* **# by anisole.

Due to the relative low rate constants &M s?) and the lack of transient
intermediates in the quenching of carbonyl tripleysanisole, O-methylated phenolic
derivatives could provide information on the in&im triplet-state properties of
bichromophoric compounds containing ketone and pheéo, the methoxy analogues
of the phenolic dyads were often employed as thfergrce compounds to account for
non-HAT triplet-decay pathway& 48 5% %
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2 METHODOLOGY AND METHODS

The aimof this chapter is the introduction of the expenmat and theoretic
methods that were used to derive the rs presented in this work.

2.1 Investigated compounds and solven used

The investigated compounds ve been synthesized at tHgepartmnt of
Chemical Physics in AdanMickiewicz University by Franciszek Kazmiercz
(benzophenongrrosine dyads, rigid benzopronemethionine dyads and referer
compounds) and by Gerald Horner (flexiblenzophenoneaethionine dyadstriads
and 4-carboxybenzophenohlemethylamide) at thelfistitut fir Chemie, Technisct
Universitat Berlin“. Theschematicdrawing of the type of compoundsudied in this
thesis is presented in Charti-1.

compounds
dyads triads
benzophenone- benzophenone- carboxybenzophenone carboxybenzophenone
tyrosine methionine -leucine-tyrosine -methionine-tyrosine
rigid flexible rigid flexible
spacer spacer spacer spacer

Chart 2.1-1Schematic drawing of the types of compolt investigated.
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The detailed list of the investigated compoundshmfound in Table 2.1-1.

Table 2.1-1 List of the investigated compounds.

Met 0 K‘

Molecular M Additional
Symbol Structure formula  [g/mol] notes’
I HN/LO - o
o o, pale yellowish
(S'_IS_)‘rBP‘ O O I \/U\O CaiHaN207  546.6  micro crystals
y \© good solubility
OH
S
e No o white crystalline
(R,_IS_)‘rBP' O O m Ao CaiHaaN2O7  546.6 foam,good
y o i : solubility
: o white powder,
(DSK?D)-'II?yF: O O o CosH22N2O4 4145 moderate
° & i solubility
WARW white powder,
(IDSKITD)-'II?yF: I Do /©/ CosH2oN2Os  414.5 moderate
° H solubility
H4C cH,
e /L cH,
sasted] o et
e _on, pale yellowis
(Sa'a)e'tBP' I I o Cy7HaaN>OgS  514.6 micro Crysta|5,
K good solubility
H3C/S
s
O O e e pale yellowish
(R,S)-BP- T ° Co7H3sN-OsS  514.6

powder, good
solubility
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: /0 .
(S,R)-BP- NH CoiHoN,0sS 3825 White powd_gr,
DKP-Met (2/_('/,/\5/”‘3 good solubility

o
H

(o]

S/
(S,S)-BP- w{ CoH-oN-O:S 3825 White powder,
DKP-Met O I O ) el ieetes weak solubility

o 7 S
OH
CB-Leu- NH\/ﬁ\NHl o, CaoHsN,Os 516.5 White powder,
Tyr 5 i ’ good solubility

YCH_;, o

Tyr good solubility

OH
(@]
Illi] Illii NFL,/ji\ o 1
CB-Met- o‘/é NH I e CogHagN-OsS  534.6 white powder,
S

HaC”

H

§ o
/,,'! //
- 0 O HN NH CqaH1:N-O 308 white powder,
BP-DKP I I I V@ 1 e good solubility
O H

(S,R)-BP- : O white powder,
DKP- “/©/ * o CoeH24N204  428.5 moderate

TyrOMe solubility
(R,R)-BP- O O )—/{o o white powder,
DKP- HN}_{NH/@ ° CueH24N204  428.5 moderate
TyrOMe ° - solubility

CH,
o

HN/gOCH3 (o]
(R,S)-BP- O O w o CaHsN,O;,  560.6 White powder,
TyrOMe : good solubility

O :::
o
\

CHg

o]

_CH3
CBCONH O O NH Ci1sH1sNO, 2393 White pOWd?I’,
Me good solubility

(e

[a] solubility refers to solvents used.
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Commercially available compounds used in the erpanis are listed in Table 2.1-2.

Table 2.1-2 List of commercially available composned.

Source of
Substance Abbreviation Structure supply and
purity
O O Sigma-Aldrich,
benzophenone BP ReagentPlus®,
° 99 %

g . .
4-carboxybenzophenone CB ° O O Sigma-Aldrich
99 %
[e]
4,4-dimethoxybenzophenone DMBP ’ °  Sigma-Aldrich
’ YREnEop 99 %
(¢]

CHs
O O Sigma-Aldrich
4-methylbenzophenone MBP ‘\ﬂ/‘ 99 %
[e]
CF3 . .
A-trifluoromethylbenzophenone TMBP Sigma-Aldrich
o

97 %
F F
F F F F - -
decafluorobenzophenone DFBP O O . Sigma-Aldrich
Y i 99 %
(o]
H3C\
(@]
anisole AN Sigma-Aldrich
>99.9 % (GC)

Solvents used for preparation of the solutions vedréhe highest available analytical
grade and were used without further purificatioal® 2.1-3). Deionized water used
throughout this study was obtained from a Millip¢&mplicity(1) purification system.
The pH of the solutions was adjusted with HCl andOM depending on the
experiments. It was controlled with a pH-meter MEER.TOLEDO FE20/EL20.
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Table 2.1-3 Solvents used in experiments.

Solvent Abbreviation Source of supply and purity
acetonitrile ACN Merck, gradient grade for liquid
chromatography LiChrosolv®
methanol MeOH Merck, for spectroscopy Uvasol®
dichloromethane DCM Merck, for spectroscopy Uvasol®
chloroform CHC} Merck, for spectroscopy Uvasol®
1,2-dichloroethane DCE Sigma-Aldrich99.8 %, HPLC grade
acetic acid HAc Sigma-Aldrich, ReagentPlus®, 99 %
2,2, 2-trifluoroethanol TFE Sigma-Aldrich,99.0 % (GC)
1,1,1,3,3,3-hexafluoro- ) )
HFIP Sigma-Aldrichz 99.0 %
2-propanol
ethyl acetate EtOAc Sigma-Aldrich,99.8 %, HPLC grade
tert-butanol tert-ButOH Sigma-Aldrick,99.7 % (GC)
benzonitrile GHsCN Sigma-Aldrich, CHROMASOLY, for

HPLC, 99.9 %
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2.2 Methods of measurement
2.2.1UV spectroscopy

UV spectroscopy is a useful technique for the itigaion of organic
compounds containing chromophores such as aromiagjs and carbonyl groups. For
those organic molecules the energy required toteam electron from an occupied
valence orbital to an unoccupied antibonding othitaresponds to electromagnetic
wavelengths in the range of 180 nm to 400 nm. Asogition spectrum is a
characteristic feature of a particular chromophemmd can be used to identify it. For a
complete description of a spectrum, the wavelengtlibe maximum absorption.,)
for each band and the values of the molar absorgiefficients at these wavelengths
(emay have to be given. The determination of the malasorption coefficient requires
application of a quantitative analysis based onBher - Lambert law. This law states
that the absorbanad® of a dissolved substance is a linear functiont®toncentration.
The length of the light path and the molar absorptioefficient determine the slope of
the linear plot (Eq 2.2-1).

# = el Eq2.2-1

A, =log
where:
A — absorbance at wavelengdth
lo — intensity of the incident ligHEinstein dm™3 s71];
Einstein— one mole of photons
| — intensity of the transmitted ligiiEinstein dm™3 s71];

¢ — molar absorption coefficient at wavelengtfM ™ cm;

mol

c — concentration of the sampﬁM = H];

3

| — optical path length [cm].

Detailed analysis of the absorption spectra incigd@valuation ofimax and emax
has been performed to check possible effects ofsthsstitution on the electronic
properties of the BP moiety. Additionally, UV spechave always been taken before
performing the nanosecond flash photolysis in otdeset an appropriate optical density

at the excitation wavelength in the range of0.8. The UV absorption technique has
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also been used as a supportive method to the HP&iGath to detect changes of the
substrate concentration during irradiation of thenpounds.

UV spectra were measured at room temperature wsigGgry 300 Bio Varian
spectrophotometer or a Hewlett-Packard 8452A davd®y spectrophotometer. Spectra

were recorded in a range of 280 nm using 1 cm x 1 cm rectangular cells.
2.2.2 Phosphorescence spectroscopy

Phosphorescence spectroscopy in conjunction wislergabion spectroscopy can
be used to verify substituent effects on the priogeof the BP moiety, which exhibits a
characteristic emission-band structure. The emmssjoectra were measured using a
Perkin-Elmer MPF3 spectrofluorimeter. Phosphoreseespectra were measured at 77
K in mixtures of the solvents: DCMMeOH (1:1 v/v). The phosphorescence spectra
were recorded alexc = 270 nm in the 380-600 nm range. The triplet giesrof all of
the tested compounds were calculated from the wagéh corresponding to the 0-0

band of the emission.
2.2.3HPLC chromatography

High-performance liquid chromatography (HPLC) is \&ery powerful
chromatographic tool. The technique is employea ibroad range of qualitative and
quantitative analyses of chemical reactions and fgireducts. It allows the separation
of the components in mixtures, and it can be usedéntify, quantify and purify the
individual components of the solutions. HPLC instants consist of a reservoir of a
mobile phase, a pump, an injector, a separatiaimuo] and a detector. Compounds are
separated by injecting a generally small, defineldime of the sample mixture onto the
column. The different components in the mixturespsough the column at different
rates due to differences in their partitioning baebabetween the mobile liquid phase
and the stationary phase.

The HPLC technique has been applied to investigaedecomposition of the
substrates and the formation of the products ofeaetions, which were induced during
steady-state irradiations of the investigated camps. The progress of the reactions
was followed by HPLC using a Waters 600E MultisolvBelivery System Pump. The
detection system consisted of a Waters 996 Phatedidrray UV-Vis Detector.

Analytical HPLC analyses were carried out on a \Mal€Terra Rips reverse phase
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column (4.6 x 250 mm, fim particle size). Two different eluents were empliyby
applying different ratios of the eluents, bettepagation of the components could be
achieved. The mobile phases were mixtures of smlgtof ACN and 20 mM KHPO, :
ACN (95:5 v/v), with a flow rate of 1 ml mih The volume of the injected sample was

50 ul or 5ul depending on the concentration of the sample.
2.2.4GC-MS chromatography

Gas-chromatography — mass spectroscopy (GC-MSheshmique that combines
both gas — chromatography and mass spectroscoplemntfy different substances in
the analyzed samples. GC can separate volatilesamdvolatile compounds with great
resolution, while MS can provide detailed structundormation on most compounds.
GC-MS analyses were performed in order to idenhfy stable products of the steady-
state irradiations of TFE solutions of BP and aeisdhe analyses have been carried
out with a gas chromatograph CP3800 connectedhtass spectrometer (4000MS, ion
trap) by Mrs lIzabela Banczyk from the Advanced Citamand Equipment and
Instrumentation Facility, UAM, Poznan. The ionipatitechnique employed was the
most standard type, namely electron ionization. &leetron energy used was 70 eV.
The GC was carried out on a VF-5ms Varian colunthr8x 0.25 mm x 0.39 mm).

Mass spectra were detected in the mass range @0 m&.
2.2.5Flash photolysis

Flash photolysis equipment is commonly used tostigate fast photochemical
reactions.The laser flash photolysis (LFP) technique providéfective methods for
studying the reactions of transient species suchadigals, excited states or ions, in
chemical and biological systems by direct measunemd-P setups were used in this
work to investigate the intramolecular H-atom afet®on-transfer reactions involving
the triplet state of aromatic carbonyls. The sae@hriique was applied to study the
photochemical oxidation of anisole in protic soligen

The flash-photolysis technique concept allows omemteasure both transient
absorption spectra at various delay times afteritit@al laser pulse and absorbance
changes with time (kinetic traces) at particulavelangths. As a result, this method
enables one to identify the presence of the tratsi@ solutions and to determine rate

constants of formation and decay of the intermediat
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Nanosecond laser flash photolysis experiments warged out with three different
experimental setups: a) at the facility of the Dépant of Chemical Physics at Adam
Mickiewicz University, b) at the facility of the Ni@ Dame Radiation Laboratory at the
University of Notre Dame, IN, USA and c) at the iliag of the Department of
Photochemistry and Spectroscopy at the Institut®hofsical Chemistry of the Polish
Academy of Sciences in Warsaw. The nanosecond KpBrienents employed pulsed
N, lasers and Nd:YAG lasers for excitation. Data &itjan systems are described in
detail in Chapter 2.2.5.1 and Chapter 2.2.5.2. Jieant decays were recorded at
individual wavelengths by the step-scan method \waitstep distance of 10 nm in the
range of 320 to 800 nm as the mean of 10 to 1%puls

Femtosecond flash photolysis was used to moniter ttiplet state of the
trichromophores in protic solvents. In this par&icase, the triplet state decay was too
fast to permit its detection in analogous experitmeamploying nanosecond flash

photolysis systems.
2.2.5.1 Nd-YAG laser system

Nanosecond laser flash photolysis experiments egmga pulsed Nd-YAG laser
were carried out with two different experimentatiups. The setup at the Department of
Chemical Physics at Adam Mickiewicz University ieegented in Figure 2.2-1. The
fundamental Nd-YAG emission wavelength is 1064 &tarting with that wavelength,
outputs at 532, 355 and 266 nm can be generatddeyency doubling, frequency
tripling and frequency quadrupling, respectivelyeTlatter two wavelengths are very
convenient for studying benzophenones since thegspond to excitation of the strong
TI-TC transition but also the much weaker.- 1 transition of the benzophenone
chromophore with 266 nm or 355 nm pulses, respegtiin the case of the 266 nm
photolysis of benzophenone-tyrosine and trichronooph dyads, simultaneous
excitation of both chromophores (BP and Tyr) carbeavoided. However, an analysis
of the molar absorption coefficients measured fBrahd Tyr? shows that excitation
of the tyrosine moiety amounts to less than 10686é {Sgure 3.1-9). There were no such
complications for the benzophenone-methionine dyélde advantage of using 266 nm
excitation is the possibility of avoiding self-quiing processes since lower
concentrations can be used TL®) due to the high molar absorption coefficient of

benzophenone at this wavelength. Additionally, &6 excitation has been employed
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when the solubility of the compound in particulaslvent was limited and the

millimolar concentration necessary for the 355 mmitation could not be reached.

Nd:YAG + HG + HS I
266, 355,532 nm I

0SC

Figure 2.2-1The experimental setup for Nd-YAG nawosd laser flash photolysis (see text for details)

In more detail, the Nd-YAG flash photolysis consisf the following components!
* an Nd-YAG laser from Spectra Physics (Mountain Vi&#h, USA), model INDI
40-10, equipped with a harmonic generation modaoladhieve 266, 355 and
532 nm excitation wavelengths at 10 Hz repetitiate r pulse duration 6-8 ns,
maximal pulse energy 450 mJ at 1064 nm and 155 33%nm,;

150 W pulsed Xe lamp system with the lamp puls8 from Applied
Photophysics (Surrey, UK);

a two-turret, grating monochromatdv | from Acton (MA, USA), model Spectra
Pro SP-2155;

a photomultiplier PMT) from Hamamatsu (Japan), model R955 working with 5

dynodes amplification;

a real-time digital oscilloscop®©EC) from LeCroy, model Wave Runner 6100A,
1 Gz, 10 GS/s;
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« a computer PC) equipped with an analog-to-digital converter (DA&d timer

PCl-cards from National Instruments, software based_.abView 8.0, and a

computer program providing synchronization of tlaser excitation of the

sample with the monitoring light;

 a pyroelectric joulemeter (Molectron);

« avariety of electronics, optics and mechanicsn@&

filter (1) — lowers the energy of the laser pulse;

dielectric mirror 2) — the majority of the photons from the beam is
reflected from it and hits the sample in the cuev&ipt in the cell holder,
the rest of the photons is transmitted and reagliéhay generatoB];
photodiode PD) — the 10 ms delayed signal from the delay geoerat
acts as the zero time trigger for the oscilloscope;

laser shutter4) — repetition time 0.5 Hz, only when it opens pdrotons
reach the sample;

lamp shutter {) — repetition time 1 Hz, opening time 40 ms, tbget
with the 10 ms delay sets the laser pulse to tiginbeng of the plateau
region of the probing 150 W Xe arc lamp pulse;

sample holder5);

cut-off filter (6) (< 300 nm);

cut-off filter (10) (< 500 nm);

optical lenses9), (11) — focus the light in order to enter the slit bét

monochromator.

Additional computer program regulated parametetb@imeasurement were applied:

« number of points collected for each wavelength 8018oints;

 timebase — time per one division (whole time windswlivided into 10 divisions)

— it varied, depending on the process investigdteth 2 x 10° s to 2 x 10° s.

2.2.5.2 Nitrogen laser system

Nanosecond laser flash photolysis experiments eyimgja pulsed nitrogen laser

were carried out with the setup of the Radiatiorbdratory at Notre Dame. The

nitrogen laser system is presented in Figure 2.2H2 principle of operation of this

device is the same as for the LFP based on the Ald-Mser. Laser excitation at 337.1
nm from a Laser Photonics PRA/Model UV-24 nitrodaser (operated at about 3 mJ,
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pulse width~ 8 ns) was at a right angle with respect to theitoong light beam The
detection system consisted of a pulsed xenon (7) (1 kW) as the monitoring ligr
source and &PEX 270 M monochromail (M) coupled witha Hamamatsu R955
photomultiplier PMT). The signal from the photomultiplier was processsd a
LeCroy LC574Adigital storage oscillosco (OSC) and a PCAT compatible comput:
(PC). Cut-off filters (L3) were used to avoid spurious response from se¢order
scattering of the macthromator grating:Additional units of thisequpment are:

» dielectric mirrors 1), (3);

* laser shutters);

* lamp shutter9);

* lenses?), (6), (11), (12);

e qQuartz plated);

» optical trigger for scopeT).
Experiments were performed in rectangular quarlls (0.5 x 1 cm) with an optici
path length of 0.5 cm for the monitoring be

Nitrogen
337 nm

7 8 9 D 1 12 13 1 *

10

Figure 2.2-ZThe experimental setup fthe N, nanosecond laser flash photolysis (see text fails).
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In contrast to the Nd-YAG system in the DepartmehtChemical Physics at
AMU, multiple time scales were generated for a kirignetic trace. Each of the 10
kinetic traces consisted of 200 points. Additiopalin the Notre Dame Radiation
Laboratory setup, there is a routine that autoratiyikept the voltage of the PMT in a
range where its response was linear. Another featas the automatic spectral scan.
Through the graphical user interface, initial aimhlif wavelengths and the wavelength
interval could be chosen at the start of the expent.

Triplet-state decay for the open-chain BP-Tyr dyaasdichloromethane was
measured at the Department of Photochemistry amgtt@scopy in the Institute of
Physical Chemistry of the Polish Academy of ScisnoceWarsaw under supervision of
dr hab. Jerzy Karpiuk. In this particular case, tiif@et-state decay was so fast that the
signal was convoluted with the laser pulse whendsted nanosecond flash photolysis
systems were employed. A unique transient-absorpgmectrometer, working in the
whole visible range, being an example of the stedgbump-probe technique, has been
custom-designed and built by Prof. J. Jasny. Aogén laser (excitation wavelength
337 nm, pulse energy 1 mJ, temporal pulse widtls)lwas used both to excite the
sample and to pump a tuneable dye laser used astinee of the monitoring light. The
apparatus was used in one of two basic operatimoales: kinetic measurement at a
fixed wavelength of the monitoring light or temploravolution of the transient
absorption. Spectra could be recorded within tineetrange from 2 ns before the
excitation to 100 ns after the excitation with 1 tmae-resolution due to the unique

optical delay line concept employed in the spedicdpmeter.
2.2.5.3 Femtosecond flash photolysis

Femtosecond transient absorbance measurements egerducted at the
Radiation Laboratory of the University of Notre Damsing a Clark 6MXR 2010 laser
system and an optical detection system providedUlsafast Systems (Helios). The
source for the pump and probe pulses was the fuadi@nemission at 775 nm (1
mJ/pulse, fwhm = 130 fs, 1 kHz repetition rate)thitd harmonic generator provided
laser pump pulses at 258 nm (3.50 eV, 130 fs, 2diameter beam). Five percent of
the fundamental laser output was diverted througlagphire crystal to create a white
light continuum (450-750 nm) for monitoring thertséent absorbance at times after the

pump pulse, determined by an optical delay. Measenés were carried out in a
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magnetically stirred sample cell (2 mm light path)time window of 1.6 ns with a

maximum step resolution of 7 fs was used for tramsbbservation.
2.2.6 Lamps used in steady-state irradiation

Steady-state irradiation was used to determinegtletum yields of substrate
disappearance and, in a further step, to identiey $table products. Three different
setups were employed: a high pressure mercury larfgey pressure mercury lamp and

an Argon ion laser.
2.2.6.1 High pressure mercury lamp

A high-pressure mercury lamp (HBO 200, Narva) wak200 W and contains
mercury vapor at a pressure of about 10 MPa. Diis togh luminescence efficacy, the
UV radiation which it emits, and the high-presswi¢hin the lamp, the lamp must be
operated within an enclosed, protective metal cashuditionally, due to its emission
of large amounts of heat, cooling is required. Higbssure mercury lamps emit many
wavelengths including visible light. To select tdesirable irradiation wavelength
appropriate filters have to be used. Irradiatian318 nm were performed using a BC-4
filter in conjunction with interference filters fino Zeiss. The solution in the cuvette was
stirred during irradiation by a magnetic stirrer.

2.2.6.2 Low pressure mercury lamp

Irradiation with a low-pressure mercury lamip, (= 254 nm) was chosen when it
was necessary to work with low concentrations oheotto avoid side reactions such as
self-quenching. Specifically, a low-pressure meydamp TNN 15/32 from Original-
Hanau was employed. The lamp contains mercury vagioa pressure of about 0.1 Pa.
Quite unlike the high-pressure mercury lamp, the-pvessure mercury lamp emits
mainly monochromatic radiation. The main light esios is at 253.7 nm (greater than
80 % of the radiant power) and 184.9 nm. Therefiiters were not required. The low-
pressure mercury lamp operates near ambient tetoperand thus does not require
cooling. For quantum-yield determinations, irraiias were performed in rectangular
quartz cells (1 cmx 1 cm). Disappearance of the substrate was moditoyeHPLC.
However, in the case ¢86,S}BP-DKP-Met larger quantities of the irradiated solutions

was required in order to identify stable produbitadiations on a preparative scale with
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concentrations 4.75 x TOM were carried out in a photoreactor. This procedailows
for irradiating 50 ml of solution at one time. Wheeeded, the irradiations were
repeated several times with the same volume ané siame of irradiation. The scheme

of the photoreactor used is presented in Figure2.2

1
L/2

L—.

siilifz_s
Y

Figure 2.2-3 Photochemical reactor for irradiationgreparative scale (see details in text).

The reactor consists of a low-pressure mercury I#Q(1) — power supply)
which is put into a quartz tubé)( Outside there is another quartz tug Wwhere water
for cooling can flow between the internal and exaé¢rcasings 4) and ). The
irradiated solution was placed between the extdrrimd ) and glass tube3). Samples
for irradiation were deoxygenated by purgidy With high-purity argon for 30 minutes
prior to the measurements. The time of the irramhatwas chosen so as not to
decompose the entire substrate. After the irrazhatihe solutions were concentrated by

evaporating the solvent, prior to actual analysis.

2.2.6.3 Argon ion laser

An argon ion laser uses, as its name implies, pigity argon gas as the lasing
medium. A multi-line argon ion laser can generate ta 18 discrete laser lines
(wavelengths) ranging from the UV (275.4 nm) to ttisble, green (528.7 nm), with
the majority of the power being developed at th8 A& and 514.5 nm lines. Argon
lasers may be configured to produce a single laseronly, which is highly desired in

selective irradiation and quantitative analysigpkacing a dispersing prism between the
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active medium and the output mirror. The setughenDepartment of Chemical Physics
at AMU consists of (see Figure 2.2-4):
e an argon ion laser (Coherent INNOVA 400, equippéith a special UV grade
tube and UV resonator optics) — the laser plasiba @) is sealed by Brewster-
angle-oriented windows2] and 6); the laser is, moreover, equipped with a

water cooling systen®) and @);

a double Pellin-Broca prism-line separatbl)(- to select narrow band irradiation
wavelengths (351.1 and 351.4 nm);

a Newport 1918-C laser-power meter with an 818P-IAthermopile headLd);

a home-built beam expandd?f - the beam profile was expanded (5x);

a temperature-controlled cell holder3) (Quantum Northwest, model TC 125),
placed on a micrometer, one-axis translation stage;

a CCD spectrometer (Edmund Optics, model BRC1118)JSa small portion

(< 1 %) of the laser beam was reflected by a beplttes to monitor the

wavelength;

a series of optics: highly reflective mirrork),(output coupler mirrors2f; lenses
(9), (10);
a filter — to lower the power of the lasésby.

9
1
11 \
Power
meter
10
14
L

Figure 2.2-4 Argon ion laser setup (see detaitext).

51



PHOTOINDUCED ELECTRON, PROTON OR HYDROGEN-ATOM TRAFER REACTIONS IN BENZOPHENONE-
TYROSINE AND BENZOPHENONE-METHIONINE BICHROMOPHORISYSTEMS

The intensity of the incident light (351 nm) foretlquantum-yield determinations was
measured using a Reinecke’s salt actinometer.

The superiority of the irradiation using an argon laser over traditional lamps
arises from the availability of a much higher irdiéy of the incident light that may
significantly reduce the time of irradiations. Qretother hand, one must be aware of
the fact that using too much laser power may caadisktional side reactions e.g. two-
photonic processes. To avoid that possibility, lerfithat transmittes only 20 % was
used. This arrangement allows the laser to opextategher power where it is more

stable and at the same time only 20 % of the olipain reaches the sample.
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2.3 Methods of Theoretical Calculations

Computational chemistry is a branch of chemistgt @ssists in solving chemical
problems. Experimental studies on the possibilityntramolecular reactions involving
the investigated compounds were, therefore, supgpdoy a series of computational
calculations. The structural demand on the dyads$ talads to achieve a suitable
geometry for the intramolecular reactions (HAT,ctélen transfer) was addressed by
Density-functional theory (DFT) methods and moleculdynamics (MD). The
calculations were performed at the Poznan SuperatangCenter PCSS or at Notre

Dame Radiation Laboratory cluster.
2.3.1 Density functional theory

DFT is one of the most popular and successful quasthechanical approaches
to many-electron systems. The principle aim of ¢heslculations is to identify
optimized structures, i.e. the energetically masfable structures and geometries of
stable species of interest as well as to quantiirtmolecular parameters such as
charge distributions, spin densities etc.

Key features of DFT are two Hohenberg-Kohn (H-kKddremd*** 14

» the Hohenberg-Kohn theorem (1). The external potentialey and thus the total
energy uniquely determines functional of the etattdensityp,. Thus the
ground state electron density is sufficient to descany ground state property
of the system without the knowledge of the manyteten wavefunction. This
theorem states that the electron density for tloert states is equivalent to the
wavefunction for the ground state and contains thx#te same information.

» the Hohenberg-Kohn variational principle (Il). The functionalE[p] for the
ground state energy is minimized by the groundestectron density,:
E[p] = E[p,] = E, for every trial electron density. The second Hh€drem
proves that the correct ground state electron tdemsinimizes the energy

functional.

Although the Hohenberg-Kohn theorems are extrempelyerful, they do not offer a
way of computing the ground-state density of aesysin practice. The energy as given
in the Kohn-Sham formulation of the density funntibtheory, has the forfr’

53



PHOTOINDUCED ELECTRON, PROTON OR HYDROGEN-ATOM TRAFER REACTIONS IN BENZOPHENONE-
TYROSINE AND BENZOPHENONE-METHIONINE BICHROMOPHORISYSTEMS

E=To+ [v@)p@)dr+ Jipl+ Eeclp] Eq2.3-1

where:
T, — the kinetic energy of the non- interacting elecs;on
[v(r)p(r)dr - potential energy of the interaction of the elesgravith nuclei;
J[p] — the classical coulomb repulsion of the electrons:

_ 1 p(ry) - p(ra)
2 |11 — 12|

Jlp] dridr, Eq 2.3-2

Exc[p] — exchange-correlation functional.

The major problem with DFT is that the exact fuoctls for exchange and
correlation are not known except for the free etecttgas. However, approximations
exist which permit the calculation of certain plogdiquantities quite accurately. The
development of the functionals that precisely dbscmature is one of the most
important areas in the research of quantum chemiBhe functionals normally used in
density functional theory are integrals of somecfion of the density and possibly the
density gradient. Many forms of such functionalsehbeen suggested, and names for
the various pure DFT models are given by combinirggnames for the exchange and
correlation functional. Some of the most importarg listed below:

« Local Density Approximation (LDA)*'¥ - the local exchange-correlation
energy per particle depends only on the local dgrsid is equal to the local
exchange-correlation energy per particle of a hanegus electron gas of the
same density. This approach is highly successfili@nonsidered in DFT as the
basis for most of the developments of other fumetis.

» Local Spin Density Approximation (LSDA) — an improvement of the LDA
which is motivated by the fact that the exchangeetation hole is very
different for electrons with parallel and with goarallel spins.

* Generalized Gradient Approximation (GGA) — the next step of sophistication
in functional forms; it is still local but also tek into account the gradient of the
density at the same coordinate.

« The hybrid functional of Becké''® *? — The Becke functional was the first

example of a hybrid theory, a theory which is a tmg of a Hartred-ock
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functional of orbitals and a DFT functional of diys A hybrid exchange-
correlation functional is usually constructed adireear combination of the
Hartree-Fock exact exchange functiorslf) and any number of exchange and
correlation density functionals. The parameteremining the weight of each
individual functional are typically specified byting the functional’s predictions
to experimental or accurately calculated thermodbaindata. An example is the
popular B3LYP (Becke, three-parameter, Lee-Yang)Paxchange-correlation

functional which contains 3 parameters:

Exe = EXP+ ao(EYF — EXPY) + 0, BY + a EY" Eq2.3-3

where:
Ex.->P* - LSDA exchange-correlation functional;
El'F — Hartree-Fock exchange functional;
E.>P* - LSDA exchange functional;
E.>%® — Becke gradient corrections to exchange functiorahfi988:
E.-'F - correlation functional of Lee, Yang and Parr;
a, = 0.20,ax = 0.72,a. = 0.81- are the three empirical parameters determined
by fitting the predicted values to a set of atorti@a energies, ionization
potentials, proton affinities, and total atomic eyies.
Fitting parameters to some set of experimental deacommon approaches to
developing new functionals.
 PBE1PBE (PBEO)functional — the functional contains no parameters fitted to
experimental data. PBEO generally provides resultsich are at least
comparable to those obtained with more empiricatfionals. Perdew and co-
workers have also proposed that, based on foudér grerturbation theory, the
optimum value of the mixing coefficient should e 0 %42 This functional
uses 25 % exchange and 75 % correlation weighitimgknown in the literature
as PBEO. The keyword for this functional in Gaus8& is PBE1PBE. The

resulting exchange-correlation functional can bgressed as:

(B — ES) Eq 2.3-4

N

GGA
Exc = Exc +
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where:
Ex-°" — GGA exchange-correlation functional;
El'F — Hartree-Fock exchange functional;

E.°®* - GGA exchange functional.

All actual quantum chemical calculations were penfed using Gaussian 03
suites of program$?? Optimizations of the ground-state and tripletestgeéometries of
molecules were obtained using density functionabti (DFT). In order to obtain the
global minimum, different starting geometries werged in the optimizations. The
optimized structures were verified as correspondmgeal minima by establishing the
absence of imaginary frequencies. The hybrid foneti of Perdew, Burke and
Ernzerhof PBE1PBE was usE&” ** Geometry optimization and energy calculations
were carried out using the standard 6-31+G(d) 8L 6-basis set. These bases sets offer
a reasonable compromise between the proper desaoript the species and good
performance at a modest computational cost.

In the calculations in this thesis, special atmtivas paid to rigid benzophenone-
tyrosine dyads since that pair of diasteroisomghsbés significant solvent-dependent
stereoselectivity toward intramolecular HAT. In #duh to gas-phase calculations for
those dyads, solvent effects were evaluated udiegself-consistent reaction field
(SCRF) method with the “integral equation formalipmlarizable continuum model”
(IEFPCM). The same level of theory was used toutate the energy of optimized
structures in the presence of ACN. The gas-phasmegies were reoptimized in this
model!*** 2% The notation for the rotamers of the diketopiperesbased cyclic dyads
will be described in detail in Chapter 3.2.2.2.lheBtructures of the conformations with
the lowest energies for each compound were comptoethe highest populated
conformations obtaineda molecular dynamics simulations.

Additionally, theoretical calculations were carrienut to characterize the
hydrogen-bond complexes between solvent molecuidsb@&nzophenone, both in its
ground state and excited triplet state. The refatiqp between hydrogen-bond length
and strength was studied by systematically lengtigerthe distance between the
hydrogen-bond donor (molecule of TFE solvent) ahd hydrogen-bond acceptor
(carbonyl oxygen of BP), recalculating the hydroggemd energy Hyg) at each step.
Ens was calculated as the difference in energy betwieercomplex and the infinitely
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separated monomers, benzophenone and TFE. Forceastrained ©H distance, the
rest of the molecular complex was allowed to optencompletely. ©H distances
between 1.2 and 3.0 A were studied. The same puoeadas used for the ground state
S and the excited triplet state ®f benzophenone.

Furthermore DFT calculations were employed to camfthe importance of
specific solvent-solute interactions in electroamsfer quenching of the benzophenone
triplet by anisole. Experimental data, in conjuantwith theoretical calculations, were
used to quantify the solvent effects on the adtwafree energy of ET reactions in

terms of the Marcus theory of adiabatic electrangfer (see details in Chapter 3.6.5).
2.3.2Molecular Dynamics

Molecular dynamics (MD) is a computer simulatiochieique where the time
evolution of a set of interacting atoms is followég integrating their classical
mechanical equations of motion. The main justifamatof the MD method is that
statistical ensemble averages are equal to timeges of the system, known as the
ergodic hypothesis.

Because molecular systems, in general, consistasj@a number of particles, it is
impossible to find the properties of such complgstams analytically. Molecular-
dynamics simulation circumvents this problem byngsinumerical, step-by-step,
solutions of the classical equations of motion. Alecular-dynamics simulation
requires the characterization of a potential enavgich describes the terms by which
the patrticles in the simulation will interact. Mdestce-fields in chemistry are empirical
and consist of a summation of bonded forces adsaciaith chemical bonds, bond
angles, bond dihedrals, and non-bonded forces iassdavith van der Waals forces and
electrostatic charge (see Eq 2.3-5). Molecular-dyna simulations performed for the
investigated compounds were used with the geneviBER force field (GAFF) which
well describes small organic moleculd. It applies additive harmonic energy
functions and nonbonded interactions between pafrsatoms {, j) which are

represented by the last two terms:
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2 2
Epair= ) Ko (r=re) + ) Ko(6— 6ep)

bonds angles

+ Z % [1+ cos(ng —y)] + z

dihedrals i<j

A

U]
12 36 y
R;’ R ¢Ry

where:
K:, Kq, Vi — the force constants for bond length stretchingdbangle bending and
torsional angle twisting, respectively;
r, @ —bond length and bond angle, respectively;
leq, feq— the equilibrium bond length and bond angle, respely;
n — the multiplicity of the function;
@— dihedral angle;
y — the phase angles of the Fourier series in thedd#théerms;
Ajj, Bj — the parameters of Lennard—Jones 12-6 potentials;
i, g — the point charges of atoms i and j, respectively;
¢ — dielectric constant of the space;

R; — distance between atomand,.

For the MD simulations version 10 of the AMBER nmli&ar-modelling package
was applied which is implemented on the Notre D&adiation Laboratory clustet??
The AMBER package consists of the variety of praggaThe programs and their
applications used during the work are listed below:

» The preparatory programs:
= Antechamber — The Antechamber software package contains
procedures and algorithms by which the parameters Eq 2.3-5 can be
automatically assigned to arbitrary molecules, givenly a three-
dimensional structure as input. That algorithm nexgu solving the
following problems before the MD calculations: (&fognizing the atom
type; (2) recognizing the bond type; (3) judging &tomic equivalence;
(4) generating a residue topology file; (5) findingssing force field
parameters and supplying reasonable and similastisuies. Gaussian
output files, from the previously performed DFT iagkation, are one of

the acceptable formats for the Antechamber progsamthose files were
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used for conversion into appropriate files whicluldothen be read into
LEAP.
= LEAP - the program takes into consideration the foreddl fitopology
and coordinate information, and it was used to pcedthe files
necessary for production calculations: one filetaoing a description of
the molecular topology and the necessary forcd fi@rameterspfmtop
file) and a second file containing a descriptiontted atom coordinates
and velocitiesiQipcrdfile).
* The simulation program:
= SANDER - it is the basic energy minimizer and moleculgmamics
program that requires an input filendin) consisting of a series of
namelists and control variables that determinedpions and type of
simulation to be run.
* The analysis program:
= PTRAJ — has been used for the initial analysis of tlagettories from
MD simulations and for the calculation of root mesquare deviation
(RMSd) as a function of time.

Design of a molecular-dynamics simulation shouldoaot for the available
computational power. The number of particles, tstep and total time duration must be
selected so that the calculation can finish withireasonable time period. However, the
simulations should be long enough to be relevanthto time scales of the natural
processes being studied. Thus instead of perforsimglations with explicit solvation,
which are time consuming, the Born solvation modak used. In order to achieve
reliable statistical distributions for the confommef the compounds in this work, the
free MD simulations were done with a 2 fs time stefal 100 ns propagation time,
preceded by 20 ps of heating from 0 K to 300 K @@gbs of equilibration.

Visual Molecular Dynamics (VMD) was used for vissalg and analysing results
produced by the Sander module of the AMBER softwsude. VMD is a freely
available molecular visualization program desigried the Theoretical Biophysics
Group at the University of lllinois and Beckmantihge. VMD was applied in the
quantitative analysis of the desired propertiestred simulated systems: distances
between reactive moieties (see an example of socanalysis in Figure 2.3-1), and
dihedral angles which define the orientation of #sde-chain rotamers. The example
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data show a dominating(O-O) distance of about 8-9 A, but reveal alsdyaigh with

much lower probability, the possibility of a closentact at around 4 A.

t/ns

Figure 2.3-1. Sample application of the VMD progréon the analysis of the long-time molecular-
dynamics simulations for dya¢S,S)-BP-DKP-Tyr. time variation of the inter-side-chain distance
d(O-0) between the Tyr hydroxylic oxygen atom and tfedarbonyl oxygen atom.

Additionally the VMD program can calculate the spted atomic radial distribution
function g(r) between two atoms coordinates over a given t@jgctunctiong(r) is
defined so that the probabilipfr) of r being betweemn; and s is the integral betwean
andry of 47 r? g(r) (Eq 2.3-6)

p(r) = f 4g(r)r? dr Eq 2.3-6

1

The radial distribution functiorg(r) is a fundamental quantity for verifying the
possibility for the compound to achieve suitableorgetries for intramolecular

reactions.
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2.4 Sample preparation

Samples for determining the spectroscopic propevtiere prepared as follows:
« UV spectra — for the detection of the—n and n-m bands the sample
concentrations were around 6 x 1M and 1 x 10° M, respectively. If the
solubility of the compound was too small to dissolvin millimolar concentration,
only the absorption spectra for the.x band were measured. The exact masses of
the compounds were estimated using an analyticenba, a Mettler-Toledo
UMT2 with an accuracy of I0 g. The UV spectra for each of the investigated
compounds were measured in three different solvéits acetonitrile, the molar
absorption coefficient was obtained and comparet pure benzophenone. The
molar absorption coefficients were determined asatferages of three trials on the
basis of the Beer-Lambert law (Eq 2.2-1).
» Phosphorescence spectra were measured at 77 K in a mixture of solvents:
DCM-MeOH (1:1 v/v). This solvent mixture was chosen &ase it forms a
transparent glas¥? The glass was formed by cooling the solutions ispacial
cuvette to liquid nitrogen temperature. To avoidshwe condensing on the cuvette
during the experiments, nitrogen was blown arourfte tcuvette. The
phosphorescence spectra were recorded with sotutiaming an absorbance at the
excitation wavelength of, _ ~ 0.5.

Samples for the investigation of intramolecular antermolecular reactions were

prepared as follows:
» Steady-state irradiation — solutions of the investigated compounds usedher
determination of the quantum yields of substragapibearance had concentrations
of 2 x 10° M when the excitation wavelength was 313 nm (hpgssure mercury
lamp, irradiated volume 2.2 &nor 351 nm (argon ion laser, irradiated volume 2.5
cm’), or 4.75x 10° M when the excitation wavelength was 254 nm (loespure
mercury lamp, irradiated volume 2.2 YniThe reaction progress was monitored by
HPLC. To avoid errors caused by changing the volwheolutions and from
dissolving oxygen inside the cuvette after pierdimg septum, each irradiation was
performed with a fresh solution. Experiments weegfggomed in a 1 cm x 1 cm
rectangular UV cell except for irradiations on @pgarative scale. All samples for
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irradiation were deoxygenated with high-purity argor 15 minutes prior to the
measurements.

Nanosecond flash photolysis samples for LFP were deoxygenated with high-
purity argon for 15 minutes prior to the measuret®i@md kept under argon during
the measurements. The laser interaction with thgpkaoften results in irreversible
changes, and this necessitates sample replacearezdadh individual measurement.
Concentrations in the range of 4 to 8 <14 and 1 to 3 x 13 M were used at 266
and 355 nm, respectively. Different orders of magie of the concentrations used
are connected with exciting the strong 1t transition 4 = 250 nm;e = 16000 M*
cm™) or the much weaker-ATt transition ¢ = 340 nm;& = 100-200 M* cm™).
Possible irreversibility of the reaction was taketo account when concentrations
of the solutions were in the range™1®1. In such cases, a flow-system procedure
was applied. This was accomplished by putting aumel of 100 ml of the
investigated solution inside a reservoir and theoxgligenating it. The flow (by
gravity) of the solution (from the reservoir inteetcell) was adjusted to 1 drop per
1-2 seconds. The waste solution was gathered ibalker, and it was not recycled.
When reversible reactions were investigated andf@n millimolar concentrations
were used, which is three orders of magnitude migfen the initial concentration
of formed transients, then the flow system wasused. In such cases, experiments
were performed in rectangular quartz cells (1>cihcm) or (1 cnx 0.5 cm), with a
solution volume of 3 cthand 2 cr, respectively. The LFP were performed with
solutions having an absorbance at the excitatiomeleagth in the rangél <

A,,.. <0.4. All experiments were performed with freshly preggh solutions at

room temperature (29% 1 K). A solution of benzophenone in ACN, whose
absorbance matched the absorbance of each of vestigated solutions at the
excitation wavelength, was used as an actinométeorder to determine the
bimolecular quenching rate constaritg, for the triplet quenching of BP and its
derivative by anisole, the decay of the tripletestaf benzophenone was monitored
in the presence of increasing concentrations afcdi It was carried out by adding
increasing amounts of the quenche) from a stock solution to 5-6 flasks of 5 tm

volume containing the same solution of benzophermorits derivative.
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2.5 Methodology of Measurements

2.5.1Determination of the initial intensity of the light using uranyl oxalate

actinometry

Uranyl oxalate actinometer was used to determieeiritensity of the incident
light (I,) used in quantitative analysis in steady-statadiations. The actinometer
consisted of the mixture (1:1 v/v) of 0.02 M of 8D, x 3H,0 and 0.1 M of HC,O4 X
2H,0. The photochemical reaction of the transformatibthe oxalic acid is:

hv,u0%*
HzCzO4 —>C02 + CO + H20

where the UZ" acts as a photosensitizer.

The quantum yields of this reactio®,] for the excitation wavelengthig, = 254 nm
and iy = 313 nm are 0.602 and 0.561, respectively. Thabau of oxalate ions in
solution, before and after the irradiation, wasedeined by titration with 0.004 M

potassium permanganate:
5H,C,0, + 2KMnO, + 3H,50, — 10C0, + K,50, + 2MnS0, + 8H,0

The photolysis of the oxylic acid should be perfedhonly up to until 50 % conversion
at most. A 2.2 crhvolume of the actinometer was irradiated, andsé@e volume of
irradiated samples was used in the steady-staéiations of the compounds. The

intensity of the incident light is given by:

5 AVkmno, * CkMno,
= — Eq 2.5-1
0 2 (D/l - V - tirr q 5

where:
l, — intensity of the incident ligHEinstein dm™3 s~1];
AViumno, — the difference of the KMnOvolume used in titration of the sample
before and after irradiation, the difference ofurok was taken as an average of
three independent titrations done before and aftstiation[cm?3];

Ckmno,~ CONcentration of the KMngQused for titratiorfM];
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@, - quantum vyield of the photolysis of the oxylic acad A excitation
wavelength;

V — volume of the actinometer taken for titratjom3];

tir — irradiation time [s].

The factor of 5/2 comes from the stoichiometryhaf tedox reaction.
2.5.2 Determination of the initial intensity of the light using Reinecke’s salt

Reinecke’s actinometer is based on the K[CHMIBSCN)] (potassium
diaminetetrakis(thiocyanato-N) chromate) salt @itltin acidic solution. This
actinometer was used to determine the incidennsitye of the light emitted by the
argon ion laser at the 351 nm wavelength. The guantield of the reaction in the
Reinecke actinometer is 0.39 at 351 P.Irradiation by UV-vis light caused the

substitution of a SCNigand by a water molecule:

[Cr(NH3),(SCN),]~ + H,0 g [Cr(NH3),(SCN)3(H,0)] + SCN™

The concentration of free SCNons was determined spectrophotometricalig

complexation with ferric nitrate:
Fe3* + SCN~ - Fe(SCN)?*

At the end of the irradiation period (90 s), 0.2°avh the to-be-analyzed solution was
accurately diluted with 2 cfrof reagent solution consisting of 0.02 M Fe@and
0.35 M of HCIQ. The resulting red complex has a maximum absor@idm.x = 430
nm ¢ = 3200 M* cm™?). Spectrophotometric measurements were perfornogl for
the irradiated sample and a sample kept in the. ddmiks procedure was done in order to
make corrections for any thermal aquation reacfidre intensity of the incident light

was calculated from the formula:

K-AA

Io

where:
I, — intensity of the incident ligHEinstein dm=3 s~1];

K — conversion factor connected with dilution equal 11;
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AA - difference in absorbance of the irradiated and in@dliated sample at 430
nm;

@, — quantum yields of the photoaquation reactioh,@t=351 nm;

¢ — molar absorption coefficient of the compleXat, [M ™ cm™;

tir — the irradiation time [s];

| — optical pathlength [cm].
2.5.3 Determination of the quantum yield of substrate diappearance

The quantum yield is a value of how efficiently thbésorbed photons are
utilized. After photon absorption there are diffetrgpaths in which the excited state
might be deactivated. So, not every excited mo&eull form a primary product. The
overall quantum yield can be expressed as the eatioe number of reactant molecules,
R, that disappear to the number of photons of lagsorbed:

__ number of molecules of R consumed
"~ number of photons absorbed by R

Eq 2.5-3

An alternative way of defining this quantum vyiekl through a differential quantum
yield. This is expressed as the ratio of the vé&joaif the process (disappearance of the

substrate or product formation) to the intensityhaf light absorbed by the substrate:

g = — Eq 2.5-4

P, = At Eq 2.5-5

where:
&s — differential quantum yield of substrate disappeae;
@p — differential quantum yields of product formation

dls o
— % — loss of the substrate concentration in timefMts—];

d P - . .
;t] - growth of the product concentration in time[®t,s~1];

15 - intensity of the light absorbed by the substritmstein dm=3 s~1].
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Practically, the quantum yields of substrate disapgnce were calculated from the

simplified equation:

Ac
I3+t

Eq 2.5-6

where:

Ac — change in the concentration, of the sample befodeadter irradiation|M].

The loss of concentration was monitored with theL&Rnethod by calculating
the area under the peak corresponding to the stbstfter timet of irradiation and
comparing that to the area under the peak of thestsate without irradiating. The
values of the quantum yields at time t of irradiativere extrapolated to tinie= O.

The intensity of the light absorbed by the sampées walculated on the basis of

the formula:

I3 = 1,(1—1074%) Eq 2.5-7

where:
I, — intensity of the incident ligHEinstein dm=3 s~1];
15 - intensity of the light absorbed by the substritmstein dm=3 s~1];

A, — absorbance of the sample at the irradiation wagghen
2.5.4 Determination of the quenching rate constant

The quenching rate constamktswere determined for the quenching of the triplet
states of benzophenones by methoxybenzene (anmokke basis of the Stern-Volmer

equation:

1
kops = o = ﬁ + k,[0Q] Eq 2.5-8

where:
kobs— Observed rate constagt];
77 — triplet lifetime of the benzophenone or its detiva in a presence of a
guencher [s];
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79 — triplet lifetime of the benzophenone or its denvatwithout a quencher [s];
Ky — quenching rate constaid s];

[Q] — concentration of the quenchigM].

The Stern-Volmer equation describes the observéel canstant as a linear
function of the quencher concentratidg,{vs [Q] should be a straight line), and hence
it allows for a very easy experimental determinataf the quenching rate constant.
Triplet lifetimes were measured in the absenceugingher and then in the presence of
incremental amounts of quencher. The resulting reksgerate constarit,,s is plotted as
a function of quencher concentratio][(see typical plot in Figure 2.5-1). The
quenching rate constankg have been obtained from the slope of the linearnSt

Volmer plot.
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Figure 2.5-1 Graphic representation of Stern-Voltype kinetic analysis.

2.5.5 Determination of the intramolecular H-atom transfer rate constant

In order to study the solvent effects on the inweoular HAT pathway for
benzophenone-tyrosine dyads, the correspondingcoatstantsky, had to be isolated
from the observed gross triplet-decay rate const&gis The rate constants of the
triplet decay kons Were obtained by a monoexponential fit to theesxpental decay

profiles at 630 nm. At this wavelength only theplet state has significant absorption
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since formation of the benzophenone radical anioti, a strong absorption at 630 nm,
was insignificant throughout the study (except i€MrH,O mixtures for the dyad
(S,R)-BP-DKP-Tyr). The values obtained have been cross-checkedesxpdnential
fits to the profiles at 520 nm, where the obsersecond decay component is attributed
to the biradical decay wittkgg. Finally, in selected solvents, spectral-resohutio
techniques were used to resolve the convolutedl@sahto separate concentration-time
profiles. The rate constant then was obtained byoaoexponential fit to the triplet
concentrations. Agreement between all of the metheas generally withitx 5 %.

The decay-rate constant of the triplet-excitedestdtthe dyadss is the result

of several competing pathways (see Scheme 2.5-1).

°[BP-PhO + BPH-PhOH]

b
\

. < KsSHL
BPH-PhOH + S(H) ~— 2" 350 broH——¥ + [BPH-PHO]

N/

BP-PhOH

Scheme 2.5-1 Deactivation paths (red: bimolecddlre: unimolecular) of the triplet-excited statetlo¢
dyads benzophenone-tyrosine.

At constant light intensity and dyad concentratithe intrinsic decay constark), the
self-quenching constankd,[BP — PhOH]), the solvent reaction raf&s[SH]) and the

intramolecular HAT transfer rate constakyg)(can be summed to giveps (EQ 2.5-9).

Kops = ko + ki + ksg[BP — PhOH] + k[SH] Eq 2.5-9

The small contribution from the triplet-triplet ahitation rate is assumed to be
negligible at low laser power. The contributionsnfr solvent abstractior(ks[SH])
were accounted for by employing reference compou(mise Chapter 3.5.2) to
estimatgks[SH]) in the respective solvents. The sum of the inicidgecay constark
and the solvent reaction rafgs[SH]) is equal to the triplet decay rate consteantor
the reference compound. Under the experimentalittond of 266 nm excitation, the
contributions from self quenchinsq, were negligible, so that the rate constant fer th
hydrogen-atom transfer (HAT) stdg,, is given by Eq 2.5-10.
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kH = kobs — kO — kS[SH] = kobs — kT Eq 2.5-10

When solubility allowed for the use of 337 nm 063%n excitation, the self-quenching
was taken into account witty,[BP — PhOH] (Eq 2.5-1%

ky = kops — kr — kSQ[BP—PhOH] Eq 2.5-11

It is noted that the poor solubility of the sometlé dyads interfered with accurate
measurements of some self-quenching rate constamt&alculations, the rate constant
for self-quenching was taken from a structurallylatedd, but open-chain

benzophenone/phenol dy4&.
2.5.6 Resolution of the transient absorption spectra

Resolution of the transient spectra into specivai@onents was used to study the
selectivity of the quenching reaction for dyads é&mdetermine the quantum yields for
the formation of the-th transient. In most cases of convoluted spedranulti-
regression analysis has to be done on the optaadient spectra resulting from pulsed
irradiation in order to extract the individual teant concentrations;. In any time
window, following the excitation pulse, the absarba of the signal is related to the

concentrations and molar absorption coefficientheftransientgsia Beers’s Law:

n

BD = Y e &() L j=1ur Eq 2.5-12
i=1

whereAA()\j,t) is the observed absorbance change of the corepgséictrum at thgh
wavelength,ei(Aj) is the molar absorption coefficient of tht#h species at thgth
wavelength of the observatiog(t) is the concentration of théh transient, andlis the
optical path lengtf*? When molar absorption coefficients of all possibiensients
present in the system are known at different wangtles, a set of equations can be
solved, in a least-squares fashion, to give thenowk concentrations of the
intermediatesg (t).*3% 13} Eq 2.5-12corresponds to r linear equations, one for each
wavelength, and n unknowrgt). If n < r, there are more equations than unknowns,

i.e., an overdetermined set of equations. In sudlase, the unknowng(t) can be
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determined by a least-squares regression. Thiseistrategy for spectral resolutions.
The uncertainties for thg(t) are computed from the square roots of the diagoadtix
elements of the covariance matrix for each linegression. Such a spectral resolution
requires isolated reference spectra of all likebnsients, together with their molar
absorption coefficients(})).

As an numerical example, reference spectra wiktayzed in the following for
the excited triplet states of the benzophenonesiyeo dyads, obtained by LFP of
benzophenone in an ACN-8 (1:1 v/v) mixture. The spectra were normalizedhe
extinction coefficients that were measured by Bai@gh et.al (green symbols in Figure
2.5-2)1%3 gpectra of radical species relevant to this sttioky:ketyl radical BPHand
the radical anion BP were obtained by bimolecular quenching of thedtiptate of BP
with 2-propanol (1 M) at pH = 6 and pH = 11, respsty. Spectra of the resulting
ketyl radicals were corrected by scaling with knowrolar absorption coefficients
(Figure 2.5-2§132 133
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Figure 2.5-2 Reference transient absorption spexftithe BP triplet state, ketyl radical BRHadical
anion BP~ obtained during laser flash photolysis at 355 nrdaexdxygenated solutions in ACN,8 (1:1
v/v) and transient absorption spectra of Tyj(@btained in pulse radiolysis. The symbols represefor
the triplet statéBP, o for the ketyl radical BPH ¢ for the BP radical anion BPanda for the tyrosyl
radical Tyr(O), Detailed description in text.

Spectra of the tyrosyl radical Tyr{{ocame from pulse radiolysis experiments and were
provided by K. Bobrowski from the Institute of Neek Chemistry and Technology,
Warsaw, Poland. Tyrosyl radicals were generategudge-irradiating NO-saturated
neutral aqueous solutions of 2 x4 tyrosine containing 0.1 M NaN Tyrosyl

radicals exhibit a sharp optical absorption band@GE-410 nm with a relatively low
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molar absorption coefficient (blue symbols in Fg@.5-2). The reference spectrum of
the tyrosyl radical was normalized to a molar apson coefficient of 2750 M
cm 1,3 3% which was considered to be the most reliable value

Reference spectra for the 4-carboxybenzophenoasietiates’CB, CBH, and
CB’", were obtained by P. Filipiak from the Departmeih€bemical Physics at Adam
Mickiewicz University. The reference spectrum fbe tCB triplet, used in the spectral
resolutions was generated by laser flash photobyflseésx aqueous solution at pH = 6.8.
The radical anion CB and ketyl radical CBHspectra were obtained by LFP with a 2
mM CB solution at pH = 10 and pH = 6.8, respectivel the presence of 2-propanol (1
M). The reference spectra #B, CBH, CB'~ were normalized to the molar absorption

coefficients used earlier by Marciniakal. (Figure 2.5-3}+9
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Figure 2.5-3 Reference transient absorption spettiiae CB triplet state, ketyl radical CBHand radical
anion CB™ obtained during laser flash photolysis at 355 nndémxygenated aqueous solutions. The
symbols represent: for the triplet statéCB, o for the ketyl radical CBH ¢ for the CB radical anion
CB'". Detailed description in text.

2.5.7 Determination of the quantum yield of the radical brmation

Quantitative information regarding the yields oé thhotoproducts as a result of
the primary interactions between the triplet and tjuencher (tyrosine, methionine,
anisole) is as important a mechanistic detail abesmagnitude of the quenching rate
constants. Quantum yields were determined eith@m fconcentration profiles (for
benzophenone-tyrosine dyads) or directly from isalaabsorbances at characteristic
wavelengths for single transients in regions wtikeze were no spectral overlaps (Eq

2.5-13). Quantum vyields of the radicals’ formatiaxamely of the ketyl radical and
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tyrosyl radical from benzophenone-tyrosine dyadsreweextracted from the
concentration profiles obtaineda resolution of the transient absorption spectra by
extrapolation back to the end of the excitatiorspul

The quenching of triplet-excited BP derivatives #isole in protic solvents
(TFE, ACN-H,O mixture) was accompanied by significant formatadrfree radicals.
The quantum yields of free-radical formation weegived by relative actinometry with
optically matched solutions of BP in ACN. The aliorces at the respective spectral
maxima of the transient photoproducts were meas(sed a typical plot in Figure
2.5-4) and compared with the end-of-pulse absoban&20 nm of the benzophenone
triplet.

b)

BP radical anion +0,007

0,014
0,012 0,006
0,010 0,005
0,008 - 0,004

0,003

0,006 -
0,004 0,002

0,002 0,001

0,000 @ - || - Vo 10,000

t/ps t/ps

Figure 2.5-4 Decay profiles of the transient aborpmonitored at a) 540 nm for the quenching of BP
(1.2x 10 M) by anisole (0.138M) in ACN-TFE (1:4 v/v) b) 6®@n for the quenching of BP (12107
M) by anisole (0.0057 M) in ACN-$D (1:9 v/v).

The concentration of anisole was sufficiently highquench the triplet almost totally
(>90 %). The yieldsbp were calculated according to the formula:
(DBP A, BP
bp = —TA 2520 Eq 2.5-13
Aspo &

where:

A, — the observed absorbance of the transient unday stu;

" — molar absorption coefficient of the transientha wavelength;

As20 — the transient absorbance of the BP triplet at 580mthe actinometer

solution measured under conditions of no quenching;
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es20” — molar absorption coefficient of the BP at 520 mACN, 25 =
6500 Mt cm™
&1°° — triplet quantum yield of the BRp2F = 1.0.

For the following transient intermediates, the mealbsorption coefficients werederived

from pulse radiolysis or flash photolysis in aquesolutions:

BP ketyl radical BPH £5,, = 3400 Mt cm'™;
BP radical anion BP: ¢y, = 7600 M~*cmi™®;

Anisole radical cations,z, = 3800 Mt cm™;
CB ketyl radical (CBH): &570 = 5200 M~ > cmi™;
CB radical anion (CB): g¢50 = 8100 Mt cm™.

It is noted that the approach rests on the assomtat the absorption properties of
the transients do not vary significantly with thegure of the solvent. As a consequence,

the derived quantum yields carry a relatively higfninsic uncertainty.
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3 RESULTS AND DISCUSSION

3.1 Spectroscopic properties of the investigated compaods

The photophysical properties of the investigatethwounds were studied in order
to trace possible effects of the substitutions lo@ ¢lectronic properties of the BP
chromophore in the investigated BP-Tyr, BP-Met dyatd triads. The examination
included measuring of the absorption and phosphbere® spectra, and subsequent

comparisons with unsubstituted benzophenone.

3.1.1 Absorption spectra

3.1.1.1 Bichromophores: benzophenonetyrosine

The UV spectra of the benzophenone-tyrosine dyadee wecorded in three
solvents: ACN, TFE and MeOH at ca. 6.2 xlénolar concentrations. Millimolar
concentrations (ca. 1.0 x TaM) were employed for the determination of thesxr
transition of the benzophenone chromophore at arod#0 nm. The UV spectra
measured fo(S,S)-BP-Tyr and(S,S)-BP-DKP-Tyr are presented in Figure 3.1-1 and
Figure 3.1-2, respectively.

a
1.4 ) b) 1.4
——ACN ——ACN

1.2 —_CA e [P
1.0 L1.0
0.8 Lo.8

N o] RS
0.6 Lo.6
0.4 Lo.4
0.2 Lo.2
0.0 i 10.0

220 240 260 280 300 320 340 300 320 340 360 380 400
Al nm Al nm

Figure 3.1-1 Absorption spectra (8,S)-BP-Tyr in different solvents: ay—n band, concentrations:
ACN — 6.2 x 10° M, MeOH- 6.3 x 10° M, TFE- 6 x 10° M, b) n»n band, concentrations: ACN —
9.2 x 10 M, MeOH-9.7 x 10° M, TFE- 9.8 x 10* M.
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Figure 3.1-2 Absorption spectra ofS,S)-BP-DKP-Tyr in different solvents: a)n—n band,
concentrations: ACN — 5.9 x TOM, MeOH- 5.9 x 10° M, TFE - 6 x 10° M, b) n—n band,
concentrations: ACN — 8.9 x T0M, MeOH- 8.9 x 10 M, TFE-9 x 10" M.

The UV spectra ofR,S)-BP-Tyr and(S,R)-BP-DKP-Tyr are very similar, and
they are not presented here graphically. A sumroatire absorption properties of the
benzophenone-tyrosine dyads is, however, colleotedable 3.1-1. It includes the
wavelengths of the maximum absorptioksg.f for each band obtained in three solvents
and the values of the molar absorption coefficianthese wavelengths ) measured
in ACN. As can be seen from Table 3.1-1, thereoautg small differences between the
compounds in regard to bothaxandema. The absorption of the—x" band for each
compound showed a continuously increasing red swift an increase of the HB-
donating abilities of the solvents in going from RGo TFE. On the other hand, the
n—n" band showed a blue shift with an increase of tlBeddnating abilities of the

solvents.

Table 3.1-1 Absorption properties of benzophengnesine dyad# different solvents.

Amax (ACN) &nax (ACN) Ao (MeOH) Aok (TFE)
Dyad [ [nm] /M7t em] / [nm] / [nm]

* * * * * * * *a
T—T n—n T—T n—n T—T n—n T—T n—n

(S,S)-BP-Tyr 259 337 19200 230 260 329 263 -
(R,S)-BP-Tyr 259 337 18700 215 260 329 263 -
(S,S)-BP-DKP-Tyr 2585 337 18100 170 2595 3305 262 -
(S,R)-BP-DKP-Tyr 258 337 18900 200 259.5 331 262 -

[a] not determined due to the lack of a well-dedfimeaximum of absorption.
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3.1.1.2 Bichromophores: benzophenonemethionine

The UV spectra for open-chain BP-Met dyads weresmel in the two solvents:
ACN and TFE, and in one solvent mixture: ACNEH(1:1 v/v). In the flash photolysis
studies, the same solvents were used. In the dabe ®KP-based BP-Met dyads, the
UV spectra were recorded in ACN, MeOH, and DCM. Téwncentration of the
compounds used for the study of tme>n” and the mon” transitions of the
benzophenone chromophore were 60> M and 1x 10> M, respectively. Absorption
spectra of ther—n” and r-n" bands of(S,S)-BP-Met in different solvents are
presented in Figure 3.1-3. Due to the similarityhed UV spectra ofS,S)-BP-Metand
(R,S)-BP-Met the spectrum of latter is not shown.

a) b)

14 14
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Figure 3.1-3 Absorption spectra (8,S)-BP-Metin different solvents: ag—n band, concentrations:
ACN - 5.9 x 10° M, ACN-H,0 (1:1 v/v) - 6.0 x 10° M, TFE - 6.4 x 10° M, b) n-xn" band,
concentrations: ACN — 1 x TOM, ACN-H,O (1:1 viv) -1 x 10° M, TFE- 1 x 10° M.

The wavelengths at the maximum absorptiohs,| for each band obtained for the

three solvents and the values of the molar abswrpoefficients at these wavelengths
(emax for (S,S)-BP-Metand(R,S)-BP-Met measured in ACN are summarized in Table
3.1-2. As in the case of the BP-Tyr dyads, no diffiee was observed in the absorption
properties ofS,S)-BP-Metand(R,S)-BP-Met
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Table 3.1-2 Absorption properties (&,S)-BP-Metand(R,S)-BP-Metin different solvents.

Jmax (ACN)  &nax (ACN) 2o (ACN/H,0)  Amax (TFE)
Dyad / [nm] /Mt em / [nm] / [nm]
T—T  NoT 1T NoT a—T Nt n—n nond
(S,S)-BP-Met 258.5 338 19200 215 262 - 262.5 -
(R,S)-BP-Met 259.5 338 19100 201 261.5 - 262.5 -

[a] not determined due to the lack of a well-dedfimeaximum of absorption.

The UV spectra obtained fd6,R)-BP-DKP-Met are presented in Figure 3.1-4. UV
spectra for the second diastereoisort®)$)-BP-DKP-Met were measured only for the
n—n~band and at a concentration ok410> M. This limitation of the concentration
range was the result of the low solubility of thmmpound(S,S)-BP-DKP-Metin the

solvents used.

a b
1.4 ) ) 1.4
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Figure 3.1-4 Absorption spectra dBP-DKP-Met-(S,R) in different solvents: a)n—n band
concentrations: ACN — 6.2 x TOM, MeOH -6.0 x 10° M, DCM - 6.2 x 10° M, b) n»n band,
concentrations: ACN — 1.0 x TOM, MeOH - 9.7x 10*M, DCM - 1 x 10° M.

The observed similarity in the absorption properii¢ the(S,S)-BP-Met/ (R,S)-BP-
Met pair of diastereocisomers holds also for the DKBeblaBP-Met dyads (Table 3.1-3).
Only the molar absorption coefficient at the maximwavelength of the—n band for
(S,S)-BP-DKP-Met is slightly smaller than the analogous value (8/R)-BP-DKP-
Met.
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Table 3.1-3 Spectroscopic properties (&,S)-BP-DKP-Met and (S,R)-BP-DKP-Met in different

solvents.
Zmax (ACN) & (ACN)  max(MEOH) A (DCM)
Dyad [Iom] /M em™]  /[nm] / [nm]
I—>T NoT T NoT 1T T ToT Nom
(S,S)-BP-DKP-Met 258 -* 16500 -® 2585 -* 2585 -@
(S,R)-BP-DKP-Met 257.5 338 19200 205 258.5 331.5 258.5339.5

[a] not determined due to low solubility.

3.1.1.3 Trichromophores

The UV spectra of the triad€B-Met-Tyr and CB-Leu-Tyr were measured in
two solvents: ACN and TFE, and in one solvent nmiettACN-H,O (1:1 v/v). The
respective spectra obtained ©B-Met-Tyr are plotted in Figure 3.1-5.
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Figure 3.1-5 Absorption spectra 6B-Met-Tyr in different solvents: ax—n band, concentrations:
ACN - 6.0 x 10° M, ACN-H,0 (1:1 viv)-6.2 x 10° M, TFE - 6.1 x 10° M, b) non band,
concentrations: ACN — 1.1 x ToM, ACN-H,O (1:1 v/v) = 9.9 x 10* M, TFE- 1 x 10° M.

Based on the data collected in Table 3.1-4, itlmmeconcluded that both triads have the

same absorption properties.

Table 3.1-4 Spectroscopic propertiesC-Met-Tyr andCB-Leu-Tyr in different solvents.

Amax (ACN) Enax (ACN)  21ax(ACN/H0)  Anax (TFE)
Triad / [nm] /Mt em ] / [nm] / [nm]
L (o T S I = AL S S B
CB-Met-Tyr 257.5 338 18900 190 262 - 2625 -
CB-Leu-Tyr 257.5 338 21500 201 262 - 2625 -

[a] not determined due to the lack of a well-defimeaximum of absorption.
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3.1.1.4 Benzophenonediketopiperazine

The UV spectra of the referen&P-DKP compound were measured in three
solvents: ACN, MeOH, and TFE for two ranges of @nications: 6x 10° M and 1x
10" M depending on the transition of interest (FigBire-6).

1.4 a) b) 1.4
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—— MeOH MeOH |
1.0 1.0
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Figure 3.1-6 Absorption spectra BP-DKP in different solvents: aj—n band, concentrations: ACN —
5.9 x 10° M, MeOH- 5.9 x 10° M, TFE- 5.9 x 10° M, b) n—n" band, concentrations: ACN — 1 x 30
M, MeOH-1 x 10°M, TFE-1 x 10° M.

Analogous UV spectra were recorded for the unsuitetl benzophenone. Table 3.1-5

summarizes the absorption propertie8BfDKP andBP.

Table 3.1-5 Absorption propertiesBP-DKP andBP in different solvents.

Amax (ACN) Enax (ACN)  Amax(MeOH)  Amax(TFE)
Compound /Inm] /M~ e / [Inm] I [nm]
- N—on 11T Nor o1 Nor 1on Nt
BP-DKP 257.5 338 18700 198 258.5 3315 261 -
BP 251.5 338.,5 17700 159 253.5 321' 258 -

[a] not determined due to the lack of a well-dedfimeaximum of absorption.

3.1.2Phosphorescence spectra

The phosphorescence emission spectra of the cordpauere recorded in DCM-
MeOH (1:1 v/v) glass at 77 K with BP and CB as $aeferences for dyads and
triads, respectively. All the compounds exhibited typical emission-band structure of

benzophenone. Normalized phosphorescence emigsemtra for BP-Tyr and BP-Met
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dyads were almost indistinguishable from the unswited benzophenone (Figure
3.1-7).
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Figure 3.1-7 Phosphorescence spectra of a) BPJTBPbMet dyads measured in DCM-MeOH (1:1 v/v)
at 77 K with 2.5 x 10 M, Jexc = 270 nm.,

The phosphorescence spectra have well-defined tMmbed progressions with a
period of ca. 1700 crh (ca. 35 nm) (Figure 3.1-7a) which indicates theigipation of
the >C=0 vibration in the radiative process.

Since these triads are the derivatives of the cgtienzophenone moiety, CB was
used as the spectral reference@@-Met-Tyr andCB-Leu-Tyr. The phosphorescence
spectra of the triads coincide with the respeqgtivesphorescence spectra of CB (Figure
3.1-8). It can be noted that the phosphoresceneetrspof the triads are red shifted by
ca. 8 nm in comparison to BP (see black plot inrufeég3.1-8 and Table 3.1-6). This

emission characteristic is in accord with literatdata for BP-derivativé® 131
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Figure 3.1-8 Phosphorescence spectra of triad<&8)BP measured in DCM-MeOH (1:1 v/v) at 77 K
with 2.5 x 10° M, Lexc = 270 nm.

Triplet energiesEr, were estimated for all the tested compounds fileenwavelength
corresponding to the 0-0 emission band (Table 3.T4@plet energies fall into a narrow
range between 68.4 and 69.9 kcal/mol, to be cordparth anEr of 69.8 kcal/mol

found for benzophenone.

Table 3.1-6 Summary of low-temperature phosphorestedata of the investigated compounds.

A
Compound (Ti—S) /[ CEI;m ol
/ [nm]
(S,S)-BP-Tyr 408 69.9
(R,S)-BP-Tyr 408.5 69.9
(S,S)-BP-DKP-Tyr  408.5 69.9
(S,R)-BP-DKP-Tyr 410 69.6
(S,S)-BP-Met 408 69.9
(R,S)-BP-Met 408.5 69.9
(S,S)-BP-DKP-Met 408 69.9
(S,R)-BP-DKP-Met 409 69.8
BP-DKP 409 69.8
CB-Met-Tyr 416.5 68.5
CB-Leu-Tyr 417 68.4
CB 417 68.4
BP 409 69.8
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3.1.3 Discussion

The ultraviolet absorption spectra of the invesggacompounds were dominated
by the intense resonances of the aromatic chrommephdhe UV spectra of all the
compounds are typical for benzophenone with a mawinabsorption at ca. 258 nm
assigned to a—n transition, and a characteristig S S, transition of n- Tt character
at ca. 340 nm which is only weakly allowed withiegtion coefficients in the range of
10> M cm™. It is noted that the—=n band of the investigated compounds is red
shifted by ca. 7-8 nm in comparison to unsubsiititenzophenone. The wavelength of
the maximum absorption of the-rt band and the molar absorption coefficients of the
investigated compounds are well in accord withdae& obtained for BP.

The tyrosine chromophore also absorbs light inWheregion. Specifically, in
addition to the absorption spectral features deedriabove, compounds which contain
the tyrosine moiety (BP-Tyr dyads and triads) ekhabband with a maximum at 225
nm and a small shoulder at 280 nm (Figure 3.1-Gurdei 3.1-2, Figure 3.1-5). That
absorption is assigned to the Tyr moiety (blue lim&igure 3.1-9¥%® **? The spectra
of the BP-Tyr dyads and triads display absorptiands due to both chromophores, but
overall the absorption spectra were a sum of tleeibgtlependent chromophores present
in the molecules, indicating no ground state irdéoa between the moieties. It is noted
that the absorption spectra of the compounds agntpithe tyrosine residue are
dominated by the absorption of the benzophenonenabphore due to its much higher

molar absorption coefficients, compared to thesyre moiety (Figure 3.1-9).
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Figure 3.1-9 Absorption spectra of tB& in ACN (6.2 x 10° M) (this study) and tyrosine taken from
referencé!®
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Both them—Tt transition at 258 nm and the weakepT transition at 340 nm
exhibited no significant differences between thenpounds in different solvents, e.g.,
ACN, MeOH, or TFE. The most important contributimnthe observed solvatochromic
effect is due to effects of electrostatic and hgeérobonding interactions on the solute
molecule. During the process of excitation, oneletteon is promoted from a
nonbonding orbital on the oxygen atom to an antitvmyr” orbital which is delocalized
onto the aromatic group. Removal of an electromimfrine oxygen atom implies a
decrease of the dipole moment in the excited s#aea result, the n, state is not
stabilized by solvents with high polarity as muchthe ground state is stabilized. In
addition, protic solvents are capable of hydrogenebformation with oxygen lone
pairs, which lowers the energy of the ground sfiatiber, relative to the n, state. Thus
the observed the hypsochromic shift of them transition can be interpreted as the
result of cooperating effects originating from batlectrostatatic and specific solute-
solvent interactions. These specific solute-sohaffects are the result of the formation
of hydrogen bonding between the solute moleculethagrotic solvent (TFE, MeOH,
ACN-H,0 (1:1 v/v)). On the other hand, tle->Tt transition showed a bathochromic
shift on changing the solvent from one of loweratmther of higher polarity and H-
bond donor abilities. This phenomena of the solfatomic effect oft>Tt transition is
fully in accord with the literature data. It isr#tuted to the hydrogen-bond formation
between the solute and solvent molecules. Thehidis the -1t transition is due to
(relatively weaker) electrostatic effects and (ietdy stronger) effects of hydrogen-
bonding to the solvert!®**? Both unspecific and specific solvation decreasesttergy
of the it state more than that of the ground st&eth of these observed solvent
effects (bathochromic and hypsochromic shifts) aseful tools in characterizing the
nature of electronic transitions.

The phosphorescence emission spectra of the cordp@axhibit the characteristic
emission-band structure of benzophenone. The stiafhee phosphorescence emission
spectra and calculated triplet energies are in rdceuth literature data for BP-
derivatives®” Based on the collected data, it can be conclutied the electronic
structure of the benzophenone wunit is not affecteyg substitution with

tyrosine/methionine moieties; i.e., the lowest-tyiriplet states possessmgcharacter.
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3.2 Benzophenonetyrosine bichromophore systems

In this and the following sections, results arespreed of laser-flash photolysis
and theoretical investigations of specific systewtgch contain two chromophoric
constituents separated from each other by diffdnekages.

The first systems to be presented and discusseldeamophenone-tyrosine dyads
with  BP and Tyr as the chromophoric centers. Theestigation addresses
guantitatively the effects which influence intramallar H-atom transfer reactions in
these dyads. Special attention was paid to issuek as: the effect of molecular
geometry on the quenching rate constants and theteff chiral center configurations
on the diastereo-selectivity of the quenching psecédditionally, a comprehensive
study of the solvent dependence on intramoleculairdgen-atom transfer will be
presented. These experimental studies are suppledhby the results from molecular-
dynamics simulations and theoretical calculation®lving studies on the ground-state
structures and conformations which establish a wpasime picture of the conformer
distributions of the dyads and define the molecuydegrequisites of the individual
guenching geometries.

In the first part of the study, the two chromoplsoneere connecteda open-chain
peptide structures (see Scheme 3.2-1). Howevere gime high intrinsic flexibility of
these linkers blurs any stereoselectivity, limaatof the flexibility of the peptide linker
should allow deeper insights into any relationshipsveen the kinetic phenomenology
and the molecular structure. Therefore, in the sécpart of this work, more rigid
linkers were used. The diketopiperazine (DKP) rgygtem provides such a peptide
environment with reduced flexibility. First the DKiithg imposes distinct orientations
between the reacting chromophores for epimeric slyade low part of the Scheme
3.2-1; from left to right, the structures denote (8,S) and (S,R) epimers).
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Scheme 3.2-1 Schematic view of the structural caims on the intramolecular HAT between an H-
donor (HD) and an acceptor (BP) within linear agdlic dipeptides.

In addition, the presence of the DKP ring exertsque control over the
conformations of the respective side chains ofatiteched amino acids. For short, these
DKP-linked dyads will, in the following, in generaé ascribed to “cyclic” dyads.

3.2.1Open chain diastereoisomers
3.2.1.1 Nanosecond flash photolysis: spectral and kineticnalysis

The excited-state dynamics of t(®,S)-BP-Tyr and (R,S)-BP-Tyr dyads were
studied by means of nanosecond-laser photolysibinifferent solvents and solvent
mixtures’™ Transient products were identified, and the efficiy of their formation
was quantified by means of transient-absorptiorctspgcopy and spectral resolutions.
The solvents were selected in order to establishda range in H-bonding properties
and viscosities. In part of the work, performedHyrner, it had been shown that the
viscosity, 77, of the solvent is an important fact6t. In the work described in the
following, 6 different protic and non-protic soluenwere examined (ACN, DCM,
CHCI;, DCA, MeOH, TFE).

For the bichromophoreéS,S)-BP-Tyr and (R,S)-BP-Tyr, in any solvent, the

transient decays of the initial signals were vapid, i.e., shorter than the triplet decay
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of the monochromophoric reference compound (segi€ha.5.2.1) by a factor of
greater than 100. Triplet lifetimes were obtainexf mono- or biexponential fits to the
transient decays at 630 and 520 nm, respectivelplet lifetimes were found to be
between 10 ns and 80 ns {&,S)-BP-Tyrand from less than 10 ns and up to 40 ns for
(R,S)-BP-Tyr, depending on the nature of the solvent. In all gdke triplet state was
identified as the dominate intermediate in the yedransient spectra through its
characteristic absorption maxima at 325 nm (notwshaand 525 nm, in addition to a
long-wavelength absorption above 600 nm. The spetitained at short times after the
laser pulse matched those previously reported Her BP triplet stat€” The triplet
decays of the dyadsere generally followed by spectral shifts from 38335 nm (not
shown), and from 525 to 540 nm, as well as by dgnewdt 405 nm (Figure 3.2-1a,
Figure 3.2-2a). This spectral evolution is in adcaith the interpretation that the fast
triplet quenching leads to ketyl radical BPférmation. Concomitant formation of a
transient, identified as the tyrosyl radical Tyr(®ased on its characteristic absorption
peak at 405 nm, clearly suggests an H-atom trab&fisveen a tyrosine moiety and the
excited triplet for both diastereomers. The shottinsic triplet lifetimes of the dyads
prevented a direct study of the self-quenchingtii@se compounds but gave evidence

for the intramolecular nature of the quenching pssc

400 450 500 550 660 650 700 00 01 02 03 04 05 06
Alnm t/ps

Figure 3.2-1 Summary of the results obtained dulasgr flash photolysis at 355 nm of a deoxygenated
solution of(R,S)-BP-Tyr in dry ACN; a) transient absorption spectra: tidedays after flash (from top to
bottom): 27, 35, 55, 85 ns; b) normalized decayilgof the transient absorption monitored at 630
(®BP - green) and 405 nm (Tyr{D- blue).
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Figure 3.2-2 Summary of the results obtained dulasgr flash photolysis at 355 nm of a deoxygenated
solution of(S,S)-BP-Tyrin dry ACN; a) transient absorption spectra: tineéagls after flash (from top to
bottom): 23, 40, 65, 95 ns; b) normalizéecay profiles of the transient absorption monicae 630 nm
(®BP - green) and 405 nm (Tyr{D- blue).

Spectral-resolution techniques were applied, ireotd unravel the nature of the
intermediates and the stoichiometry of the excsitede processes f(,S)-BP-Tyrand
(R,S)-BP-Tyr in ACN. In addition, comparisons were made betwenentriplet-decay
rate constants, obtained from monoexponentiatdithe experimental decay profiles at
630 nm, and the rate constants obtained from maporential fits to triplet
concentration-time profiles resulting from the dpacresolutions. Agreement between
these rate constants for particular experimentyiges additional evidence for the
accuracy of the measured triplet-decay rate cotsthtom these two independent
methods. Over the complete time scale of the tembsdecay only the spectral
components fofBP, BPH, and Tyr(O) were needed to simulate the experimental data
quantitatively (Figure 3.2-3a, Figure 3.2-4a). Gamtcation-time profiles were
constructed from spectral resolutions for reactbthe dyads in ACN (Figure 3.2-3b,
Figure 3.2-4b). It is noted, based on the kineicay profiles at 630 nm in ACN (green
lines in Figure 3.2-1 and Figure 3.2-2) as welfram the concentration profiles for the
triplet (green lines in Figure 3.2-3 and Figure-8)2hat triplet decay fofR,S)-BP-Tyr
is faster than the triplet decay f($,S)-BP-Tyr. This observation is valid for all the
investigated solvents. The rate of triplet decaytamed from the fit to the
concentration-time profile is, within experimengator, identical with the triplet-decay
rate obtained from the kinetic decays at 630 nmualtdates that the concentration
profiles were constructed accurately and, in addjtthat no other intermediates, except

the triplet state, were contributing to the kinetecay profile at 630 nm.
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The triplet decays were followed by the formatidrequimolar amounts of BPH
and Tyr(O). The formation and decay of both radicals appkaoefollow the same
time-law, which is in accord with an intramolecutaaction mechanism. The formation
of the biradical (BPH-Tyr(QO’)) is analogous to intermediates which were repgiide a
number of related dyadfy: 4> 47 48.52.54.55.Ffhe phiradicals, BR, decayed exponentially
but on a longer timescale than the triplets. haged that the rate constants for triplet
quenching KopdR,S)kond S,S) = 1.9) (green lines in Figure 3.2-1 and Figure 3.2/
biradical decaykgr(R,S)ksr(S,S) = 3.0) (blue lines in Figure 3.2-1and Figure 3.2-2)
exhibited some diastereo-selectivity. Decay of ivadical (monitored at 405 nm) of
(R,S)-BP-Tyr wasnot only faster than the decay of the biradicalQy6)-BP-Tyr, but it
was also faster, relative to its correspondinddtidecay (monitored at 630 nm) (Figure
3.2-1b and Figure 3.2-2b), than was the biradi€45¢5)-BP-Tyr.
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Figure 3.2-3 Resolutions of transient absorpticect@ taken 41 ns after 355 nm laser pulsing (5ahd)
solution of (R,S)-BP-Tyr in dry ACN; b) concentration profiles for the tents obtained from the
resolution of transient absorption spectra(RfS)-BP-Tyr in ACN. The symbols represent for the
triplet state’BP, o for the ketyl radical BPH a for the tyrosyl radical Tyr(Q, and * for the experimental
data; solid curves in a) and b) are the resultitsgffom the regression analyses.
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Figure 3.2-4 Resolutions of transient absorpticect@ taken 42 ns after 355 nm laser pulsing (5ahd)
solution of (S,S)-BP-Tyr in dry ACN; b) concentration profiles for the ted@nts obtained from the
resolution of transient absorption spectra(8fS)-BP-Tyr in ACN. The symbols represent for the
triplet state’BP, o for the ketyl radical BPH a for the tyrosyl radical Tyr(Q, and * for the experimental
data; solid curves in a) and b) are the resultitsgfifom the regression analyses.

Quantum vyields for BPHand Tyr(O) formation were extracted from the concentration
profiles in Figure 3.2-3b and Figure 3.2-4b by aptlation back to the end of the
excitation pulse. These quantum yields(f®)S)-BP-Tyrand(R,S)-BP-Tyr in ACN are
practially 1.0 if account is taken for the expenmts error which is estimated not to
exceed + 0.05. It can be seen that the formatiobimfdicals (BPH-Tyr(O’)) from
(S,S)-BP-Tyrand(R,S)-BP-Tyr are both very efficient.

The photochemistry of both dyads was also studieather solvents, e.g in
dichloromethane as an example of a nonpolar enviesn. The triplet lifetimes were
close to the resolution limit of the Nd-YAG lasest-sip (because of the laser pulse
width = 8 ns), and, thus, the experiments were performeth@ Department of
Photochemistry and Spectroscopy in the Institut€lysical Chemistry of the Polish
Academy of Sciences in Warsaw. At this Institutararovative laser photolysis system
with a laser pulse width of 1 ns was employed t@snee accurately the triplet lifetime
of the dyads. Interestingly, in DCM, the rate canss of the triplet decays of the dyads
were larger than in ACN. DCM is known to have a mweeaker hydrogen-bond
accepting ability than ACN. Therefore, in DCM, anitiished hindrance of the phenol
group by H-bonding to the solvent and, concomitarah increase in the rate constant
was suggested to account for this reStift! The viscosities of the investigated
solvents, DCM and ACN, are similar (0.537 ep 0.369 cp), so that no significant

effects on the HAT rates would be expected on #Hseclof viscosity alone.
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Figure 3.2-5 Decay profiles observed at 520 nmcflaand monoexponential fits to the decays for
solutions of dyads afS,S)-BP-Tyr and b) (R,S)-BP-Tyr in DCM after 337 nm laser pulsing (red
symbols laser pulse profile); numbers represent whkies obtained from the fit. Note different
timescales.

Solvents effects on H-atom transfer

In order to study the solvent effects on the inwbeoular HAT pathway in a pair
of diastereoisomers BP-Tyr, the corresponding catestantsky, were isolated from the
observed gross triplet-decay rate constadqts, The procedure was outlined already in
Chapter 2.5.5. The obtained kinetic data for theageof (S,S)-BP-Tyr and(R,S)-BP-
Tyr in six solvents are summarized in Table 3.2-1.

Table 3.2-1 Summary of solvent parameters and ithetik data of the dyads,S)-BP-Tyr and (R,S)-
BP-Tyr.

solvent parameters rate constants stereoselectivity
solvent
A A s
1 chloroform 0.15 0.02 0.537 7.8 9.8 1.2
2 dichloromethane 0.1 0.05 0437 94 13.2 1.4
3 acetonitrile 0.07 0.32 0.37 2.1 3.9 1.9
4 benzonitrile 0 033 1.2 1.6 3.1 2.0
5 trifluoroethanol 057 025 138 2.3 5 2.1
6 methanol 0.43 0.47 0.544 0.7 2.6 3.5

[a] at 25°C; CRC Handbook of Chemistry and Physics. CRGsPE&oca Raton. ¥6Ed. 1995 [b] taken from ref.
73: [c] results from 355 nm or 337 nm LFP, in’$0; experimental error + 10 %, data in italics: expeittal error +
20 %; [d] S =k4(R,S)k4(S,S);[e] taken from: Sierra, P. S.; Tejuca, C. C.; Garcia-BlafcHelv. Chim. Act2005
88, 312-324.
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The rate constants for the intramolecular HA(J, as calculated for the dyad
(S,S)-BP-Tyr, covered a range from 7 x°1§" in MeOH to 9.4 x 10s™* in DCM (see
Table 3.2-1). At the same time the rate constamtdhfe intramolecular HAT for the
dyad (R,S)-BP-Tyr varied from 2.6 x 10s* in MeOH to 1.3 x 1®s™ in DCM. The
stereoselectivityS = ky(R,9/ku(S,9, (measured in the same solvent) found in this
work, varied from 1.2 to 3.5 (Table 3.2-1). Striffiy, stereoselection between the dyads
seems to be insignificant in chlorohydrocarbon sohs S < 1.4 + 0.3), whereas
methanol gave rise to significant selectivi§/~ 3.5 £ 0.3). Data obtained by HOrredr
all™ for that pair of diastereoisomers for another wfigdrocarbon (1,2-
dichloroethane) and three alcohols (1-pentanol,rapgnol, ethanol) confirm the
observation of the diminishing stereoselection hfomhydrocarbons and the increase

of the stereoselection in alcohols.
3.2.1.2 Steady-state irradiation

Mechanistic information could also be obtained fret@ady-state irradiations and
product analyses. Steady-state consumption dumiadiation of solutions ofS,S)-BP-
Tyr and(R,S)-BP-Tyr at 313 nm in ACN, was quantified by HPLC with Uétdction.
Quantum vyields of substrate disappearan@®;)( based on the uranyl oxalate
actinometer, were less than < 0.005. Also no statdducts were detected with HPLC.
Although quantum yields for biradical formation weslose to unity, the dyads,S)-
BP-Tyr and (R,S)-BP-Tyr were very inert upon steady-state irradiation r#sried
from the negligible quantum yields for dyad constiomp in this inert solvent. It
appears therefore that both triplet quenching amddical decay are basically
intramolecular reactions. Due to its complete reNdity in the dyads, intramolecular
H-atom transfer presents an efficient path for gpetissipation in the triplet-excited
BP moiety.

3.2.1.3 Theoretical calculations

In order to interpret the high reactivity (8,S)-BP-Tyr and (R,S)-BP-Tyr with
respect to intramolecular HAT, it is desirable toow the structural details of the
respective quenching geometries. In addition, iteésirable to know the qualitative
interrelation between the inter-side-chain reattiand the structural preferences that

are reflected by the non-bonding distances of ttie shains. To provide insight into
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these aspects theoretical calculations were peddyrand the relevant results will be

presented in the following.
3.2.1.3.1 DFT calculations

The molecular conformations (,S)-BP-Tyrand(R,S)-BP-Tyr were addressed
by DFT calculations in the gas-phase. The confaonatof the peptide molecules can
be characterized by two dihedral anglesndy, describing the rotation of each of the
side chains about the*a&Z® and ¢-C' bonds, respectively, in the tyrosine resit.
The allowed conformations about the angle are usually described by the three
rotational isomersg+, g— andt. Conformationgy—, t, andg+ correspond tg; = —60°,
180°, +60°, respectively (Figure 3.2-6). AccordypndFT calculations were performed
for each of the nine combinations of the side-chaiconformations of the Tyr and BP
residues for botlS,S)-BP-Tyr and (R,S)-BP-Tyr. In the rotamer notation the first
symbol always correspond to the tyrosine side.

HPS Ph PR KBS Ph HFR
HQ Hu HU

Figure 3.2-6 Newman projections of the Tyr sideichglong the & — C bond; the three possible
rotamers are assigned as the two gaughewith y; = —60° andg+ with y; = +60°) and one anti-
periplanar { with y; = 180°).

It is well established, that hydrogen-atom transésctions, initiated by triplet-
excited ketones demand the close contact betweeh-ditom donor and the accepting
carbonyl moiety**? The results clearly revealed that conformationth ai favorable
guenching geometry (close contact of the reactiwgeties) were available for each
dyad. The structures of the four lowest-energy eonétions calculated for both dyads
are depicted in Figure 3.2-7 and Figure 3.2-8. Tbé&ed arrow-lines indicate the

distance GO between the two centers involved in the intramaiE HAT.
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Figure 3.2-7 PBE1PBE/6-31G-optimized geometriethéngas phase of the four lowest energy structures
for ground state ofR,S)-BP-Tyr. The dotted arrow lines denote the-@ distances between the
benzophenone carbonyl and the phenol oxygen.

The energies of the four lowest-energy structuoe$¢R,S)-BP-Tyr were found to
be in close proximity AE < 2.5 kcal/mol) (Table 3.2-2). With view to thetrinsic
uncertainties of the DFT method, the energy diffees were taken to be
insignificant!** The energetic order of the rotamers in the gasekar(S,S)-BP-Tyr
showed that there were only two structures havimgiar low energy (Table 3.2-2). In
Table 3.2-2 are summarized the relative energidgtaG-O distances between the BP
carbonyl and the Tyr for the rotamer minima$fS)-BP-Tyrand(R,S)-BP-Tyr, in the

gas phase.
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Table 3.2-2 Results of the four lowest-energy $tmgs of gas-phase DFT calculations (PBE1PBE; 6-
31G basis set) of the dya(®,S)-BP-Tyr and(S,S)-BP-Tyr.

(R,S)-BP-Tyr* (S,9)-BP-Tyr
gt gtg- gtg+ gt gttt gt g+g+

Parameter

Distance d(GO)"

/TA] 28 44 131 176 27 107 57 7.0
Relative energy
/ [kcal/mol] 00 05 0.5 2.3 2 6 5.1 0.0

[a] in rotamer notation first symbol refers to Tgide; [b] d(G-O) denotes the €D distances between the
benzophenone carbonyl and the phenol oxygen.

Figure 3.2-8 PBE1PBE/6-31G-optimized geometriethéngas phase of the four lowest energy structures
for ground state ofS,S)-BP-Tyr. The dotted arrow lines denote the O-O distancatsvden the
benzophenone carbonyl and the phenol oxygen.

Importantly, the low-energy structures were acddssfor various side-chain
conformers. This is in full agreement with Molegulzynamics simulations (see

below). Notably, among the four low-energy struetufor each dyad there was indeed
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one conformer showing an oxygen-oxygen distancliwithe quenching limit of 3.1

A.*4 The significantly large intramolecular reactivitf the dyads in any solvent thus
seems to reflect a high flexibility of the linkadpetween the BP and the Tyr and
indicates the possibility of the formation of comfaations with close contact between

the reactive moieties.
3.2.1.3.2 Molecular Dynamics

The above DFT calculations showed that a varietstiafctures, differing in their
relative side-chain orientations, should be enegky accessible in solution.
Therefore, it was of interest to obtain quantitatinformation about the populations of
the side-chain rotamers in the dyads’ ground stitese, the results of the molecular-
dynamics simulations for an implicit ACN solvent deb will be presented. The
interconversion between different molecular confations was studied by means of
long-time molecular-dynamics simulations (100 ngatlan; implicit-solvent model for
ACN). Figure 3.2-9 and Figure 3.2-10 summarizetiime variation of three molecular
parameters (side-chain dihedral angles; charatteiter-side chain distance) within a
100-ns simulation for dya(R,S)-BP-Tyr and(S,S)-BP-Tyr, respectively. Definition of
the side-chain dihedral angles can be found in @nh&2.1.3.1.

Figure 3.2-9a and Figure 3.2-10a show the chandetheo distanced(O-O)
between the Tyr hydroxylic oxygen atom and the BRBanyl oxygen atom. It appears
that dyad(R,S)-BP-Tyr adopted the conformations with tHE0—0) distance < 10.0 A
less frequently than did the dy48,S)-BP-Tyr. In agreement with the DFT results,
mainly three rotamersg#, g-, t) of each side chain were populated during the
simulation of both compounds, although with diffgrgorobability (see below). The
distribution of the points in Figure 3.2-9b,c andUfe 3.2-10b,c basically reflects the
percentage of the existence of the given confoomati For example, for the Tyr side
chains in both dyads, the probability of the popataof all three rotamerg+ (~ 60°),
g- (~ -60°), t (~ +/ 180°) were almost equal (Figure 3.2-9b and Figu2e10b). This
means that there was no one favorable conformatmhthat there were no constraints
which limited the motions on the Tyr side chain.cbmtrast, MD simulations revealed
that there were clear conformational preferenceshe BP side-chain. FqR,S)-BP-
Tyr the BP side-chain preferably populated the rotagie(~ —60°), whereas the

rotamert (~ +/~ 180°) was strongly disfavored (Figure 3.2-9c). Tdomformational
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preferences for the BP side-chain(8fS)-BP-Tyr showed that the highest populated
conformation was thg@+ (~ 60°) rotamer, and again thg~ +/~ 180°) rotamer was
disfavored (Figure 3.2-10c).
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Figure 3.2-9 Long-term molecular-dynamics simulagidor (R,S)-BP-Tyr (implicit-solvent model for
ACN); a) time variation of the inter-side-chaintdisced(O—O) between the Tyr hydroxylic oxygen atom
and the BP carbonyl oxygen atom; b) time variatibthe Tyr side-chain dihedral angle; ¢) time vaoia
of the BP side-chain dihedral angle.

Of particular interest were the probabilities asast@d with conformations which
would allow for close contacts < 4.0 A (red dashied on Figure 3.2-9and Figure
3.2-1() between the reacting moieties. Such close contabbuld resemble the
guenching geometry of these two dyads. The resld@ly show that conformations
which allow for close contacts are available inhbdyads. However, the probabilities

for the populations of these conformations were fomthis pair of diastereocisomers.
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Figure 3.2-10 Long-time molecular-dynamics simalas for (S,S)-BP-Tyr (implicit-solvent model for
ACN); a) time variation of the inter-side-chaintdisced(O-0O) between the Tyr hydroxylic oxygen atom
and the BP carbonyl oxygen atom; b) time variatibthe Tyr side-chain dihedral angle; ¢) time vaoia
of the BP side-chain dihedral angle.

Pair-distribution functions of the carbonyl/hydrdixygroup distancal(O-0O) in
Figure 3.2-11 were calculated based on the data the MD simulations. These pair-
distribution functions provide a statistical sumgnaf the MD simulated time variation
of the inter-side-chain distandéO—-O) presented above. They show that there is no one
distinct preferable conformation and that closetacnbetween the reacting moieties
occur for both compounds. Additionally, in agreenerth the DFT calculations (see
Table 3.2-2), the pair-distribution functions shéwat (S,S)-BP-Tyr more frequently
adopt conformations with distancO—O) between 6 A to 10 A, whereéR,S)-BP-

Tyr greatly enhances conformations with distad@@-0) > 11 A and displays, in fact,
two distinct maxima (near 4.5 A and 13 A, respesiy.
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Figure 3.2-11 Pair-distribution functions of carlldhydroxylic group distancel(O-0), obtained from
molecular-dynamics simulation f¢8,S)-BP-Tyr - (blue),(R,S)-BP-Tyr — (red).

3.2.1.4 Discussion

In this experimental study the excited-state dyramnoif(R,S)-BP-Tyr and(S,S)-
BP-Tyr were taken as probes of the solvent dependendeecefficiencies and rates of
intramolecular hydrogen-atom transfer reactionsthBaf the investigated compounds
showed high reactivity toward intramolecular HATep@@nding on the molecular
structure and the solvent, the intramolecular HAfe rconstantky of the dyadsanged
from ca. 7 x 10s? to 1.3 x 16 s™. The high intramolecular reactivity of the dyads in
any solvent can be readily attributed to the higiibility of the linkage between BP
and Tyr. Additionally, DFT calculations in the gakase and MD simulations for an
implicit solvent provided evidence that the closatacts of the reactive moieties, that
are needed for intramolecular HAT, can occur irhlzbtads.

In the following sections, it will be shown thatetlsolvent dependence can be
attributed to solute-solvent interactions of theosjne moiety’® Previous work on the
solvent dependence of bimolecular HAT reactionplanols has revealed that the rate
constants are correlated with the H-bonding prégexf the solvert®*” ¢} Linear-
free energy relationships of the logarithmic ratenstants depended solely on
Abraham’s H-bond acceptor abilitg,5" ["¥ and corresponding plots were found to be

linear”® As can be inferred from inspection of Table 3.2He rate constants for
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intramolecular H-atom transfeky, of the dyadswere strongly dependent on the
reaction medium. Generally, the highest rates wéserved in non-polar solvents like
DCM.

log kj,

0.0 0.1 0.2 0.3 0.4 0.5
>3

Figure 3.2-12 Plot of the H-atom transfer rate tams, logky against Abraham’st al. effective H-bond
acceptor abilityz3,", red symbols: data fdS,S)-BP-Tyr, blue symbols: data f¢R,S)-BP-Tyr; solvent
code as in Table 3.2-1.

A plot of the kinetic data for dyad®,S)-BP-Tyr and(S,S)-BP-Tyrfrom Table
3.2-1 against the effective Abraham’s H-bond aamepbility, £3,", of the solvents
(Figure 3.2-12) are actually found to follow a Emelependence af3" with a slope b
=- 2.5 (F = 0.979) and an intercept of 8.0, and a slope b E5 (f = 0.935) and an
intercept of 8.1 for(S,S)-BP-Tyr and (R,S)-BP-Tyr, respectively. The agreement
between these two intercepts essentially prediestical HAT rate constanks; in the
absence of solvent effects for both dyads. Intergist the dependence on the solvents’
H-bond acceptor ability is significantly smaller fine (R,S)-BP-Tyr diastereomer. As
an important result, the stereoselectivity of th&THorocess was linearly dependent on
the H-bond acceptor ability parameter, irrespeativeéhe protic or non-protic character
of the solvent§’® The loss of reactivity in strongly H-bonding emriments is in
agreement with earlier observations on the bimdéeddAT from phenols'” ¢ ¥ The
monotonic decrease of rate constants with the @simg 5" of the solvents is
interpreted as being due to a reduction in the eoination of free phenol by hydrogen

bonding to the solveft'™” 7* 1P|t is assumed that only the fraction of phenol ika
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not H-bonded to the solvent is active towards Hratcansfer. Detailed analysis of the
kinetic data including derivation of the equatidmtt predicts a linear relationship
between reciprocal HAT rate constants and the ibguiin constant for the H-bonding
of the phenol to the solvent can be found in Bef

3.2.2 Rigidly linked “cyclic” diastereocisomers
3.2.2.1 Nanosecond flash photolysis: spectral and kineticralysis

In the following, the results of laser-flash phg®$ studies ofS,S)-BP-DKP-
Tyr and(S,R)-BP-DKP-Tyr will be presented. They address, in particulag,ttedium
dependence of the excited-state dynamics. As eatlin Chapter 3, in these dyads the
BP and Tyr moieties are separated by a diketopzpezdneterocycle, i.e., a linker which
is more rigid than the more flexible linker in thdove “open chain” example. The
excited-state dynamics of the dyads were studietimifferent solvents and solvent
mixtures™*”

Excitation of the BP chromophore of the dyads dldhe excited triplet state
with unit quantum yield within the duration of tteser flash. The transient spectrum of
the triplet state was readily identified as the dwte intermediate in the early transient
spectra by its characteristic absorption maxim&2% nm and 525 nm, and a long-
wavelength absorption tailing towards the NIR regi¥ery similar transient spectra
were obtained for the reference compound thatesjust the BP moiety linked to the
diketopiperazine ring (see Chapter 3.5.2.1).

The triplet-state transient spectra of both DKPeldyavere indistinguishable from
each other and showed only little variation witlthenge in the solvent. Exceptional
behavior was noted only during LFP of the dyadshéxafluoro-2-propanol (HFIP)
solutions, where an additional absorption band imecavident at 400 nm.

A significant spectral evolution with a spectralfsfrom 525 to 540 nm and a
growth at 405 nm would be indicative of the forrmoatiof ketyl and tyrosyl radicals,
respectively. Interestingly, the triplet decay lo¢ dyad(S,S)-BP-DKP-Tyr in ACN is
not accompanied by a distinct spectral evolutidghcalgh small changes are noticeable
(Figure 3.2-13a). This finding is in contrast tae tmajority of studies on the triplet
decay of BP in the presence of phenols (inter atrdmolecularl{® 5% > % % where

spectral evolutions were more obvious.
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Figure 3.2-13 Summary of the results obtained du885 nm laser flash photolysis of a deoxygentated
solution of(S,S)-BP-DKP-Tyr in dry ACN; a) transient absorption spectra: tidedays after flash (from
top to bottom): 30, 100, 150 ns; b) normalized gquafiles of the transient absorption monitore®2d

nm (black) after 266 nm laser pulsing and (greeb) 8m laser pulsing; the solid lines represent
monoexponential fits to the decay curves.

Resolution of the transient spectra obtained fat tompound in ACN into
spectral components and the construction of corefgom-time profiles revealed that
the triplet decay ofS,S)-BP-DKP-Tyr can actually be attributed to an efficient H-atom
transfer reaction. To simulate the experimentaladguantitatively, only three
components were needed: the triplet st®®, HAT based ketyl radicals (BPHand
tyrosyl radicals (Tyr(Q) (see Figure 3.2-14a).
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Figure 3.2-14 a) Resolutions of the transient gitgmm spectra taken 86 ns after 355 nm laser pyln
mJ) of a solution ofS,S)-BP-DKP-Tyr in dry ACN; b) concentration profiles for the tréargts obtained
from the resolution of the transient absorptioncsge of (S,S)-BP-DKP-Tyr in ACN. The symbols
representt for the triplet statéBP, o for the ketyl radical BPH a for the tyrosyl radical Tyr(Q, and *
for the experimental data; the solid curves inra) b) are the resulting fits from the regressioalygses.
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The concentrations of BPHand Tyr(O) were found to be equal within the error

estimation (Figure 3.2-14b). The low transient @nrications of the intermediates were

found to be caused by their very fast decay whiméschot allow for a sufficient steady-

state accumulation of these species. However, tlegiay on the same timescale of their

formation is contrary to the general observatiaat thiradicals decay on a much longer

timescale than do their parent tripl€fs> ®® This is also in contrast to the observations

made on the open-chain analogues in Chapter 3.A%.l6 shown in Figure 3.2-15b, a
change in the solvent from ACN to ACN,@ (2:1 v/v) did not significantly affect the

transient absorption spectra of the dyads)-BP-DKP-Tyr. This is an observation that

holds for all solvents in this study. Accordinghgsolution of the transient absorption
spectra foS,S)-BP-DKP-Tyr in an ACN-HO (2:1 v/v) mixture gave the same results

as for pure ACN. The quenching was found to prode&@molecularly with a high

efficiency. This finding is in accord with the ladk a concentration dependence of the

triplet decay rate constants (Figure 3.2-13b).
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Figure 3.2-15 Transient absorption spectra obtaidadng laser flash photolysis at 355 nm of
deoxygenated solutions ¢@10* M) of (a) compoundS,R)-BP-DKP-Tyr with a time delay of 200 ns
and (b) compoundsS,S)-BP-DKP-Tyr with a time delay of 100 ns; measurements in ACMNe¢f
symbols) and in ACN-kD (2:1 v/v) (open symbols).

The effect of the structure on the reactivity isistrated by comparison of the

transient spectra observed for both dyads in ACHMil&Vthe spectrum obtained for
(S,R)-BP-DKP-Tyr in pure ACN after 200 ns still largely resemblies original triplet

spectrum with its distinctive 525 nm absorptiong(fe 3.2-15a, black filled symbols),

the spectrum obtained f¢5,S)-BP-DKP-Tyr carries significant contributions from a
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tyrosyl radical and a ketyl radical already aft€®01ns (Figure 3.2-15b, black filled

symbols).
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Figure 3.2-16 Summary of the results obtained duldser flash photolysis at 355 nm of a deoxygehate
solution of(S,R)-BP-DKP-Tyr in dry ACN; a) transient absorption spectra: tinedagls after flash (from
top to bottom): 85, 650, 1300, 3250 ns; b) nornealidecay profiles of the transient absorption nooai

at 630 nm (black) after 266 nm laser pulsing an@ 68 (green) after 355 nm laser pulsing; the solid
lines represent monoexponential fits to the decayes.

The results for the LFP of the dya®&S)-BP-DKP-Tyr and(S,R)-BP-DKP-Tyr
in ACN are listed in Table 3.2-3 and showed, inegah a remarkable difference in
their triplet lifetimes. Especially astonishingatso the fact that there is a significant
intramolecular reactivity ofS,R)-BP-DKP-Tyr, even though the benzophenone and
the tyrosine moieties occupy opposite sides of K& ring (see discussion of DFT
results).

In contrast to the largely solvent-independent bihaf (S,S)-BP-DKP-Tyr, the
time evolution of the transient spectra of dyf8,R)-BP-DKP-Tyr is strongly
dependent on the nature of the solvent. In padrctihe spectrum obtained after 200 ns
in the ACN-HO (2:1 v/v) mixture differs dramatically from th@®in pure ACN and is
fully consistent with efficient formation of ketynd tyrosyl radicals (Figure 3.2-15a,
open symbols). In order to clarify the nature a$ tsolvent effect, the transient spectra
obtained for compoundS,R)-BP-DKP-Tyr in ACN and ACN-HO (1:1 v/v) were
resolved into their spectral components from whiomcentration-time profiles were

constructed.
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Figure 3.2-17 a) Resolutions of transient absorpsipectra taken 1400 ns after 355 nm laser pul&ng
mJ) of a solution ofS,R)-BP-DKP-Tyr in dry ACN; b) concentration profiles for the trégts obtained
from the resolution of the transient absorptioncsfee of (S,R)-BP-DKP-Tyr in ACN. The symbols
representt for the triplet statéBP, o for the ketyl radical BPH a for the tyrosyl radical Tyr(Q, and *
for the experimental data; solid curves in a) andrb the resulting fits from the regression aredys
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Figure 3.2-18 a) Resolutions of transient absompspectra taken 200 ns after 355 nm laser pul$ing (
mJ) of a solution of(S,R)-BP-DKP-Tyr in ACN-H,O (1:1 v/v); b) concentration profiles for the
transients obtained from the resolution of thegram absorption spectra (8,R)-BP-DKP-Tyr in ACN-
H,O (1:1 v/v). The symbols representfor the triplet statéBP, o for the ketyl radical BPH a for the
tyrosyl radical Tyr(O), ¢ for the BP radical anion BPand * for the experimental data; solid curves)in a
and b) are the resulting fits from the regressioalyses.

Typical resolutions are given in Figure 3.2-17a &mgure 3.2-18a, and the resulting
concentration-time profiles are displayed in Fig8r2-17b and Figure 3.2-18b. These
profiles reveal the distinct difference in the keipquenching of dyadS,R)-BP-DKP-
Tyr in the two solvents, which, as will be shown belowdicate two different
dominating reaction mechanisms. To simulate quatitély the experimental data
obtained in ACN for dyadS,R)-BP-DKP-Tyr, only three components were needed:
the triplet state °BP), ketyl radicals (BPH, and tyrosyl radicals (Tyr(§). The
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concentrations of BPHand Tyr(O) are found to be equal within the error estimation
The triplet lifetime obtained from the concentratiprofile is about Jus (green line in
Figure 3.2-17b), which is in agreement with thplé&i lifetime obtained from the kinetic
traces at 630 nm (green line in Figure 3.2-16bdnithe resolution of the transient
absorption spectra and the resulting concentrgtifile, the quantum vyield for the
formation of both radicals was calculated to beatgo 25 % in ACN. The procedure
for evaluating the quantum yield was the same asriteed in detail in one of the
following paragraphs (after Eq 3.2-1). Based onldimg lifetimes of the radicals which
are decaying over tens of microseconds, it is cated that they are formed mainly in
self-quenching, i.e. intermolecular reactions.

A totally different situation was observed for dy&@JR)-BP-DKP-Tyr in ACN-
H.O (1:1 v/v). First of all, the triplet lifetime wasduced by a factor of 10 (green lines
in Figure 3.2-17b and Figure 3.2-18b). In additian, order to reproduce the
experimental data, four components have to be usethely: °BP, ketyl radicals
(BPH), BP radical anions (BP), and tyrosyl radicals (Tyr(Q). The formation of the
radical anion (BP) indicates a likely ET mechanism; this aspect wiill, fact, be
discussed in Chapter 3.2.2.3.

The rates of formation of the radical species: (BPHBF "), and (Tyr(O)) were,
within experimental error, identical to the tript¢cay rate of the dyd®,R)-BP-DKP-
Tyr. The total amount of (BPH and (BP") together was equal to the (Tyrjp
concentration, within experimental error. Formatamd decay of both the ketyl radical
and the tyrosyl radical appear to follow the saraeay law. This is in accord with an
intramolecular-reaction mechanism. The initial letpconcentration, after extrapolation
to the end of the pulse, was 1. The maximum concentration of the tyrosyl radical
was determined to be 6,8M. This value was obtained from a fitting the Tyi(O
concentration profile to a function which takesiaccount the growth and the decay of
the species (Eq 3.2-1).

ci(t) = Cmax(exp(—kyt) — exp(—k;t)) Eq3.2-1
where:
ci(t) — the concentration of théh transient;
Cmax — the maximum concentration of thté transient if there was no decay, namely
ko =0;
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ki — the rate constant of the formation of ttretransient;

k. — the rate constant of the decay of ithetransient.

From this value and the determined triplet conegiun, the quantum vyield of the
tyrosyl radical is seen to be close to unity. Tame procedure was applied to the BP
radical anion, and its quantum vyield of formatioaswestimated to be 0.18. The results
prove that dyadqS,R)-BP-DKP-Tyr, which has the benzophenone and phenol moieties
on opposite sides of the DKP ring, can, in factt oaly undergo intramolecular
hydrogen atom transfer, but that this reaction@amn occur with quantum yields close
to unity. Analogous behavior was observed in arasoévent mixture: ACN-HO (2:1
v/v) (Figure 3.2-19). As in the previous case, dase the concentration profiles of the
tyrosyl radical and the ketyl radical, it can bers¢hat the radicals were formed in equal
amounts. Moreover, the growth in the concentratibthe biradical fit very well to the
decay of the triplet statek(values in Figure 3.2-19a,b,c). In addition, bdik ketyl
radical and the tyrosyl radical decayed on the sdimme scale of about lus.
Concentration profiles for BPHand Tyr(O) were fit to Eq 3.2-1. That of the ketyl
radical was in agreement with the kinetic trace34& nm. This was additional evidence
that the concentration profiles were constructegerly (Figure 3.2-19d).
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Figure 3.2-19 Concentration profiles for the transs °BP (green), BPH (red), and Tyr(Q (blue),
obtained from the resolution of the transient apon spectra ofS,R)-BP-DKP-Tyr in ACN-H,O (2:1
vlv). Solid lines represent fits to the decay csrvdashed black line in d) — scaled decay profiles

monitored at 340 nm. Data in a) were obtained Ioyomoexponential fit to the triplet decay profiledan
data in b) and c¢) were obtained by fitting the @ortcations profiles to Eq 3.2-1.

The steering effects of the solvents on the efficye of the presumed
intramolecular triplet quenching of the dya@S)-BP-DKP-Tyr and(S,R)-BP-DKP-
Tyr manifest themselves also in the triplet lifetim&hjch exhibit a remarkably distinct
influence of the solvents. Some typical kinetic fijes, recorded at 630 nm, that
illustrate these dependencies are given in Figi2e23. For dyadS,S)-BP-DKP-Tyr,
where the benzophenone and tyrosine moieties odtigogame side of the DKP ring,
the kinetic profiles coincide with each other, gpective of the solvent. This speaks in
favor of only little impact of the solvent on thaptet lifetimes. A contrasting behavior
was seen in dya(b,R)-BP-DKP-Tyr where the triplet lifetimesvere very sensitive to
the solvents and vary between ca. 50 ns in HFIP>ah@00 ns in ACN or EtOAc. In
general, the triplet lifetimes ¢&,R)-BP-DKP-Tyr were reduced dramatically on going
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from non-protic to protic solvents. Thus, in costrto the pair of open-chain epimeric
dyads (Chapter 3.2.1.1), the triplet lifetimes lo¢ two DKP-based structures exhibit
distinct solvent dependencies.

a) b)

norm

t/ps . t/ ps
Figure 3.2-20 Normalized decay profiles observed@3&t nm and monoexponential fits to the decays for
solutions of dyads ajS,R)-BP-DKP-Tyr and b)(S,S)-BP-DKP-Tyr; solvent code: a ethyl acetate
(green), b — ACN (blue), € ACN-H,O (2:1 v/v) (red) and & TFE (black).

In order to study the solvent effects on the intlroular HAT pathway, the
corresponding rate constanks, were isolated from the observed gross tripletglec
rate constantsk.,s The latter were extracted from the decay profiéés630 nm
(monoexponential fits), the decay profiles at 520 ({iexponential fits), and, in some
cases, from the triplet component of the concdotraprofiles. The evaluation
procedures took into account (i) the solvent depand of the intrinsic triplet lifetime
of the BP chromophore by referencing it to the baraof a benzophenone
chromophore linked to the diketopiperazine ringth®e respective solvent (data in
Chapter 3.5.2.1) and (ii) the effects of self-queng (see below). A schematic view of
the various competing quenching processes andadletekinetics-data evaluation can
be found in Chapter 2.5.5.

While the triplet decay of the dyd&,S)-BP-DKP-Tyr exhibited no significant
concentration dependence (Figure 3.2-13b), LFPIteefur the dyad(S,R)-BP-DKP-
Tyr in non-protic solvents, such as ACN or DCM, showlet the values fok,s were
concentration dependent (see Figure 3.2-16b). bélevior was due to contributions
from bimolecular quenching (self-quenching) whielads to the ketyl radical and the
tyrosyl radical with the rate constakiéo. The latter species decayed by bimolecular
processes within tens of microseconds and theregfave a virtually constant offset in
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the transient spectra on the shorter timescaleh@feixperiment. The self-quenching
process was particularly efficient in non-protidvemts where the reactivity toward
intramolecular H-atom transfer was small. From tthe sets of data points that were
collected (from 337 nm excitation and 266 nm exiatg in ACN a self-quenching rate
constant was estimated for the dy&R)-BP-DKP-Tyr of ksqo= (5.5 + 1.0) x 1dM™

s . (The low solubility of(S,R)-BP-DKP-Tyr prevented a more accurate measurement
of its self-quenching). This estimated value igaod agreement with the rate constant
for the self-quenching of the triplet of an opemichbenzophenone/phenol dy&d.
Notably, the ky calculated from experiments performed in ACN affedent
concentrations: 2 x IOM (lexc = 266 nm) or 9 x 1 M (lexc = 337 nm), were in good
agreement (Table 3.2-3). It is noted that the psolubility of the cyclic dyads
interfered with accurate measurements of the sedfighing rate constant for all studied
solvents. For those calculations of intramolecklarwhere the rate constant for self-
quenching were neededkso from a structurally related, but open-chained
benzophenone/phenol dyad was used.

The rate constants for the intramolecular HAJ, as calculated for dya(b,R)-
BP-DKP-Tyr, cover a range from < 1 x 16" in EtOAc to 2 x 10s™ in HFIP (see
Table 3.2-3). On the other hand, the rate consfantthe intramolecular HAT for dyad
(S,S)-BP-DKP-Tyr varied only from 2.2 x 10s* in ACN to 8.2 x 18sin TFE. It is
noted that the uncertainty in rate constant valdesived in this manner, increases
significantly with the H-abstraction contributiofiem the solvent.

The results presented in Table 3.2-3 reveal aistyikontrast between the two
diastereomers with regard to thiir dependences on the solvent. The results show that
the change in the configuration of just one chigiter produced distinct changes in the
intramolecular H-atom transfer rates with a chaingihe solvent. The reaction rates for
dyad (S,R)-BP-DKP-Tyr were found to be strongly solvent dependent, whkile
solvent was only of minor importance for the reactrates of dyadS,S)-BP-DKP-
Tyr.

This contrasting solvent behavior toward the inwdoular H-atom transfer,
observed in(S,S)-BP-DKP-Tyr and (S,R)-BP-DKP-Tyr, is unusual for a pair of
diastereomers. In this regard, they are indeediquanpair of diastereomers with a
unique solvent dependence of their stereoselegctiBibth epimers(S,S)-BP-DKP-Tyr
and(S,R)-BP-DKP-Tyr, show reactivity with respect to intramoleculatrdnsfer, but
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with a remarkable chiral discrimination in theiteaonstants, which strongly depends
on the solvents. Stereoselection in H-atom transdées of diastereomeric ketone-
phenol dyads has been reported to be in the raihgel® when expressed as the ratio
of the rate constants of the intramolecular H-atoansfer between remote phenol and
ketone moieties of these compouftds>® " The highest stereoselectivity of the open-
chain analogues of the cyclic dyads was obtainedde®H and was equal to 3.5. The
stereoselectivityS = ky(S,9/ky(S,R), (measured in the same solvent) found in thiskwor
for the DKP-based dyads, varied from 131 to 0.7d4b(& 3.2-3). In particular, the
epimers revealed marked stereoselectivity in sormehe non-protic solvents like
EtOAc and benzonitrile, much higher than has eeemnlreported. Quite unexpectedly,
the stereoselectivity was significantly reduced protic solvents. At extremes,
compoundS,R)-BP-DKP-Tyr which has the reactive moieties on opposite sidi¢ise
diketopiperazine ring, in hexafluoro-2-propanol &@e even more reactive thé®,S)-
BP-DKP-Tyr.

Table 3.2-3. Summary of solvent parameters antiekinetic data of the dyadS,S)-BP-DKP-Tyr and
(S,R)-BP-DKP-Tyr.

solvent parameters rate constants
Solvent (10°s™ S
sa? BNt n k+(S,R° ki (S,9°
1 chloroform 0.15 0.02 0537 (2.2 (11.5) 5.2
2 dichloromethane 0.1 0.05 0.437 1.9(2.0) (14.5) 7.2
3 1.2-dichloroethane 0.1 0.11 0.77 (2.7) (13.6) 10.7
4 acetonitrile 0.07 0.32 0.37 0.3(0.3) 20.7 (20.0) 73.7
5 benzonitrile 0 0.33 1.2 0.3 9.5 31.6
6 ethyl acetate 0.0 045 0423 0.1 14.4 131
7 trifluoroethanol 0.57 0.25 1.8 8.5 8.2 0.97
8 methanol 0.43 0.47 0.5442.3(2.8) 9.2 3.9
9 HFIP 0.77 0.10 1.02 21.1 15.7 0.74
10a ACN-HO (9:1 viv) 055 =~0.34 - 3.0 - -
10b ACN-HO (4:1viv) 061 =034 - 5.5 . .
10c  ACN-HO (2:1v/v)  0.62 =~0.34 - 8.4 13.9 1.7

[a] at 25°C; CRC Handbook of Chemistry and Physics. CRGPBoca Raton. f&Ed. 1995 [b] taken from ref’3;
[c] results from 355 nm and 337 nm LFP, in® K)'; experimental error + 5 %, 0.7 mM [(S,S)-BP-DKP-Tyr],
[(S,R)-BP-DKP-Tyr]< 2.6 mM; data in italics: experimental error 20 @ata in parentheses from 266 nm LEP,
uM < [(S,S)-BP-DKP-Tyr], [(S,R)-BP-DKP-Tyrk 40 uM; [d] S = ky(S,S)k4(S,R); [e] taken from: Sierra, P. S.;
Tejuca, C. C.; Garcia-Blanca, Helv. Chim. Acta2005 88, 312—-324; [f] interpolated from data in: Marcus.; Y
Migron. Y. J. Phys. Chenl991 95. 400—406; [g] linear interpolation from data inrpwsolvents, weighted by molar
fractions.
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3.2.2.2 Theoretical calculations

The results presented above of detailed laser-flasbtolysis studies are
supplemented by the results of DFT calculations mwdecular-dynamics simulations
of the ground-state structures and conformatiohes& studies establish a quantitative
picture of the conformer distributions of the dyadsd define the molecular

prerequisites of the individual quenching geomstrie
3.2.2.2.1 DFT calculations

The molecular conformations dfS,S)-BP-DKP-Tyr and (S,R)-BP-DKP-Tyr
were addressed by DFT calculations in the gas pffaseground states and triplet
states) and by using an implicit solvent model @EM model parameterized for
ACN). The conformations of aromatic cyclopeptidel@acales can be characterized by
three different orientations of the side-chain sitibsnts (R) in relation to the DKP ring.
The acronymsEyn, Eo, and F denote side-chain rotamers wherein the aromatic
substituent R is extended to the adjacent nitrogem, extended to the adjacent
carbonyl oxygen atom, and folded back across thetapiperazine ring, respectively.
This rotamer notation is based on the orientatiotih® side-chain substituent R (Figure
3.2-21) rather than on the dihedral angles, in oteasimplify the comparison between
the epimeric compound$,R)-BP-DKP-Tyr and(S,S)-BP-DKP-Tyr. In the rotamer

notation the first symbol always correspond totiimesine side.

| IOI o
C oC NH ocC NH ocC NH )
R HER HPR HPS HPS R
HY H® H®
EO F EN

Figure 3.2-21Notation of the side-chain rotamers (R denotesehpactive aromatic moiety).

DFT calculations were performed for each of theertombinations of the side-
chain conformations of the Tyr and BP residuesefach of the dyad&*® The results
for the gas-phase calculations of the ground stamwved that conformations with

favorable quenching geometries were available foth bdyads. Surprisingly DFT
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calculations reveal that although dygsiR)-BP-DKP-Tyr has its benzophenone and
phenol on opposite sides of the DKP ring, it wapatde of forming a favorable
geometry for hydrogen transfer (close contact ef rimactive moieties). The energetic
order of the rotamers in the gas phase showed iasipattern for the dyadss,S)-BP-
DKP-Tyr and (S,R)-BP-DKP-Tyr in that structures containing a side-chain
conformationEg were strictly disfavored. This is in accord withMR studies on
aromatic diketopiperazines in organic solvélts*°*° In addition, these studies from
the literature have shown that the conformatiomglilédria in solution are dominated

by structures that allow folding of the aromatideschain across the DKP ring.

F-F

Figure 3.2-22 PBE1PBE/6-31G-optimized geometrieghef ground state of the energetically lowest
rotamers in the gas phase for the dy&¢S)-BP-DKP-Tyr. The dotted arrow lines denote the O-O
distances between the benzophenone carbonyl argh#el oxygen. Notation of rotamer: first symbol
corresponds to Tyr side and second to BP side.
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Actually, the global minimum ofS,S)-BP-DKP-Tyr exhibited a structur&-F
wherein both side chains were folded simultaneoashpss the ring. The favorable
energy goes hand-in-hand with a shortGDdistance, which makes tlke-F rotamer a
probable candidate for the quenching geometry($5)-BP-DKP-Tyr (see Figure
3.2-22, Table 3.2-4). It is noted, based on therdiure data, that there has been no
definite answer from the experiment whether botte sthains could share the space
over the diketopiperazine ring in a face-to-facehfan, despite the fact that the
conformational properties of the cyclic dipeptidestaining aromatic amino acids have
been studied using X-ray, COH NMR and *C NMR, circular dichroism, and
fluorescence anisotropy> % ! However, it was claimed that for cyclic dipeptides
with L-Tyr and L-Phe as side chains, the face-ttefaarrangement exists with a
population of at least 24 % on average atG8°"

Other optimized structures for the ground-statdengas-phase were much higher
in energy, for example (1) those with only one amtimside chain folded over the DKP
ring while the other is forced away from the spaser the backbone ring=¢Ey,
En—F), or (2) those with both aromatic side chains edaéal to the nitrogeng—En).
Such structures showed no favorableQDdistances (Figure 3.2-22, Table 3.2-4). The
relative energies and the-O distances between the BP carbonyl and the Tymgitier

the rotamer minima dfS,S)-BP-DKP-Tyr are summarized in Table 3.2-4.

Table 3.2-4 Results of the four lowest-energy stnas of the gas-phase (ground stater®l triplet state
T,) and acetonitrile (ground statg) ®FT calculations (PBE1PBE; 6-31G basis set) ef diyad(S,S)-
BP-DKP-Tyr.

. Relative energy / [kcal/mol

Rotamer D|staf/\f[3§3(o-o) gas-phase gas-ph%);e[ ACI\}
S T S

F-F 2.8 0.0 0.0 0.0

En-F 6.6 7.2 3.5 1.5

F-En 7.9 7.5 3.3 0.9

En—En 15.6 8.1 3.7 2.1

In the dyad (S,R)-BP-DKP-Tyr the side chains were expected to occupy
conformations on separate sides of the DKP rind, @nsequently were expected to
have long GO distances. While this was actually found for eigh the side-chain

conformations, unexpectedly, one structure witlh@tsO-O distance was found to be
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the global minimum in the gas-phase calculatiomgte ground staté~Ceclipsed see
Figure 3.2-23). Evidently this structure did nofereto one of the side-chain rotamers

but forced the BP side chain into a conformatioereH and C were eclipsed.

F-eclipsed

Figure 3.2-23 PBE1PBE/6-31G-optimized geometrieshef ground state of the energetically lowest
rotamers in the gas phase for the dyadR)-BP-DKP-Tyr. The dotted arrow lines denote the O-O
distances between the benzophenone carbonyl angh#r®l oxygen. Notation of rotamer: first symbol
corresponds to Tyr side and second to BP side.
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Interestingly, the global minimum conformation (&,S)-BP-DKP-Tyr found in
the gas-phase calculations for the ground stateloveer in energy by 5 kcal/mol than
the respective minimum dfS,R)-BP-DKP-Tyr. Since the parameters describing the
hydrogen-bonding geometry (distance and angle eénsilstem ©H---O) were almost
the same, it was assumed that the additional enseag/ due to stabilization of the
conformationF-F for dyad (S,S)-BP-DKP-Tyr. This was also confirmed by single
point calculations for both dyads after weakening hydrogen-bonding by inverting
the directionality of the system-®---O to HO---O**? The difference in energy for
both dyads using this method was also 5 kcal/mdler@fore the energy of the
F—eclipsed structure was expected to be strongly susceptiblechanges in the
environment.

Accordingly, DFT calculations with a solvent (acdtdale, IEFPCM model)
provided evidence for substantial changes in tiéacmational equilibria ofS,R)-BP-
DKP-Tyr (see Table 3.2-5).

Table 3.2-5 Results of the five lowest-energy stmes of gas-phase (ground stageaBd triplet state 1)
and acetonitrile (ground statg) DFT calculations (PBE1PBE; 6-31G basis set) ef dgadBP-DKP-
Tyr-(R,S).

. Relative energy / [kcal/mol
Rotamer Dlstanfs]d(O—O)/ gas-phase gas-%);la:ge ACI]\I
So Ty So
F-eclipsed 2.8 0.0 1.4 2.8
F-F 12.5 5.2 1.2 0.0
En—F 5.5 3.5 0.0 1.7
F-En 8.7 4.4 0.1 15
Ex—En 15.5 4.6 0.4 4.5

In a polar solvent, i.e., in ACN, the-eclipsed conformation of(S,R)-BP-DKP-Tyr
was no longer a global minimum. The “double sandivie-F conformation of(S,R)-
BP-DKP-Tyr, with an extremely long distance (12.5 A) betwésrreactive moieties,
lay 2.8 kcal/mol lower than th&-eclipsed conformation (see Figure 3.2-23, Table
3.2-5). Even structures with only one aromatic sidain folded over the DKP ring and
the other one being forced away from the space thvebackbone ring=-Ey, En—F)
were less energetic than tiie-eclipsed conformation with the close contact of the
reactive moieties. Thus, tire-eclipsedconformation for dyadS,R)-BP-DKP-Tyr was

much less populated in ACN solution than in the @zase.
115



PHOTOINDUCED ELECTRON, PROTON OR HYDROGEN-ATOM TRAFER REACTIONS IN BENZOPHENONE-
TYROSINE AND BENZOPHENONE-METHIONINE BICHROMOPHORISYSTEMS

As stated above, the folddeé-F conformation wherein both aromatic residues
share the same half-space above of the DKP ringeoflyad(S,S)-BP-DKP-Tyr was
strongly favored in the gas phase ground statet, Nleare were two conformations that
had energies higher by 7.2 and 7.5 kcal/mol thas thaF-F conformation (Table
3.2-4). However, the energetic distance to thosefotmations in the ground state
significantly decreased to 1.5 kcal/mol and 0.9/keal in ACN solution, respectively
(Table 3.2-4).

It is well established that hydrogen-atom trangtactions are initiated by the
triplet-excited state of benzophenone so that, dditeon to the calculations of the
ground state, the DFT study was also performed hen ttiplet state. Optimized
geometries of the triplet state did not differ frtdme corresponding conformations of the
ground state. However, charge distribution and ggneorder of the rotamers
demonstrated an important difference in comparisotine results for the ground state
calculations (Table 3.2-4 and Table 3.2-5). In éxeited ny state of a C=0, the n-
orbital is localized on the O atom of the group Ca@l ther orbital is delocalized
over the aromatic grod’? So, as expected, there was a diminished elecensity on
the carbonyl oxygen in the calculated triplet statehe dyads. Thus, the BP triplet,
being of an m;" character, was intrinsically less prone to H-bagdphenomena than
was the ground state. This was reflected in thelteefor the energy of the triplet state.
In the conformations with the closest distanceshef reactive moieties in the ground
state E-F for (S,S)-BP-DKP-Tyr and F-eclipsedfor (S,R)-BP-DKP-Tyr) where H-
bonding was significant, the triplet state wasuaficed the most (Table 3.2-4 and Table
3.2-5). For example, the—eclipsedtriplet state conformation for the dy#8,R)-BP-
DKP-Tyr had the highest energy among the other structureseas for the ground
state of this configuration was the energetic mumm among ground-state

configurations.

3.2.2.2.2 Molecular Dynamics

3.2.2.2.2.1Conformational analysis

The molecular structure of the dyads could be fobaki further through a
molecular-dynamics simulations analysis. DFT calttahs, as described above,

revealed that the dya@®,R)-BP-DKP-Tyr can have a significantly different energetic
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order for a rotamer in the gas-phase and in thwoaitele. Therefore, it was of interest
to verify, in an independent fashion, this inforrnatabout the populations of the side-
chain rotamers in the dyads’ ground state. Moreegdly, it was of interest to
determine the probabilities of forming rotamershahe close contact necessary for
intramolecular reaction between the Tyr and BP tiese An important result from this
analysis was that MD-derived populations of theesitlain rotamers were distinctly
different between the pair of epimeric dyads. Addially, the populations of the side-
chain rotamers obtained from the MD simulationsdgéds(S,S)-BP-DKP-Tyr and
(S,R)-BP-DKP-Tyr revealed side-chain conformational preferences ttiffered
significantly from those of the open-chain congen@hapter 3.2.1.3.2).

The conformational space of the diketopiperazingsld was sampled by means
of molecular dynamics for different solvents (ingglimodel), e.g. water, ACN, DCM,
and dimethylsulfoxide, and also for different gtegt configurations. Based on the
results it can be concluded that starting confitjang did not affect the MD-computed
populations of the side-chain rotamers. The MD &tmns performed in various
solvents gave qualitatively the same results afjhodifferences in the side-chain
populations could be noted. In the following, thetailed analysis of MD simulations
performed for ACN of the dyads,S)-BP-DKP-Tyr and (S,R)-BP-DKP-Tyr will be
presented. The interconversion between differedeoutar conformations was studied
by means of long-time molecular-dynamics simulaidgmplicit-solvent model for
ACN). Figure 3.2-24 and Figure 3.2-25 summarizetitine variation of three molecular
parameters (side-chain dihedral angles; charatiteiger-side chain distance) within a
100-ns simulation time window for dya¢fs,S)-BP-DKP-Tyr and(S,R)-BP-DKP-Tyr,
respectively.

In agreement with the DFT results, mainly threamwrs Ey, Eo, andF) of each
side chain were populated during the simulationsdoath compounds. Of particular
interest was the probability of the-F conformation of(S,S)-BP-DKP-Tyr, which
allows for close contacts < 4.0 A (red dashed limeFigure 3.2-24a) between the
reacting moieties and closely resembles the quegcgeometry of this dyad. The
calculated probability for the population of theF conformation was only 2.7 %. This
low population of F=F is of importance for the interpretation of the ited-state
dynamics of(S,S)-BP-DKP-Tyr because photoinduced hydrogen—atom transfer within
(S,S)-BP-DKP-Tyr is limited to theF—F conformation of the side chains wherein both
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aromatic moieties are back-folded across the DKE ait the same time. It appears that
repulsive interactions between the bulky aromaticugs favored the population of
sterically less crowded conformations for the dy&¢5)-BP-DKP-Tyr. In particular,
the simultaneous population of tReotamer by both side chains appeared but with low
probability. In conclusion, although thfe-F conformation was shown to be a rare
conformation during the simulations ¢8,S)-BP-DKP-Tyr, irrespective of the chosen
starting geometry, its population pattern is sudfit to explain the reactivity toward

intramolecular HAT in the range of 16" (see Chapter 3.2.2.2.2.2).
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Figure 3.2-24 Long-time molecular-dynamics simualasi for(S,S)-BP-DKP-Tyr (implicit-solvent model
for ACN); a) time variation of the inter-side-chaidistanced(O-O) between the Tyr hydroxylic oxygen
atom and the BP carbonyl oxygen atom; b) time tiaraof the Tyr side-chain dihedral angle; c) time
variation of the BP side-chain dihedral angle.

The probabilities for the population of the mokely conformations of the cyclic-
linked dyads were larger than the probabilitiestf@ most likely conformations of the
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open chain analogues. This can be seen by analyemgoint probabilities (the
probability of both events occurring together & #ame time) for the Tyr and BP side
chains. From Figure 3.2-24b,c it can be seen tiamnost preferable configuration is
when the tyrosine side was extended to nitrogentla@d®BP side is folded back across
the diketopiperazine ring=(—F). The second most favorable configuration is wtien
BP is extended to nitrogen and the tyrosine sid®lged back across the DKP ring
(F-En). The probability of the dyadS,S)-BP-DKP-Tyr to be in one of these two
conformations is nearly 90 % (Table 3.2-6). Theculated probability of the
configuration with both side-chains extended toragien, with an extremely long
distance between the reactive moietieg—En), is just 3.5 %The total probability for
the dyad(S,S)-BP-DKP-Tyr to be in one of the four structurds=F, En—F, F-Ep,
En—En is in agreement with the DFT calculations. Howewased on a comparison of
the DFT calculated energy order of the rotamerdl@8.2-4) with the MD-calculated
probabilities of the side-chain rotamer populatidable 3.2-6), it can be concluded that
the DFT calculations overestimated the presentleed—F conformation.

Table 3.2-6 Summary of the side-chain rotamer jpiobabilities for(S,S)-BP-DKP-Tyr and(S,R)-BP-
DKP-Tyr computed from the molecular dynamics simulatiorp{ioit ACN model).

Conformation Joint probability
(S,S)-BP-DKP-Tyr  (S,R)-BP-DKP-Tyr
F-F 0.027 0.19
En-F 0.72 0.34
F-En 0.16 0.26
En—En 0.035 0.16

As shown by DFT studies, close contacts < 4 A withie dyad’S,R)-BP-DKP-
Tyr require the population ofF—eclipsed conformations. In contrast to DFT
calculations, the formation of such structures doetsappear at all during the 100 ns
simulation (red dashed line in Figure 3.2-25a). F8SIR)-BP-DKP-Tyr, wherein
aromatic residues share the opposite half-spacegealf the DKP ring, the side-chain
preferences were less expressed relati&i8)-BP-DKP-Tyr. Based on the analysis
of the MD simulations results, there was no onelsirconformation which clearly
prevailed in solution for(S,R)-BP-DKP-Tyr. MD simulation in the ACN implicit
model showed that four structurds=F, En—F, F-En, EN—En Occurred with similar
probability (Table 3.2-6). Compared wi{8,S)-BP-DKP-Tyr, in (S,R)-BP-DKP-Tyr
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significantly higher populations were obtained fbe rotamer where both aromatic
residues populate the back-foldéd-F conformation (Table 3.2-6). Thus, in full
agreement with the outcomes of the DFT studiesnilM@&N continuum, a “double-
sandwich” like structure dfS,R)-BP-DKP-Tyr was also one of the four most probable
conformations arising from the MD simulations (T@ld.2-6). This double-sandwich
structure implies long inter-side-chain distancks.addition, the configuration with
both residues extended to nitrogen, with an exthen@ng distance between the
reactive moieties<(15.5 A), was also much more probable than in($)8)-BP-DKP-
Tyr dyad.
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Figure 3.2-25 Long-time molecular-dynamics simalas for (S,R)-BP-DKP-Tyr (implicit-solvent
model for ACN); a) time variation of the inter-sidbain distancel(O-O) between the Tyr hydroxylic
oxygen atom and the BP carbonyl oxygen atom; b tiariation of the Tyr side-chain dihedral angle; ¢
time variation of the BP side-chain dihedral angle.
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Pair-distribution functions of the carbonyl/hydrdixygroup distancal(O—-O) in
Figure 3.2-26 were calculated based on the datm fiiee MD simulations. They
revealed very important differences between the @ladiastereocisomers. Importantly,
only (S,S)-BP-DKP-Tyr was capable of the formation of rotamers with elosntacts
between the hydroxylic group and the carbonyl oxygeéhe sampling ofS,S)-BP-
DKP-Tyr in a implicit model of acetonitrile solution gawe quite narrow pair
distribution function with a maximum at a distard{®—0) = 8.5 A. This distance can
be attributed to the conformations in which oneh#f side-chain is folded-back across
the DKP ring and the second one is extended togetr Eyn—F and F-Ey). These
conformations were found to be the most favorabtesofor (S,S)-BP-DKP-Tyr.
Additionally the pair-distribution function shows/d smaller peaks with maxima at
distancesd(O-0) = 4 A andd(O-O) = 16 A. These maxima can be attributed to the

conformationd=—F andEn—En, respectively.
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Figure 3.2-26 Pair-distribution functions of thertmanyl/hydroxylic group distancal(O-0),
obtained with molecular dynamics simulation in AGN a) (S,S)-BP-DKP-Tyr black: ground
state charges, red: triplet state charge$Si})-BP-DKP-Tyr.

The situation is different for th€S,R)-BP-DKP-Tyr for which the pair-
distribution function of the carbonyl/hydroxylicarp distancel(O—-0) is much wider
compared to the one f¢8,S)-BP-DKP-Tyr. This wide distribution reflects the lack of
a most favorable conformation. Additional spreadthe distribution is provided by
significant populations of conformations with lomtistancesd(O-0), namely F—F

(“double sandwich”) an@&n—-En.
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3.2.2.2.2.2Calculation of the rate constants of close-contadébrmation

In order to gain further insight into the nature tbe intramolecular H-atom
transfer process, a rate constkgg for (S,S)-BP-DKP-Tyr was computed from MD
simulations in an attempt to match the experiméntakasuredky. The rate constant,
koo, for forming close contacts between the reactirmgeties, was evaluated from the
MD simulations by means of number correlation fiord. These functions were
computed following routines that have been desdrilmedetail by Pogockt>® The
conceptual basis for these routines is as folloWse reactive and non-reactive
conformations are considered as being in equilibritbut the overall H-abstraction
reaction is considered to be very fast comparethéorelaxation of the equilibrium
between the conformations. If these circumstanaevai, then the observed rate
constanky should be comparable to a theoretical rate cohdégs) computed from the
simulationvia Eq 3.2-2 to Eq 3.2-4>¥ The numeratokNooy), in Eq 3.2-2s the fraction
of the time that the distance between the carbanglhydroxyl oxygens was less than 4
A during a 100 ns time MD trajectory. The denominateg, in Eq 3.2-2, is the
relaxation time for the equilibrium between the cteee and non-reactive
conformations. It is related to a correlation fumect Cy(t), by the fluctuation-
dissipation theoreft®@ The normalized number correlation functiBg(t) is defined in

Eq 3.2-4 and was used to calculaig see Eq 3.2-3.

N,
koo = Noo) Eq 3.2-2
TT'le
+00
Trxn = f CN(t)dt Eq 3.2-3
0
which has the form
(6N (t)6Np(0))
Cy(t) = .

Here J Noo(t) = Noo(t) — (Nooy andNoo(t) = 1 for d(O-0) < 4.0 A andNog(t) = 0 for
d(0-0) > 4.0 A. Note thatd Noo? = (Noo) — (Noo)>. The statistical error of the
evaluation was taken into account following therapph of Zwanzig and Ailawad*>
%8 1n the calculation of the relaxation tinmg, the negative values @\(t), that occur
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fort > 1.4 ns, were neglected since they were becoartifgcially large with increasing
delay times. Neglecting these negative valueSy@f) means that the computed value of
0.3 ns for the relaxation time, is an upper linithe average fraction of conformations
(Noo) with the G-O distance less thanAt was determined to be equal to 0.027 (Table
3.2-6). Using this value and thg, from Eq 3.2-3, the estimated value lefo was
calculated to be (8.5 0.5)x 10’ s (from Eq 3.2-2). The formation rate constésé
calculated for all simulations performed f¢8,S)-BP-DKP-Tyr (different starting
configurations and solvents) varied from &30 s* to 1.3x 16° s*. The calculated
rate constantkoo are found to be about 5 times larger than the raxeatal value of
the intramolecular HAT ky (see Table 3.2-3). One possible explanation faos th
discrepancy might be that HAT occurs from the &lpdtate whereas the parameters
used in MD are defined for the ground state. To ayétetter approximation of what
might be happening in a triplet state reaction, IMeh charges for the lowest-energy
triplet state of(S,S)-BP-DKP-Tyr were calculated using the Gaussian03 package.
Subsequently, these charges were used as thel ipgimameters in further MD
simulations. The comparison of the pair distribationction of the carbonyl/hydroxylic
group distancal(O—-O) for simulations performed with charges for grduwstate and
triplet state revealed that close contact of tlectiee moieties is less favorable when
charges were applied for the triplet state (Fig#26a). This is likely the result of the
diminished n-electron density on the carbonyl oxygéiich decreased the attractive
interaction with the OH group from the tyrosine.eTitate constant of the close-contact
formation between the reacting moietiksg, evaluated from the MD simulations using
charges for the triplet state was equal te: B1)x 10’ s* which is in good agreement
with the experimental data. This also clearly idfed the triplet to be the dominant

reactive state.

3.2.2.2.2.3Evaluation of the spin-spin coupling constants

The molecular-dynamics simulations were finally comed with the DFT
calculations in order to calculate thgH*~HP®R) spin-spin coupling constants values
for the cyclic dyadsi(S,S)-BP-DKP-Tyr and (S,R)-BP-DKP-Tyr (see notation of
hydrogen atoms in Figure 3.2-27). The theoretic@ues were compared with the
experimental data obtained from the NMR and NOE (RIDclear Overhauser

Enhancement) spectra. The possibility of compaitiegretically calculated values with
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those obtained from the NMR and NOE experimentyviges a way of verifying the
reliability of the MD simulations. In addition, therocedure of combining the MD
simulations with the DFT calculations in order tatoch the experimental values of the
spin-spin coupling constants is a new techniqud, iamwas of interest to validate this

: r
Y
b) | r

ocC NH

approach.

HER HPS

N

¢

Figure 3.2-27 a) Assignment of hydrogen atoms énTitiir and BP moieties of BP-DKP-Tyr dyads and b)
Newman projection defining the*HC—C-H" dihedral anglep.

'H NMR spectra were recorded at 200/400 MHz in parterated
dimethylsulfoxide ([D6]-DMSO). Assignments dH resonances were based on two-
dimensional homo and heteronuclear NMR technigdiesunambiguous assignment of
the strongly overlappings-proton resonances of the BP and the Tyr residuas w
accomplished by careful inspection of NOE speciia®@ NMR analyses have been
carried out by Horner from the “Institut fir Chemiechnische Universitat Berlin®.

In order to theoretically match the experimentatinal coupling constants
between the nuclear spins of the diastereotBgicotons and thei-proton3J(H*-HPR)
and3J(H®-HPS), it was necessary to account for the strong dégrere ofJ(H*-HPFER)
on the dihedral angle HC-C-HPRSI*57 |n order to do this, the methodology of
calculating the spin-coupling constants incorpatad® analysis for determining the
probability distribution of the dihedral angle+C-C-H"R'* as followed by long time
MD simulations. Figure 3.2-28b,d, Figure 3.2-30bkdgure 3.2-32b,d and Figure
3.2-34b,d summarize the time variation of the dibk@ngles B-C-C-HPR'® within
100-ns simulation time windows for the Tyr and Béeschains of the dyads,S)-BP-
DKP-Tyr and(S,R)-BP-DKP-Tyr. From these figures it can be seen that the dihedr
angles for the BP and Tyr side chains of both dykdsot cover the whole range of 360

degrees. These dihedral angles adopt limited vadwemg the simulations, e.g. the
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tyrosine side chain fS,S)-BP-DKP-Tyr populates principally only the dihedral angle
H®-C-C-HPR from the ranges: -155 — (-180), 155 — 180, -3585)( (Figure 3.2-28b)
and the dihedral angle ®"HC-C-HP® from the ranges: 35 — 85, -35 — (-85) (Figure
3.2-28d).

DFT methods were afterwards used to compute spmeqpling constants for
appropriately extracted structures (sets of Catestoordinates) from the MD
simulations. The procedure of choosing the cootdmafrom which the spin-spin
coupling constants were obtained, was as follovheDial angles were divided into 8
ranges of 10 or 15 degrees. Then, for each antarge, at least one configuration with
a dihedral angle lying in the middle of that ramgges chosen. In this manner, the chosen
configurations covered the whole range of the diledngle H-C-C-HP®'S adopted
during the MD simulation.

NMR data reflect the averaged conformational pesfees of the compound in
solution. Thus, in order to theoretically calcul#ite spin-spin coupling constants that
can be compared with experimental values, it isessary to take into account the
probability of the dyads to adopt certain dihedmagles. The MD-computed weights for
all dihedral angles HC-C-H*RS in the chosen ranges are displayed in Figure
3.2-28a,c, Figure 3.2-30a,c, Figure 3.2-32a,c agdré 3.2-34a,c. Spin-spin coupling
constants with large weights contribute more towleeghted mean, e.g. from the range
50 - 60 degrees from the Figure 3.2-28c, than do elesnerth a small weight, e.g.

from the range 35 50 from the same Figure.
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Figure 3.2-28 Long-time molecular-dynamics simwiasi for dyad’S,S)-BP-DKP-Tyr: time variation of

dihedral angles of the Tyr side chain: b) the-&C-H"; d) H'-C-C-HPS; representation of the MD-
computed weighting for the a)“HC-C-H"™® dihedral angle c) #C-C-HPS dihedral angle for the
selected ranges.
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Figure 3.2-29 Computet(H*-HPSR) spin-spin coupling constants of the Tyr side ohafi(S,S)-BP-
DKP-Tyr as a function of dihedral angle®+C-C-H"® (red symbols), #-C-C-H" (black symbols).
Dashed lines indicate the theoretically obtaineith-spupling constants from the weighted average Eq
3.2-5:3(H"-HPS) — red line 2J(H*-HP?) — black line.
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Figure 3.2-30 Long-time molecular-dynamics simwiasi for dyad'S,S)-BP-DKP-Tyr: time variation of

dihedral angles of the BP side chain: b) tHe®C-H"?; d) H*-C-C-H"S; representation of the MD-
computed weighting for the a)“HC-C-H'R dihedral angle c) HC-C-HS dihedral angle for the
selected ranges.

16
144 o Q&
12—. o
N 104 O o
T ]
= s
P I S SR A A S S S
6- @) O
Lo Qo_____ Q_l__L__
4
_ 9 o)
)] 90 e
] @)
O
0 T T T T T T T T T T T T T T T
-200 -150 -100 -50 0 50 100 150 200

He.c-c-H™®

Figure 3.2-31 Computetl(H*-HP®®) spin-spin coupling constants of the BP side chi(S,S)-BP-
DKP-Tyr as a function of dihedral angle*+C-C-H" (red symbols), #-C-C-H"® (black symbols).
Dashed lines indicate the theoretically obtainerh-spupling constants from the weighted average Eq
3.2-5:3(H"-HPS) — red line 2J(H*-HP?) — black line.
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Figure 3.2-32 Long-time molecular-dynamics simualasi for dyad’S,R)-BP-DKP-Tyr: time variation of

dihedral angles of the Tyr side chain: b) the-&-C-H"™; d) H'~C-C-H"; representation of the MD-
computed weighting for the a)*HC-C-H"® dihedral angle ¢) #C-C-H"® dihedral angle for the
selected ranges.
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Figure 3.2-33 Computetl(H-HPS'R) spin-spin coupling constants of the Tyr side ohafi (S,R)-BP-
DKP-Tyr as a function of dihedral angle®+C—-C-H"® (red symbols), #-C-C-H"® (black symbols).
Dashed lines indicate the theoretically obtaineiti-spupling constants from the weighted average Eq
3.2-5:3)(H°-HPS) — red line 2J(H*-HPR) — black line.
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Figure 3.2-34 Long-time molecular-dynamics simwiasi for dyadS,R)-BP-DKP-Tyr: time variation of

dihedral angles of the BP side chain: b) tHe®C-H"®; d) H*~C-C-H"S; representation of the MD-
computed weighting for the a)“HC-C-H"™® dihedral angle c) #C-C-HPS dihedral angle for the
selected ranges.
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Figure 3.2-35 Computet(H*-HP®®R) spin-spin coupling constants of the BP side cludi(S,R)-BP-
DKP-Tyr as a function of dihedral angle*+C-C-H" (red symbols), #-C-C-H"® (black symbols).
Dashed lines indicate the theoretically obtainerh-spupling constants from the weighted average Eq
3.2-5:3)(H°-HPS) — red line 2J(H*-HPR) — black line.
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At the selected geometries, indirect spin-spin tingpconstants’J(H*-HPSR)
were computed using DFT by analytic metHts™? contained in the Gaussian 03
suite of programs. The B3LYP functional was choserce it has been shown to
produce reliable three-bond coupliffd. While such interactions are usually
dominated by the Fermi contact term, all componehthe couplings were calculated
but only the total value reported (Table 3.2-7)eTtontracted basis set employed,
denoted [5s2p1d,3s1ff? achieves a balance between economical computhtiost
and numerical reliability in systems of the sizektad here. The calculations were
performed by lan Carmichael from the Radiation Labary, University of Notre
Dame. The computed values “dfH*-H*S"R) spin-spin coupling constants for the Tyr
and BP side chains {fS,S)-BP-DKP-Tyr are plotted in Figure 3.2-29 and Figure
3.2-31, respectively. The points overlap in FigBr2a-29 and Figure 3.2-31 in the range
of -35 — (-85) degrees, since based on the MD simulatiba) dihedral angles *H
C-C-H"*and H-C-C-HFR for the Tyr- and as well as for BP-side chain populated
in that range of dihedral angles. Figure 3.2-33 dfdure 3.2-35 present the
analogously computed values3tH"-HP™®) spin-spin coupling constants for the Tyr
and BP side chains d5,R)-BP-DKP-Tyr, respectively. The plots of the spin-spin
coupling constants as a function of dihedral angfe-C-C-HPX'S have the same
features for both of the BP side-chaing$fS)-BP-DKP-Tyr and(S,R)-BP-DKP-Tyr
(Figure 3.2-31, Figure 3.2-35), respectively. Oe tither hand, the Tyr side-chain
dihedral angles HC-C-HR'® were adopting different values f¢®,S)-BP-DKP-Tyr
and (S,R)-BP-DKP-Tyr. This can be attributed to the change in the cloeiter
configurations on the Tyr side (Figure 3.2-28b jdufFe 3.2-32b,d).

In order to calculate the spin-spin coupling contstawhich could be compared

with the values obtaineda NMR, weighted averages had to be computed:

Zhy wie (%~ HP),

8
i=1 Wi

Eq 3.2-5

3](Ha _ HBR/S) —

where:

w; — MD-computed weighting for the dihedral angle in itk range;

°J(H® — HPR/S) - arithmetic average of all the DFT calculatgsl for structures

having dihedral angles"HC-C-HPR’S in thei-th range.
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The comparison of the theoretically obtained spimscoupling constants from the

weighted average (Eq 3.2-5) with the experimendifues is presented in Table 3.2-7. In
addition, calculated spin-spin coupling constamtsdol on MD-simulations and the DFT
method are plotted as dashed lines in Figure 3,2F&fure 3.2-31, Figure 3.2-33,

Figure 3.2-35. Based on the analysis of the caledland experimentally obtained spin-
spin coupling constants, it can be stated thatatireement is satisfactory. Significant
discrepancy between the spin-spin coupling constavds observed only for the
3J(HY-HPR) of the Tyr side-chain ofS,S)-BP-DKP-Tyr. This might be the result on an
over-estimation of the population of the conforragrin the Tyr side chain from the

MD simulation. However, in general the trends ie ttalculated spin-spin coupling

constants were preserved, namely higher experim&ataes corresponds to higher
calculated values. In conclusion, it can be st#tetl MD-simulations reflect quite well

the conformational preferences of the cyclic DKRdzhdyads.

Table 3.2-7 Comparison of the theoretically obtdispin-spin coupling constariti(H*-H**®) with the
data obtained from NMR and NOE experiments for dga&)-BP-DKP-Tyr and(S,S)-BP-DKP-Tyr.

(S,S)-BP-DKP-Tyr (S,R)-BP-DKP-Tyr

Tyr side-chain BP side-chain Tyr side-chain BP side-chain

SJ(HGHBR) 3J(H(]HBS) SJ(HGHBR) 3J(H(]HBS) SJ(HGHBR) 3J(H(]HBS) SJ(HGHBR) 3J(H(]HBS)

/Hz /Hz /Hz /Hz /Hz /Hz /Hz /Hz
%Jeac. 8.8 4.5 6.8 4.5 4.5 5.5 5.5 4.7
Vexp® 5.5 4.8 7.2 4.8 3.4 4.6 5 3.8

[a] estimated errat 0.9 Hz; [b] estimated errar0.1 Hz; [c] estimated errar 0.6 Hz; [d] erroe: 0.2 Hz.

3.2.2.3 Discussion

In this study the excited-state dynamics(8fR)-BP-DKP-Tyr and (S,S)-BP-
DKP-Tyr were taken as probes of structural effects on ffieiencies and rates of
intramolecular hydrogen-atom transfer reactiéfis The different steric constraints of
the dyads were found to be reflected in the distilyonamics of the dyads’ triplet states.
The dyads differ particularly in their dependen@eshe medium, as is discussed in the
following.

Intramolecular H-atom transfer in the triplet statedyad (S,R)-BP-DKP-Tyr
was found to be strongly solvent dependent with cainstant&y ranging from < 1 x

10> s* to 2 x 10 s. A similar range of triplet-state rate constaras hecently been
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observed for the intramolecular HAT in the openiatBP-Tyr dyad’® but these triplet
HAT reactions in the open-chain congeneréR)-BP-DKP-Tyr and(S,S)-BP-DKP-
Tyr are generally faster by one to two orders of nmtagei in any given solvent (Table
3.2-1)/"¥ Such solvent-driven changes in the bimolecular H#&Bctions rates of
phenols have generally been explained in termspetific solvation effects on the
phenol. These effects were named as Kinetic SoliZ#ect (KSE). In particular, the
previous work on the bimolecular HAT of phenols Baewn that the rate constants can
be correlated with the solvents’ hydrogen-bond pioe ability (see Chapter
1.3.1.1.1.2)317 97 That is, the logarithmic rate constants dependeeatly on a
single solvent parameter, namely on Abraham’s Hdbatceptor ability> 3
irrespective of the molecularity of the reactih.However, the solvent dependence
observed for(S,R)-BP-DKP-Tyr cannot be fully explained on the basis of solute-
solvent interactions of the tyrosine moiety. Altlybuthis single-parameter dependence
of the intramolecular H-transfer reaction is adégua explain the reactivity of the
open-chain congeners of the cydi®& R)-BP-DKP-Tyr and(S,S)-BP-DKP-Tylt’? (see
Chapter 3.2.1.4), it is not sufficient to explainetdifference in the reaction rate
constants of the cyclic dyg®,R)-BP-DKP-Tyr. These results of8,R)-BP-DKP-Tyr
show that, in contrast to the phenomenology of K&, which necessarily connects
specific solvation with retarding effects, spec#ilvation can also accelerate the HAT
reaction rates of phenols.

In the following the focus will first be on the dabf dyad(S,R)-BP-DKP-Tyr
displayed in Figure 3.2-36a,b with the red symbols.

Accordingly, a plot of the kinetic data for dy&8,R)-BP-DKP-Tyr from Table
3.2-3 against the effective H-bond acceptor abitifythe solvents (Figure 3.2-36a)
exhibits two different regions that reflect the wer of the solvents. HAT rates in
non-protic solvents with weak effective H-bond doabilities=a," (red filled symbols
in Figure 3.2-36a) are actually found to followireelr dependence @& with a slope
b =-3.1 (= 0.995) and an intercept of 6.5. Thus, this dgaahother example where
the slopes of the logarithmic intramolecular HATer@onstantsys 25" plots are
individual characteristics for each dyad, but mat tharacteristic of each H-atom donor
as expected from the theory of the Kinetic Sol\Effiéect (see Chapter 1.3.1.1.1/2)7¢
The second region in Figure 3.2-36a is that fornbgdthe protic solvents with
significant H-bond donor abilities (red open syn®)olThe protic solvents seem to
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allow much higher rate constants when comparedhé&ir thon-protic counterparts
having similar H-bond acceptor abilities (nearlytaiéing =5"). For example, ethyl
acetate and MeOH have almost the same H-bond accaptity, but theky values for
(S,R)-BP-DKP-Tyr differ by a factor of 10. A similar example is tlentrasting
behavior of pure ACN and the ACN»8 (2:1v/v) mixture in whiclky values for(S,R)-
BP-DKP-Tyr differ by a factor of 25. The possible reasontfer large increase in the
intramolecular hydrogen-atom rate constant in prstilvents might be due to a switch
in the mechanism.

The decrease of the HAT rates with the H-bond aocegbility of the non-protic
solvents suggests that negligible intramoleculactieity is expected for dya(5,R)-
BP-DKP-Tyr in solvents withz3" > 0.3. However the data in Table 3.2-3 show that
protic solvents with high values &f3," show significant reactivity ifS,R)-BP-DKP-
Tyr.

In Figure 3.2-36b, data (from Table 3.2-3) areteldvs. the H-atom donor ability

2 0’2H

which, with the exception of the chlorohydrocarbsolvents, show a linear
correlation for dyadS,R)-BP-DKP-Tyr with a positive slope of b = 2.3%(r 0.977)
and an intercept of 5.2. That is, the reactivityr@ases with the strength of the solvent-

solute interaction.
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Figure 3.2-36 a) Plot of the H-atom transfer raiastants, logky against Abraham’st al. effective H-
bond acceptor abilityz 3", open symbols: protic solvents; filled symbolsn#motic solvents; b) plot of
the H-atom transfer rate constants, kpgagainst Abraham’st al. effective H-bond donor ability. "
filled symbols: solvents wit 3" > 0.25: open symbols: solvents w8 < 0.11, red symbols: data for
(S,R)-BP-DKP-Tyr, blue symbols: data for(S,S)-BP-DKP-Tyr, c) semilogarithmic plot of
stereoselectivity of the H-atom transfer in thediyas a function of the solvents H-bond acceptiityab
open symbols: protic solvents, d) semilogarithimimt pf stereoselectivity of the H-atom transfertie
dyads as a function of the solvents H-bond dondiitgbopen symbols: solvents with3," < 0.11,
solvent code as in Table 3.2-3.

In summary, opposite effects were exerted by natigpiand protic solvents on
the intramolecular H-transfer in the triplet stait dyad (S,R)-BP-DKP-Tyr. The
relevant solvent parameters favoring efficientantolecular hydrogen transfer for dyad
(S,R)-BP-DKP-Tyr are the solvents’ small values of their hydrogesmva acceptor
ability 25" and their high values of hydrogen-atom donor gbilias". This was
realized by HFIP, for example. The opposite behawias seen in the poor reactivity of
EtOAc which can be explained on the basis of ighBi3" (0.45) and lowE @™ (0.00).

In conclusion, the solvent dependence of the cydjiad (S,R)-BP-DKP-Tyr sharply
diverges from the behavior of its open-chain coegéh (Chapter 3.2.1.4), but its

solvent dependence largely coincides with the pimamwmlogy observed recently for a
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more rigid open-chain dydf Obviously, the observed phenomenology of the kinet
solvent effect reflects structural parameters ef dyads. This becomes most evident
from the behavior of the cyclic dya@,S)-BP-DKP-Tyr that lacks any significant
dependence on the H-bonding properties of the sgltieis case is described next.

The plots of the logarithmic rate constamssZ3," and=a." for dyad(S,S)-BP-
DKP-Tyr exhibit no significant variance, neither with tbelvents’ H-bond accepting
nor with H-bond donating properties (blue symbaold-igure 3.2-36a,b). Actually, the
slopes are close to zero in both cases, which mibatghe rate constants for H-atom
transfer for the dyad(S,S)-BP-DKP-Tyr are independent of these parameters.
Accordingly, the stereoselectivity of the tripleAR in (S,R)-BP-DKP-Tyr and(S,S)-
BP-DKP-Tyr, as expressed as the ratio of the rate constamtsslaown in Figure
3.2-36¢,d directly reflects the solvent dependence of the HATS,R)-BP-DKP-Tyr.
The sharp decrease of the H-atom transfer reacti@s for dyadS,R)-BP-DKP-Tyr
in non-protic solvents with hydrogen-bond accepémdencies, and the sharp increase
of the reaction rates in protic solvents with theypdrogen-bond donor ability are the
dominant sources of the solvent dependence onténeoselectivity (Figure 3.2-36¢,d).
These findings are in contrast to results of theneghain congener of the cyclic dyads
where the stereoselectivity of the triplet HAT pess was solely dependent Bf3,",
irrespective of the protic or non-protic characttthe solvents (Chapter 3.2.114.

In conclusion, the behavior of the two cyclic-bredgdyads was studied in 12
different solvents and mixtures. It was shown that ability of the solvent to act as a
hydrogen-bond donor and/or an acceptor plays arortapt role in determining the
hydrogen-atom transfer rate constants only in drikeotwo epimers in this study.

The contrasting solvent dependencies of the H-aramsfer rate constants for
dyad (S,R)-BP-DKP-Tyr in protic and non-protic solvents can be integuleds being
due to fundamentally different H-atom transfer nagbms in the respective solvents.
In favor of this interpretation are the significatthancement of the reaction rates in
protic solvents and the presence of the BRdical anion in an ACN-}D (1:1 v/v)
mixture. In addition, it is important to note thtte intercepts of the single-solvent
parameter regressions in Figure 3.2-36a,b (red)idéfer by more than one order of
magnitude. These values represent the isolated sahent-independent HAT rate
constants, and, thus, they should not vary if theexe only a single common

mechanism of H-atom transfer in protic and nonipreslventd’®
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Moreover, molecular-dynamics simulations and DFBulE*® showed that
conformations with long distances (> 8 A) betwelegirtreactive moieties are the most
favorable ones in solutions (Table 3.2-5 and T&#e6). The H-transfer rates in non-
protic solvents are limited by the accessibilityfrefe, that is, not H-bonded, tyrosine. In
contrast, the kinetic data obtained in protic mddieow a correlation with the H-bond
donor ability of the solvent. Thus, it seems thatihtramolecular HAT reactions, the
solvation of the abstracting species cannot beecég.

Several pieces of evidence favor electron-transfeolving pathways that are
driven by specific H-bonding interactions of thesaton-acceptor with the protic
solvent. An electron-transfer pathway in proticveolts has been observed recently for a
sterically restricted BP-Tyr dydtf? In this structure, the directionality of the
benzamide linker of the dyaadfectively excludes close intramolecular contaStsidies
of the solvent effects on the nanosecond-trangignamics and on the chemically
induced dynamic nuclear polarization (CIDNP), fallng LFP, has shown that in protic
solvents the H-abstraction reaction was initiatgdE **? Similar conclusions have
been drawn from studies of the bimolecular ET betwanisole andBP where
dramatic activating effects of strongly H-bondiravents on the one-electron oxidation
of anisole by’BP show that the reactivity of an electronicallyciéed molecule can be
greatly enhanced by changes in the nature of tversto(Chapter 3.6}

In contrast to the above discussion, neither of rdte-determining effects of
solvation seems to be of importance for the HAThmdyadS,S)-BP-DKP-Tyr which
exhibits little solvent variation in it&y rate constants. The ratio of the highest rate
constantgky, obtained in ACN, and the smallest, determined@ki, was just 2.4 for the
triplet dyad(S,S)-BP-DKP-Tyr. The absence of a marked solvent dependence, which
was observed for all other dyaffs, > "®is a noteworthy finding.

The observation that the triplet state of d¥&dS)-BP-DKP-Tyr was quenched
slightly slower in solvents with higher viscosityhich leads to smaller values of tke
(TFE and benzonitrile, see Table 3.2-3), pointth®importance of the intramolecular
dynamics. The observation of a greatly diminishrguldt reactivity of(S,S)-BP-DKP-
Tyr in highly viscoustert-butanol further corroborates viscosity as anosuwirce of
kinetic diversity. That is, the dynamics of the emilar motions bringing dya(s,S)-

BP-DKP-Tyr to its reactive state appear to be rate detergimnall solvents, which
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implies that the intrinsic HAT reaction rate of tdgad, irrespective of its state of
solvation, markedly exceeds the rates of the inbtecular motions.

In order to check whether molecular dynamics aeerite-determining steps of
the intramolecular HAT of dya(,S)-BP-DKP-Tyr, the rate constant for the formation
of close-contact conformationkyo, was calculated on the basis of the MD-trajectorie
(see Chapter 3.2.2.2.2.2). The resulting good aggae between the thus rate constant
and the experimental value of the intramoleculaatéin rate constant in ACN (see
Table 3.2-3) indicates that intramolecular dynanaies the rate-determining step of the
intramolecular HAT in this case.

As discussed above (Chapter 3.2.2.2.1), DFT cadlonkin a continuum solvent
model suggested the presence of a number of ditfe@nformers ofS,S)-BP-DKP-
Tyr with similar energies. In particular, calculatioms the presence of an ACN
continuum highlighted the competition between afaoner with a short 60 distance
as a probable candidate for the quenching geomettly other, more extended
conformers of similar energy. This situation was fauthe test by molecular-dynamics
simulations. Based on the good agreement betwesrsgm-spin coupling constants
measured by NMR and calculated from MD simulatibR&/ calculations, it can be
concluded that conformational preferences foundMBD simulations are reliable
(Chapter 3.2.2.2.2.3). The simulations show thatfawners which allow for close
contacts between the reacting centers have signfifisteric constraints. While the
energetic differences between all of the side-chaiamers in ACN appear to be rather
small in DTF calculations (< 2.1 kcal/mol, Table2-3), other, intrinsically non-
reactive, structures of dya(s,S)-BP-DKP-Tyr with only one aromatic side chain
folded over the DKP ring are certainly favored acdme evident from MD data
(Figure 3.2-24). Thus, significant intramoleculaamangements have to precede the
reaction and can be even rate determining, as @®dime intrinsic HAT rate exceeds the
rate of formation of the quenching geometry. Tlosdition actually seems to hold for
dyad (S,S)-BP-DKP-Tyr. As stressed before, the long-term dynamics sitons
concerning this dyad indicated the formation ofsel@ontact structures. In particular,
the rate of its formation in an ACN continuum wit, = (3+ 0.1)x 10’ s * (computed
from Eq 3.2-2 to Eq 3.2-4) shows good agreemerit thié observed rate constant of the
HAT in this solvent (see Table 3.2-3).
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In summary, effects of specific solvation as walledfects of the bulk viscosity
were identified as important controls of the intaecular reactivity. In contrast to the
open-chain analogues, the limited intramoleculabifitg imposed by the rigid peptide
environment of the diketopiperazine spacer traaslatto strongly contrasting solvent
effects observed with the individual epimers. Masterestingly the presented
experimental and theoretical results imply that kivestic effects that are imposed by
the solvent and those that are due to the dyadtsteuare correlated with each other
and that they must not be treated separately.
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3.3 Benzophenonemethionine bichromophore systems

In the following sections, the mechanisms of thetphensitized oxidation of the
synthesized model bichromophoric compounds comtginicovalently linked
benzophenone and methionine will be presented ascusted. The investigation
addresses guantitatively the parameters that imfliehe quenching of the triplet state
in these dyads and the quantum vyields of substliatmpearance. The presence of the
covalently bound, electron donating residue affelots lifetime of the triplet state of
benzophenone in a way strongly controlled by theneotivity. So, the diastereomeric
pairs with variations in conformational freedom wetudied by laser flash and steady-
state photolysis. The experimental results haven beerrelated with theoretical
calculations and molecular-dynamics simulationsaddition, special attention was also
paid to issues such as: the effect of chiral-cestafigurations on the diastereo-
selectivity of the quenching process and the imftgeof the solvent on the reactivity of
the compounds. The structures of the investigatedpounds were analogues of the
benzophenone-tyrosine dyads in which tyrosine wefestituted by methionine. In the
first part of the study, the two chromophores wayenectedszia an open-chain peptide
linker. This flexible diastereomer produced, howevenly small stereo effects.
Therefore, in the second part of this work, agamaae rigid linker, namely, DKP was
introduced into the benzophenone-methionine pasr.b&fore in the case of BP-Tyr
dyadsthese DKP-linked BP-Met dyads will in the deling, for abbreviation, be

denoted as “cyclic” dyads.

3.3.1Open chain diastereoisomers

3.3.1.1 Nanosecond flash photolysis: spectral and kineticralysis

The excited-state dynamics (8,S)-BP-Metand(R,S)-BP-Met were studied by
means of nanosecond-laser photolysis in two diffeselvents: ACN and TFE, and one
solvent mixture: ACN-HO (1:1 v/v). The work addressed, in particular, diestereo-
selectivity and the medium effects on methioninele in the triplet quenching. This
stereodifferentiation was investigated through engarison of the reactivities of the
two dyads in the respective solvents. In order twida bimolecular-quenching
processes, that could be observed for these cordppercitation at 266 nm was used

in addition to excitation at 337 nm. The more israbsorption of the compounds at
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266 nm allowed to operate with lower dyad conceiaing, which, in turn, permitted an
exclusive study of the intramolecular processes.

For the bichromophore¢S,S)-BP-Met and (R,S)-BP-Met, in any solvent, the
transient decays of the initial signals were vapid. Triplet lifetimes were obtained
from mono- or biexponential fits to the transieatdys at 630 and 520 nm, respectively
and found to vary from 30 ns to 56 ns (8;S)-BP-Met and from 13 ns to up to 22 ns
for (R,S)-BP-Met depending on the nature of the solvent. In bostesys the triplet
lifetimes of the compounds decreased by a factes tkan two on going from non-
protic to protic solvents. In all cases, the tripdtate was identified as the dominate
intermediate in the early transient spectra throitglcharacteristic absorption bands
with maxima at 325 nm and 525 nm, in addition torag-wavelength absorption above
600 nm (Figure 3.3-1a).
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Figure 3.3-1 Summary of the results obtained dulasgr flash photolysis at 337 nm of a deoxygenated
solution of(S,S)-BP-Metin dry ACN; a) transient absorption spectra: tidedays after flash (from top to
bottom): 30, 60, 100, 150 ns; b) normalized decafilps of the transient absorption monitored af 52
nm (black) and 340 nm (red).

Although the triplet decay was very rapid and, actf shorter than the triplet
decay of the monochromophoric reference compound actor of greater than 100,
the triplet decays of both dyads in ACN were natomepanied by any measurable
spectral evolution (Figure 3.3-1a). In addition,lyosmall differences in the decay
profiles monitored at distinct wavelengths wereestsed (Figure 3.3-1b).

In the case ofR,S)-BP-Met the transient absorption spectrum above 560 nm was
strongly disturbed by a strong emission signal wite maximum at 590 nm (Figure

3.3-2). That emission could be attributed to thrféscence of excited ketyl radicals,
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which was reported to have a maximum at 582.1'finFluorescence of the excited
ketyl radical can, however, only be observed intR® experiments when the ketyl-
radical formation occurs efficiently in the triplgtienching process. Moreover, the
triplet state must be quenched fast enough to fagmificant amounts of ketyl radicals
before the end of the laser pulse, so that enoegh kadicals can become photoexcited
by the laser pulse. (Triplet to doublet energy d4fan is possible, but unlikely

considering the concentrations being used). (Rp8)-BP-Metin ACN it seems to be

possible because the triplet lifetime was meastodx only 22 ns.
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Figure 3.3-2 Emission spectra recorded during ldlsesh photolysis at 337 nm of a deoxygenated
solution of(R,S)-BP-Metin dry ACN.

Surprisingly, fast triplet decay of the dyads ity &CN is not accompanied by
formation of free radical ions, as could have berpected based on the reports of the
bimolecular quenching of the 4-carboxybenzophentimet state by methionine,
where the initial step in the quenching process agssgned to an electron transfer from
the methionine to the triplet stdfe'® However, the short triplet lifetimes of the dyads
(S,S)-BP-Met and (R,S)-BP-Met do not necessarily mean that radical ions were not
formed. It still leaves open the possibility thaetradical ions may escape detection
because of fast deactivation. The two possiblespfmthdeactivating the radical ions are
back electron transfer and secondary reactions l#ed to stable products. The
efficiency of the formation of the stable produetss studied by steady-state irradiation
(Chapter 3.3.1.2).

A totally different situation was observed in thER_experiments of the dyads in
ACN-H,0 (1:1 v/v) and TFE. While the transient absorptpectra of the dyads,S)-
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BP-Met and(R,S)-BP-Met exhibited no spectral evolution in ACN, the copasding
LFP results in protic solvents, on the other haegigaled an obvious spectral change

with time delay (Figure 3.3-3a).
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Figure 3.3-3 Summary of the results obtained dulasgr flash photolysis at 337 nm of a deoxygenated
solution of (S,S)-BP-Metin TFE; a) transient absorption spectra: time yelafter flash (from top to
bottom): 40, 60, 100, 150 ns; b) normalized deaafilps of the transient absorption monitored a 52
nm (black) and 340 nm (red).

The triplet decays of the dyadsere followed by spectral shifts from 325 to 340
nm (not shown), and from 525 to 540 nm. In conttaghe results obtained in ACN,
comparisons of the decay profiles at different vievgths in TFE revealed significant
differences (Figure 3.3-3b). After complete dechthe absorption from the triplet state
(black symbols in Figure 3.3-3b) there is an intedmte which decays on a much
longer timescale than does its parent triplet ggadbols in Figure 3.3-3b). The spectral
evolution, together with the wavelength-dependeaag profiles, points at a fast triplet
guenching leading to ketyl-radical BPfdrmation.

A plausible mechanism for the formation of BPiEl based on the analogy to the
intermolecular reactions of CB and methionine-comitg compounds. Accordingly, a
proton transfer is assumed to occur within anafitiformed charge-transfer complex,

leading to the ketyl radical and arthio-alkyl radical.
3.3.1.2 Steady-state irradiation

Information concerning the mechanism of the quenglof the triplet state of the
BP-Met dyads could also be obtained from steadystaadiations. Steady-state
consumption during irradiation of 2 mM solutions(8fS)-BP-Metand (R,S)-BP-Met
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at 351 nm in ACN with an argon ion laser, was gifi@at by HPLC with UV-detection
(Figure 3.3-4 and Figure 3.3-5).
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Figure 3.3-4 a) HPLC chromatograms recorded aftadiation of(R,S)-BP-Met (2 mM) in ACN (=
351 nm), monitored &ty = 205 nm b) absorption spectra recorded aftediatéon of(R,S)-BP-Met (2
mM) in ACN.

Quantum yields of substrate disappearar®g)( based on the Reinecke’s actinometer,
for (S,S)-BP-Met and (R,S)-BP-Met were found to be equal to 0.082 and 0.052,

respectively.
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Figure 3.3-5 HPLC chromatograms recorded aftediatéion of (S,S)-BP-Met(2 mM) in ACN ¢, = 351
nm), monitored akonir = 205 nm.

Typical HPLC chromatograms showed that (#i@rS)-BP-Mettwo stable products
were formed (Figure 3.3-4) and f(8,S)-BP-Metonly one stable product was detected
(Figure 3.3-5). LFP at 337 nm excitation of the dbain ACN at millimolar
concentrations showed that the intramolecular duegc was efficient for both
compounds (very short triplet lifetimes). Self-qalkimg may not be totally neglible, but

it would only be of minor importance. Since theemaist of this work is focused on the
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intramolecular reactivity of these compounds, sgestdte irradiations were additionally
performed on (S,S)-BP-Met and (R,S)-BP-Met solutions in ACN at lower
concentration (I8 M) and with 254-nm irradiation. As before, the sleatate

consumption of the dyads was quantifisth HPLC with UV-detection and by
monitoring the UV spectra at regular time intervéifsgure 3.3-6). Interestingly, the
resulting spectra show the disappearance of theactesisticre—1t absorption of the

BP chromophore at 250 nm
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Figure 3.3-6 Absorption spectra recorded aftediation at 254 nm in ACN of gR,S)-BP-Met (4.8 x
10° M) and b)(S,S)-BP-Met (5.3 x 10° M); time of irradiation from 0 to 300 s (follow miction of
arrows).

The quantum vyields obtained upon irradiation($fS)-BP-Met and (R,S)-BP-
Met at 254 nm were found to be 0.06 and 0.05, respagtilt can be noted that only
for (S,S)-BP-Met the quantum yields were slightly dependent on ebtration
indicating that the triplet quenching involved immlecular processes in addition to the
main intramolecular quenching pathway. This becaapparent when a 2 mM
concentration of the dyad was used. In the cad® &)-BP-Met, the quantum yields
were not affected by lowering the concentratiomfrb0> to 10° M. So, it is concluded
that intermolecular processes are not taking plad¢ke triplet quenching diR,S)-BP-
Met even at millimolar concentrations. F®R,S)-BP-Met the triplet lifetime was two
times shorter (in ACN) compared to that(8{S)-BP-Met So, the rapid intramolecular
reactions limited completely the possibility forsgloving any bimolecular pathways in
the triplet quenching dR,S)-BP-Met

Overall, the formation of stable products was netyvefficient (ca. 0.05-0.06)
indicating that deactivation of the triplet stafetlwe flexible open-chain BP-Met dyads
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in ACN led to regeneration of the substrate (ca%6 No attempts were made to

identify the stable products at this stage.
3.3.1.3 Theoretical calculations

In order to aid in the interpretation of the larggamolecular reactivity ofR,S)-
BP-Met and (S,S)-BP-Met in the laser-flash photolysis studies presentedvap
theoretical techniques analogous to those use@8Relyr dyads were employed. The
results of DFT calculations and molecular-dynansgosulations of the ground-state
structures and conformations established a quawétgpicture of the conformer
distributions of the dyads and defined the distagis&ributions from the sulfur to the

carbonyl oxygen.
3.3.1.3.1 DFT calculations

The molecular conformations @R,S)-BP-Met and(S,S)-BP-Metin the ground
state were addressed by DFT calculations in the-pbgase. The notation of
conformations used for open-chain BP-Met dyadshalagous to that used previously
where the results for the theoretical calculationgR,S)-BP-Tyr and (S,S)-BP-Tyr
were presented (Chapter 3.2.1.3.1). DFT calculatitPBE1PBE; 6-31+G(d)) were
undertaken for each of the nine combinations of dide-chain conformations of the
Met and BP residues of bo{8,S)-BP-Metand (R,S)-BP-Met in order to access the
relative energies of the molecular conformatioms.the rotamer notation, the first
symbol always corresponds to the methionine si@énch

Table 3.3-1 summarizes the relative energies aadstld distances between the
BP carbonyl and the sulfur from the methioninetf@ nine optimized conformations in
the gas phase for both stereocisomers. Importatitky, low-energy structures were
accessible for various side-chain conformers, #&mdetis no rotational isomer that is

strongly disfavored. The results clearly show macttral preferences.
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Table 3.3-1 Results of the lowest-energy structofethe gas-phase (ground statg BFT calculations
(PBE1PBE; 6-31+G(d) basis set) of the dyésls)-BP-Metand(R,S)-BP-Met

(S,S)-BP-Met (R,S)-BP-Met
Rotamer Distance Relative Distance Relative
d(S-0)/ energy / d(S-0) / energy /
[A] [kcal/mol] [A] [kcal/mol]
g-g- 12.5 2.4 10.8 0.17
g-g+ 5.7 0.65 6.4 1.2
g+g- 12.2 1.9 11.7 0.0
g+g+ 6.4 0.0 13.5 2.1
g-t 45 3.9 8.5 1.8
g+t 4.8 3.4 10.7 2.0
tg- 13.8 3.3 12.2 0.8
tg+ 6.8 1.7 13.4 2.4
tt 12.7 4.7 7.7 0.5

The energies of all nine structures (B;S)-BP-Met and five structures fqS,S)-
BP-Met were found to be in close proximitdl < 2.4 kcal/mol) (Table 3.3-1), where
AE is the difference between the lowest-energy conédion of a particular
stereoisomer and the energy of other conformetbatfsame stereoisomer. This means
that there is no one favorable conformation thalaprevail in solution for either dyad.
The small energy differences between the rotamerscansidered to reflect a high
flexibility of the linkage between the BP and theetMmoieties which cause no
constraints that could limit the motions on theesathains in both dyads. In addition, in
contrast to the BP-Tyr dyads, there is no posgjib stabilize any of the rotamev&a
aromatic-aromatic or hydrogen-bonding interactions. is worth noting that
conformations with similar relative energy corresgado conformations with a wide
spread ofd(S-0) distances from 4.5 A to 13.8 A ¢8,S)-BP-Metand from 6.4 A to
13.5 A for(R,S)-BP-Met

The DFT calculations thus revealed that a varidtgtauctures, differing in their
relative side-chain orientations and( distances should be energetically accessible in

solution.
3.3.1.3.2 Molecular Dynamics

Insight into the dynamics of the two open-chain Bt dyads came through
molecular dynamics calculations, which helped italdsshing the distribution of the
sulfur to carbonyl oxygen distances and in obtgrgoantitative information about the
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populations of the side-chain rotamers of the dygdsund states. Here, the results of
the molecular-dynamics simulations for an impli&iCN solvent model will be
presented. The interconversion between differenlecutar conformations has been
studied by means of long-time molecular-dynamiasusations (implicit-solvent model
for ACN). The conformations of the BP-Met molecutemn be characterized by side-
chain conformations of the Met and BP residuesiriigin of the side-chain dihedral
angle can be found in Chapter 3.2.1.3.1. Since acjueg of the triplet state of the BP
residue by methionine may depend d($—O) between the sulfur atom and the BP
carbonyl oxygen atom, quantitative analysis of thegameter was also performed.
Figure 3.3-7 and Figure 3.3-8 summarize the timeatian of three molecular
parameters (side-chain dihedral angles on the KikB#® sides; characteristic inter-side
chaind(S-O) distance) within a 100-ns simulation for dy#8sS)-BP-Metand(R,S)-
BP-Met, respectively.
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Figure 3.3-7 Long-time molecular-dynamics simulasidor (S,S)-BP-Met (implicit-solvent model for
ACN); a) time variation of the inter-side-chain tdisced(S-O) between the sulfur atom from Met and
the BP carbonyl oxygen atom; b) time variationted Met side-chain dihedral angle; c) time variatidén
the BP side-chain dihedral angle.
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As expected from the DFT results all three rotanfgfsg—, t) of each side chain
were populated during the simulation of both comuisy although with different
probabilities. The Met side chains in both dyadspadll three rotamerg+, g—, t with
almost equal probability (Figure 3.3-7b and FigBu&8b).
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Figure 3.3-8 Long-time molecular-dynamics simulasidor (R,S)-BP-Met (implicit-solvent model for
ACN); a) time variation of the inter-side-chain tdisced(S-O) between the sulfur atom from Met and
the BP carbonyl oxygen atom; b) time variationted Met side-chain dihedral angle; c) time variatidn
the BP side-chain dihedral angle.

The probabilities for the Met side chain(fs,S)-BP-Metto be in the rotameg+, g—, t
states, as calculated from these simulations, vieB8, 0.36, 0.31, respectively.
Analogous values calculated for the Met side cludi(R,S)-BP-Met were 0.31, 0.41,
0.25. It can be concluded from all these numbeas ttie Met side chain has no clear

conformational preferences.
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For the BP side-chain, in contrast, the MD simoladi clearly revealed favorable
conformations. For the BP side-chain ¢8,S)-BP-Met the highest populated
conformation was thg+ rotamer, while theé rotamer, on the other hand, was clearly
disfavored (Figure 3.3-7c). The respective caledgtrobabilities were 0.57 and 0.07.
For (R,S)-BP-Met, the BP side-chain preferably populated the rotagrewhereas the
rotamert was also strongly disfavored as it was(8,S)-BP-Met The respective
calculated probabilities were 0.64 and 0.02. An angnt further result from this
analysis was that the MD-derived populations of Bie side-chain rotamers showed
almost no difference between the open chain BPahg the BP-Met dyads (Chapter
3.2.1.3.2). This indicates that replacement oftylhesine group by a methionine residue
did not affect the dynamics of the benzophenoneeties or the probability of their
forming particular conformations.

As it appears from Figure 3.3-7a and Figure 3.3t8e, dyad(R,S)-BP-Met
adopts less frequently, than does the d&&)-BP-Met conformations with a(S-O)
distance < 10.0 A. This is in agreement with theT@alculations (Table 3.3-1) which
showed that for the nine conformations optimized(R,S)-BP-Met, six of them were
characterized byl(S-O) distances > 10.0 A, whereas f(8,S)-BP-Met only four
conformations had distanceéS—O) larger than 10.0 A.

In addition to the time variation of the inter-sideain distancel(S-O) presented
above, pair-distribution functions of the carbosylfur group distancel(S-O) were

calculated based on the data from the MD simulat{&ingure 3.3-9).
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Figure 3.3-9 Pair-distribution functions of the lwanyl/sulfur group distance(S-O), obtained with
molecular-dynamics simulation in ACN for €§,S)-BP-Met b) (R,S)-BP-Met
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Importantly, the pair-distribution functions showedat both BP-Met dyads were
capable of the formation of rotamers with closetaots between the sulfur atom and
the carbonyl oxygen. SpecificallyS,S)-BP-Met mostly adopts conformations with
d(S-0) between 4 A to 8 A in a quite narrow pair disttion function, wherea@®,S)-

BP-Met greatly enhances conformations wits—0O) > 10 A and displays, in fact, two

distinct maxima near 6 A and 11 A, with the latleminating.
3.3.1.4 Discussion

Very fast intermolecular BP and CB triplet quenchiras been reported to occur
by thioether quenchers, as well as by the amind m&thionine containing this sulfide
functional group? ' 102 1% The primary photochemical step in these reactions
involves an electron transfer from the sulfur atnthe triplet state of the carbonyl.
This was suggested by the large values of the duegpcate constants and confirmed
by direct observation of various electron-transfeermediate$ % 192 18| this
current thesis the analysis of intramolecular étigjuenching irde-novosynthesized
benzophenone-methionine pairs was addressed.thoigyht to be a step towards the
study of photo-initiated electron transport in cdexppeptides. The open-chain BP-Met
pair with variations in stereochemistry was studied laser flash and steady-state
photolysis, correlated with molecular-dynamics detions and DFT calculations.

First of all, both of the investigated compoundsvedd high efficiency of the
triplet excited state quenching. For the bichronwph(S,S)-BP-Metand (R,S)-BP-
Met the BP-triplet decays were shorter by a factogrefater than 100 relative to the
triplet decays of the monochromophoric referencenmaound not containing the
methionine moiety. Interestingly, quenching in A@kbceeded for both compounds
without net-formation of any ionic species. In fdetk of any observable intermediates
at all makes the interpretation of the mechanisfincdit. However, based on the short
triplet lifetimes and by analogy to the data oremntolecular triplet-state quenching by
compounds containing a methionine group, it seezasanable to assume, though, that
intramolecular electron transfer from the sulfupratto the triplet state of the BP is,
nevertheless, the primary photochemical step. Téedy-state irradiations showed that
secondary reactions which could lead to stable ymsdoccurred only with relatively
low efficiency of 5 — 6 %. So, it appears that setary reactions are not competitive

with fast back electron transfer.
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The high flexibility of the linkage between BP ahtt is expressed in the finite
formation probabilities of conformations with closmntact between the reactive
moieties. These probabilities were computed from &iDulations. Thus, the observed
significant intramolecular reactivity withirfS,S)-BP-Met and (R,S)-BP-Met is in
accord with a quenching mechanism which is depegnaieiclose contact of the BP and
Met residues. Along this line, Horner recently daded that efficient intramolecular
BP triplet quenching by thioethers in the absentevater appears to be entirely
controlled by the probability of close contactsvitn the reacting sub-units, i.e., by
the flexibility of the molecul&®? In support of this conclusion, he convincingly wed
that any long-distance electron transfer througitspe.g., in a BP-Met dyad connected
via a rigid amide bond, is not effectit?

Solvent effects on the reactivity of tlf{&,S)-BP-Met and (R,S)-BP-Met were
suppressed by yet another factor influencing tletréty, namely, the geometry of the
compounds which, due to high conformational freedomas favorable for fast
intramolecular reaction. It can be noted that theldt lifetimes of both compounds
were decreased by a factor less than two on gwoorg hon-protic to protic solvents.
This suggests that, in the case of open-chain BPdyiads, it is a structural factor that
contributes the most to the rate constants of tleching process. On the other hand,
protic solvents, e.g TFE, influenced the evolutidrihe transient absorption spectra. In
contrast to experiments performed in ACN, the ¢étiglecay in TFE was accompanied
by ketyl radical BPHformation. The mechanism of the formation of thigcies may
be proposed based on the analogy to the intermale®actions of CB and methionine-
containing compounds. After the electron transfep shat leads to an initial radical-ion
pair complex, a proton transfer is assumed to oadtlnin this complex leading to ketyl
radical and ano-thio-alkyl radical. It seems that in protic sol¥grthis secondary
reaction competes with back electron transfer nefreiently than in ACN.

The high flexibility of the peptide linker ifS,S)-BP-Met and (R,S)-BP-Met
blurs also the chiral discrimination in the triptgienching. The stereoselectivity of the
open-chain BP-Met expressed as the ratio of tpeetriifetimes was found to vary only
from 2.3 in TFE to 2.5 in ACN.

So, in order to get deeper insight into the refetiop between the kinetic

phenomenology and molecular structure, the confoomal freedom of the BP-Met
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dyads was diminished by introducing a rigid linkbKP. The results for the rigid pair
of the BP-Met dyads will be presented in the follogvsubchapter.

3.3.2Rigidly linked “cyclic” diastereocisomers

3.3.2.1 Nanosecond flash photolysis: spectral and kineticralysis

Nanosecond-laser photolysis was carried out toachareize the excited-state
dynamics of thgS,S)-BP-DKP-Met and (S,R)-BP-DKP-Met dyads and to establish
the structural conditions that maximize the efinag of the intramolecular reactivity of
the triplet states. This work addressed, in padicuthe effect of chiral-center
configurations on the diastereo-selectivity of th@let-state quenching by the
methionine residue. It was accomplished througbraparison of the reactivities of the
above pair of the cyclic diastereoisomers.

LFP of the (S,S)-BP-DKP-Met dyad was performed only in ACN at a
concentration of X 10> M and with excitation only at 266 nm. The low daility of
the compound limited the possibility of measurihg transient absorption spectra of
(S,S)-BP-DKP-Metat higher concentrations and/or with 337 nm or B&bexcitation.
LFP of (S,R)-BP-DKP-Met, on the other handiould be carried out at two different
concentrations: % 10°M and 1x 102 M with excitation at 266 nm and 337 nm,
respectively. In contrast to the data obtainedtlier open-chain BP-Met dyads which
showed only small stereo effects, the quenchinthetriplet state of the cyclic BP-Met
dyads revealed significant chiral discriminatiomeTeffect of a change in the chirality
of one stereocenter on the reactivity is illusdabg the comparison of the transient
absorption spectra and decay profiles observeddimtions of(S,S)-BP-DKP-Metand
(S,R)-BP-DKP-Met in ACN (Figure 3.3-10 and Figure 3.3-12). Firstatif in contrast
to the results obtained for open-chain BP-Met dy#us spectra obtained f(8,S)-BP-
DKP-Met could not be assigned to the triplet state unaoduigly. Even at short times
after the laser pulse, e.g. after 22 ns, the teabsibsorption spectra contained already a
significant contribution from ketyl radicals (FiguB.3-10a).
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Figure 3.3-10 Summary of the results obtained duldser flash photolysis at 266 nm of a deoxygehate
solution of(S,S)-BP-DKP-Metin dry ACN; a) transient absorption spectra: tinedagts after flash (from
top to bottom): 22, 40, 50, 80 ns; b) decay prefité the transient absorption monitored at 520 nm
(black); the solid red line represents a biexpaaéfit to the decay curve; numbers represent thiele
obtained from the fit.

The presence of the ketyl radical was identifiedigh its characteristic spectrum
with maxima at 340 nm and 540 nm.

Spectral resolution techniques were used in ordeunravel the nature of the
intermediates in the excited-state processeqdS8)-BP-DKP-Met Although the
presence of the triplet state was not obvious ftbm transient absorption spectra,
resolution into spectral components revealed tlesgirce of the triplet state at the short
delay times. To simulate the experimental data tiiadinely, three components were
needed: the triplet statBP, the ketyl radical BPHand the benzophenone radical anion
BP'~ (Figure 3.3-11a). It is worth noting that the ceniration of BP was found to be
very small< 0.4 uM, so any unambiguous conclusion concerning thegmree and the
mechanism of the formation of BRcannot be made. The triplet concentration,
actinometrically determined, was 7. The maximum concentration of the ketyl
radical was determined to be 4iK1. This value was obtained from fitting the BPH
concentration profile to a function which takesiaccount the growth and the decay of
the species (Eq 3.2-1). The quantum yield of ketglical formation was calculated to
be 0.6. The uncertainty of this figure, obtaineahirthe concentration profile, is quite

large due its rapid decay and is estimated t6 O4..
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Figure 3.3-11 a) Resolutions of transient absonpsipectra taken 28 ns after 266 nm laser pulsimgJb
of a solution of(S,S)-BP-DKP-Metin ACN; b) concentration profiles for the tripldate obtained from
the resolution of the transient absorption speatrs,S)-BP-DKP-Metin ACN. The symbols represent:
o for the triplet statéBP, o for the ketyl radical BPH ¢ for the BP radical anion BPand * for the
experimental data; solid curves in a) and b) aeerdisulting fits from the regression analyses nilnaber
represents the value obtained from the fit.

While the transient spectrum obtained frg8S)-BP-DKP-Met in pure ACN
carries significant contributions from a ketyl reali already after 22 ns, the spectrum
obtained from(S,R)-BP-DKP-Met after 500 ns still largely resembles the original
triplet spectrum (Figure 3.3-12a). Actually, in ttese of the latter, hardly any evolution
of further transient absorption spectra was nokitheside the triplet absorption decay
(Figure 3.3-12a). However, the normalized speatmanf(S,R)-BP-DKP-Met obtained
70 ns and 500 ns after the flash did not overlagufeé 3.3-13), which would be

expected if no additional intermediates were formed
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Figure 3.3-12 Summary of the results obtained duldser flash photolysis at 266 nm of a deoxygehate
solution of(S,R)-BP-DKP-Metin dry ACN; a) transient absorption spectra: tinetagls after flash (from
top to bottom): 70, 150, 500, 800 ns; b) normalideday profiles of the transient absorption mondaae
520 nm (green) and 340 nm (black).
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Further evidence for the formation of intermediateshe quenching process of
(S,R)-BP-DKP-Metin ACN came from a kinetic treatment of the transidecays. The
kinetic traces at 340 nm and 520 nm did not comeuith each other (Figure 3.3-12b).
The kinetic trace at 520 nm (green symbols in BdiB-12b) decays faster, than that at
340 nm (black symbols in Figure 3.3-12b), but tespective decay components of
these traces are not significantly different. Thaplains why, at first sight, it was
difficult to see spectral evolution in the trangiabsorption spectra. Comparison of both
kinetic traces (340 nm and 520 nm) and the normdlizansient absorption spectra
speaks, however, clearly in favor of the formatainan intermediate after the triplet
decay, which due to its maximum absorption at 3d0aan be assigned to the ketyl

radical.
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Figure 3.3-13 Normalized transient absorption gjpegbtained during laser flash photolysis at 266 nm
of a deoxygenated solution (8,R)-BP-DKP-Metin dry ACN; time delays after flash: 70 ns — (black
500 ns — (green).

The chiral effects on the intramolecular tripleteqahing of the pair of
diastereoisomers are reflected also in the trigietimes, which exhibited remarkable
differences. The triplet lifetime of th&,S)-BP-DKP-Metdyad in ACN, obtained from
a biexponential fit to the transient decay at 5&0under assumption that the decay of
the fast component can be attributed to the triplate (Figure 3.3-10b), was found to
be only 21 ns. This value was cross-checked by eosgn with the rate constant
obtained from a mono-exponential fit to the triptencentration-time profile resulting
from the spectral resolutions (Figure 3.3-11b).wis, within experimental error,

identical with the triplet-decay rate obtained fréne kinetic decays at 520 nm. The
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very short triplet lifetime is taken as evidence the intramolecular nature of the
guenching process.

On the other hand, triplet lifetimes obtained framno- or biexponential fits to
the transient decays at 630 and 520 nm, respegtificel dyad(S,R)-BP-DKP-Met in
ACN show a concentration dependent triplet decdne ffiplet lifetimes were found to
be 230 ns and 330 ns for the concentrations>ofL@™* M and 2x 10 M, respectively.
This behavior is due to a bimolecular self quenghgrocess involving unexcited dyads.
From the two sets of data points that were colte¢beom 337 nm excitation and 266
nm excitation) in ACN, the self-quenching rate dans for the dyadS,R)-BP-DKP-
Met was estimated to bkso = (1.3 + 1.0) x 1® M™ s™. This value is in good
agreement with the rate constant for the bimoleay@nching of the triplet state of CB
by methioniné'® Such a large self-quenching rate constant in attiore with the
relatively low intramolecular reactivity dfS,R)-BP-DKP-Met, implies that even at a
concentration of % 10° M, self-quenching processes cannot be neglected.

It is worth noting that the triplet lifetimes ofeéhltwo diastereoisome(§,R)-BP-
DKP-Met and(S,S)-BP-DKP-Met measured for the same concentratior (D> M),
differed by a factor of 15 in ACN. As in the caddtee cyclic BP-Tyr dyads, the change
in the configuration at a single chiral center Ine tcyclic BP-Met dyads produced a
marked stereoselectivity, indicating that there @s® special structural constraints on
the triplet-state quenching by the methionine nesid

Based on the efficient formation of the ketyl radim the LFP of S,S)-BP-DKP-
Met, it can be concluded that the triplet decay ofdbmpound in which both reactive
moieties, BP and Met, occupy the same side of tiE Bng can actually be attributed
to an efficient H-atom transfer reaction. The medsia of the reaction, as in the case of
the open-chain BP-Met dyads, may be proposed basedhe analogy to the
intermolecular reactions of triplet CB with methilo&-containing compounds. After an
electron-transfer step, leading to an initial rathion pair complex, a proton transfer is
assumed to occur within this complex, leading tketyl radical and am-thio-alkyl
radical. It seems that this secondary reactionishhmore efficient fo(S,S)-BP-DKP-
Met than in the case of the open-chain BP-Met dyadgrevthe ketyl radical was not
observed in the transient absorption spectra in ARNther evidence for the proposed
mechanism will be presented based on the resuliseoéfficiency of the formation of

the stable products and an analysis of their stracdtudied after steady-state irradiation
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(Chapter 3.3.2.2). Due to favorable geometry farammolecular reactivity, the triplet
lifetime of the dyadS,S)-BP-DKP-Metwas very short; too short, in fact, to allow any
study of the solvent effect on the reactivity foistdiastereomer.

In the case ofS,R)-BP-DKP-Met, on the other hand, a solvent-effect study on
the triplet quenching was possible because ofdlatively much longer triplet lifetime
in ACN. The LFP results ofS,R)-BP-DKP-Met in TFE as solvent were, however,
totally different than those observed in ACN. Fiddt all, the triplet lifetime was
reduced by a factor of 10 (green symbols in FigBr@-14b vs Figure 3.3-12b).
Analogous changes on going from ACN to TFE weresoled for the triplet lifetimes
of (S,R)-BP-DKP-Tyr. In addition, the triplet decays ¢%,R)-BP-DKP-Met in TFE

were connected with the formation of ketyl radiqidgyure 3.3-14a).
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Figure 3.3-14 Summary of the results obtained duldser flash photolysis at 266 nm of a deoxygehate
solution of(S,R)-BP-DKP-Met in dry TFE; a) transient absorption spectra: tiratags after flash (from
top to bottom): 60, 120, 200, 500 ns; b) normalideday profiles of the transient absorption moeidoat
520 nm (green) and 340 nm (black).

The results showed that the dy&JR)-BP-DKP-Met, which has the benzophenone and
methionine moieties on opposite sides of the DKB,rcan also undergo intramolecular
hydrogen-atom transfer. This dyad is another exammpbwing that the reactivity of an

electronically excited molecule can be greatly exwed by changes in the nature of the

solvent.

3.3.2.2 Steady-state irradiation

Mechanistic information concerning quenching of thplet states ofS,S)-BP-
DKP-Met and (S,R)-BP-DKP-Met could also be obtained from steady-state
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irradiations and product analyses. Steady-staseliations were conducted for 4.75 x
10" M deoxygenated acetonitrile solutions(8fS)-BP-DKP-Metand(S,R)-BP-DKP-
Met with a low-pressure mercury lamp (254 nm). Conegiuns in the range of TOM
were chosen due to low solubility (8,S)-BP-DKP-Met and also in order to limit the
intermolecular quenching pathway wii®,R)-BP-DKP-Met which was shown to occur
in the LFP experiments in ACN. The course of thactiens was followed by HPLC
analyses (Figure 3.3-15). In both cases, as thetioeaproceeded, a new peak
progressively emerged in the HPLC profile at thpemse of the substrate. Based on
Figure 3.3-15, it can be noted thg,S)-BP-DKP-Met disappeared faster than its
diastereoisomefS,R)-BP-DKP-Met Quantum yields of substrate disappearamgg) (
for (S,S)-BP-DKP-Met and (S,R)-BP-DKP-Met were found to be 0.35 and 0.18,

respectively.
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Figure 3.3-15 HPLC chromatograms recorded aftadiation of a)S,S)-BP-DKP-Met(4.75 x 10° M);
b) (S,R)-BP-DKP-Met (4.75 x 10° M) in ACN (%, = 254 nm), monitored at,oni; = 210 nm.

The quantum yields of substrate disappearanceheoDKP-based BP-Met dyads
were found to be much larger than the respectigesameasured for their open-chain
analogues. Although the triplet lifetimes @&,S)-BP-DKP-Metand (R,S)-BP-Met in
ACN obtained from LFP were very short and similaa.(20 ns), the steady-state
experiments showed a distinctly different pictuféwus the triplet quenching of the
open-chain dyad, despite being a quantitative mxaesulted in an only 5 % depletion
of the dyad and, therefore, seems to be mostlyta.about 95 %, a reversible process.
The triplet-state quenching process [6rS)-BP-DKP-Met on the other hand, led to a
dyad depletion of about 35 % and thus showed a rhigtter degree of irreversibility.
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The steady-state consumption of the two DKP-basgtlslin ACN was also
monitored by measuring the entire UV spectra atileegime intervals (Figure 3.3-16).
The resulting UV spectra showed disappearance efatbsorption band at 258 nm
which is characteristic for the—>n transition of the benzophenone chromophore. This
indicates the absence of this moiety in the pradwdtthe irradiations ofS,S)-BP-
DKP-Met and(S,R)-BP-DKP-Met.
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Figure 3.3-16 Absorption spectra recorded afteadiation at 254 nm in ACN &S,S)-BP-DKP-Met
(4.75 x 10° M), b) (S,R)-BP-DKP-Met (4.75 x 10° M); time of irradiation from a) 0 to 40 s b) 0160
s (follow direction of arrows).

To aid in the understanding of the mechanism ofamblecular triplet-state
guenching by the methionine residue in the cyclikiPEbased BP-Met dyads, it was of
interest to identify the structure of the photoprctd. In order to isolate products of the
photoreaction of(S,S)-BP-DKP-Met as example, irradiations were carried out in a
photoreactor on a preparative scale with 4.75 X WDsolutions. The apparatus allowed
for irradiating 50 ml of S,S)-BP-DKP-Metsolution at one time, and the procedure was
repeated 30 times. The time of the irradiation wlassen so as not to decompose the
entire substrate. After the irradiations, the sohg were concentrated by evaporating
the solvent, and, subsequently, the products veaiated by thin-layer chromatograpy
(TLC). Actually, the reaction led to one major phymtoduct, and a second product
formed with significantly lower quantum vyields. Eugr analyses were performed only

on the main photoproduct.
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This photoproduct was separately analyzed by UV/¥fiass spectrometry, and
NMR techniques. Based on the collected data, acciattiary alcohol can be proposed
as the structure of this product frof®,S)-BP-DKP-Met (Figure 3.3-17). The

stereochemistry of this photoproduct was not detegthat this stage.

Figure 3.3-17 Proposed chemical structure of tielyet of the photoreaction of t(8,S)-BP-DKP-Met

The UV spectrum of the product is consistent witte treduction of the
benzophenone chromophore, since the typical absorgband at 258 nm has

disappeared (Figure 3.3-18).
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Figure 3.3-18 Absorption spectra of the photoproafithe irradiation ofS,S)-BP-DKP-Metin ACN (6
x 10° M).

Next, the mass spectrum of the product was recootedn Intectra AMD 402
Mass Spectrometer (Figure 3.3-19). A high resofuid-MS analysis of the product
showed a molecular ion at m/z = 382.13581, whichresponds to an atomic
composition of GH2N,03S (calculated 382.13510). Mass spectrometry data
confirmed thathe product and the starting compound are isoniérs.major peaks at
196.2, 187.1, 224.1 and 308.2 are assigned tadigenents of the molecules presented
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in red at the top of the MS spectrum (Figure 3.R-High resolution EI-MS analysis of
the base peak (m/z = 196.2) confirmed its propagediic composition of GH;,0

(mass obtained: 196.08837, mass calculated: 1982)8B addition, very similar peaks
were recognized in the MS spectra of the substaaté the product which can be
understood if the fragmentation pathway is conmeetéh the cleavage of the bond
which is formed during the irradiation (8,S)-BP-DKP-Met namely, that between the

carbonyl carbon and the carb@rCHs, adjacent to the sulfur.
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Figure 3.3-19 MS spectrum of the photoproduct ef ithadiation of(S,S)-BP-DKP-Metin ACN (6 x
10" M); in the top of the figure proposition of thesagment of the peaks in the MS spectrum to the
fragments of molecules (red).

The 300 MHz NMR spectra of the substrate and tloelymt were recorded in
DMSO. It is evident that the characteristic sigagb = 2.1 ppm for the methionine
residuea-CH; (carbon adjacent to sulfur) in the spectrum(8fS)-BP-DKP-Met is

missing in the NMR spectra of the product.
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3.3.2.3 Theoretical calculations

In the light of the results from the time-resolvad steady-state studies on the
cyclic BP-Met dyads, it is clear that the origintbé observed differences in the triplet
lifetimes between the diastereoisomers should heglgofrom the conformational
preferences and differences in the distance digtabs from the sulfur to the carbonyl
oxygen. In order to gain an understanding of thenggrical requirements underpinning
the observed differences in the reactivity of the pf diastereoisomers, extensive DFT
calculations and MD simulations ¢8,S)-BP-DKP-Metand(S,R)-BP-DKP-Met were
performed, and the relevant results are presenttéeifollowing.

3.3.2.3.1 DFT calculations

To give an explanation for the observed stereadiffeation in the triplet
quenching of (S,S)-BP-DKP-Met and (S,R)-BP-DKP-Met, the molecular
conformations of the ground state were studied By Balculations. The notation of
conformations used for cyclic BP-Met dyads is agaics to that used previously where
the results for the theoretical calculations on BiBed BP-Tyr dyads were presented
(Chapter 3.2.2.2). To examine the preferred con&ions of the dyads, nine minimum
energy structures with different combinations of gide-chain conformations of the
Met and BP residues for bot{5,S)-BP-DKP-Met and (S,R)-BP-DKP-Met were
calculated at the level of PBE1PBE; 6-31+G(d). e trotamer notation, the first
symbol always corresponds to the methionine sidenciThe relative energies and the
S-0 distances between the BP carbonyl oxygen anthéthionine sulfur for rotamers,
having local-energy minima, are summarized in Téh®2 for §,S)-BP-DKP-Met
and(S,R)-BP-DKP-Met in the gas phase.

The calculations revealed that the low-energy sines were accessible for
different side-chain conformations (Table 3.3-B)cbntrast to the cyclic BP-Tyr dyads,
energetic differences between rotamers in the cy@R-Met dyads were found to be
less pronounced. For example, in {8S)-BP-DKP-Tyr dyads, the structure with the
second to lowest energy had an energy already high&.2 kcal/mol (Table 3.2-4)
than the low-energy configuraton while, in the ca$¢S,S)-BP-DKP-Met there are

five structures within less thahE < 2.2 kcal/mol (Table 3.3-2) of the lowest energy
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structure AE is defined as the difference in energy betweenhdha given structure and

the energy of the lowest-energy structure for @gigiastereomer).

Table 3.3-2 Results of the lowest-energy structimethe gas-phase (ground statg BFT calculations
(PBE1PBE; 6-31+G(d) basis set)(&,S)-BP-DKP-Metand(S,R)-BP-DKP-Met.

(S,S)-BP-DKP-Met (S,R)-BP-DKP-Met

Rotamer Di Relative : Relative

istance energy / Distance energy /

dS-O) /Al camon S OVIAl  calmol
F-F 4.8 4.2 10.1 3.1
F-En 8.5 1.2 8.7 0.0
En-F 5.6 0.0 55 1.8
En—En 12.5 0.9 12.5 0.9
F-Eo 10.2 5.3 9.8 5.2
Exn—Eo 11.8 3.7 11.7 4.4
Eo—F 6.6 1.9 7.1 2.2
Eo-En 11.5 2.2 8.0 3.7
Eo-Eo 11.1 4.8 10.6 4.9

The strongly favorablé—F structure of(S,S)-BP-DKP-Tyr, wherein the side chains
are folded simultaneously across the ring, cantébkilzed additionallyia aromatic-
aromatic and hydrogen bonding interactions. Thie tgf stabilization cannot occur in
the cyclic BP-Met dyads which may explain why thare several different side-chain
rotamers that were found to have similar energgucBires with slightly higher energy
(AE > 3.5 kcal/mol) for both cyclic BP-Met dyads wehmse with the BP side chain
extended to oxyger~Eo, EN—Eo, Eo—Eo) and also rotamens—F, Eo—Eo, meaning
that these structures are less populated. The coafmns with similar relative energy
(AE < 2.0 kcal/mol) correspond to structures with a@evspread ofi(S-O) distances
from 5.6 A to 12.5 A for(S,S)-BP-DKP-Metand from 5.5 A to 12.5 A fofS,R)-BP-
DKP-Met. Although the spread af(S—O) distances seems to be similar for both cyclic
BP-Met dyads, the MD simulations, as shown belavealed significant differences
between the (S,S)-BP-DKP-Met and (S,R)-BP-DKP-Met (Chapter 3.3.2.3.2)
concerning the probabilities of adopting structugth smallerd(S-O) distance.
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3.3.2.3.2 Molecular Dynamics

The goals of the MD simulations of the DKP-based-NB& dyads were to
establish the distribution of the sulfur to carbloayygen distances and to see how the
change of a single chiral center changes the pbpuotaof the side-chains rotamers.
The definition of the side-chain dihedral angle tenfound in Chapter 3.2.1.3.1. The
conformational space ¢5,S)-BP-DKP-Metand(S,R)-BP-DKP-Met was sampled by
means of long-time MD simulations in an ACN implicsolvent model. Since
qguenching of the triplet state of the BP residuentgthionine may depend on the
distance between the sulfur atom and the BP caftborygen atom,d(S-O), a
quantitative analysis of this parameter was peréarniigure 3.3-20 and Figure 3.3-21
summarize the time variation of three moleculalap@aters (side-chain dihedral angles
on the Met and BP sides; characteristic inter-sidain d(S-O) distance) within two
100-ns simulations, one simulation for each of tyads (S,S)-BP-DKP-Met and
(S,R)-BP-DKP-Met, respectively. The red horizontal dashed linescaté the “close-

contact’d(S-O) distance.
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d (S-0) / A

side-chain dihedral angle

t/ ns

Figure 3.3-20 Long-time molecular-dynamics simwalasi for (S,S)-BP-DKP-Met (implicit-solvent
model for ACN); a) time variation of the inter-sidbain distancel(S-O) between the sulfur atom from

Met and the BP carbonyl oxygen atom; b) time vamabf the Met side-chain dihedral angle; c) time
variation of the BP side-chain dihedral angle.

In agreement with the DFT results, mainly threeamoérs Eo, En F) of the
methionine and only two rotamer&y F) of the benzophenone side chain are
populated. The probabilities for the populationttug most likely conformations of the
DKP-based BP-Met dyads are larger than those fer dpen-chain analogues.
Especially the conformational preferences of thesi&fe chain of both dyads are well
defined, meaning that the probabilities for the ttikely conformations are large.
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Figure 3.3-21 Long-time molecular-dynamics simwalasi for (S,R)-BP-DKP-Met (implicit-solvent
model for ACN); a) time variation of the inter-sidbain distancel(S-O) between the sulfur atom from
Met and the BP carbonyl oxygen atom; b) time vamabf the Met side-chain dihedral angle; c) time
variation of the BP side-chain dihedral angle.

The total probabilities for the BP side chain (&,S)-BP-DKP-Met and (S,R)-BP-
DKP-Met to be in theF structure were found to be 0.85 and 0.79, respagti\From
the analysis of the data presented in Figure 3t8e28nd Figure 3.3-21b,c, it can be
seen that there are two most preferable configuratior both dyads, namely—F and
F-F. The probabilities of the dyadS,S)-BP-DKP-Metand(S,R)-BP-DKP-Met to be

in one of these two conformations was 78 % and 72e%pectively (Table 3.2-6). A
comparison of the DFT calculated order of the raesm(Table 3.3-2) with the MD-
calculated probabilities of the side-chain rotampepulation (Table 3.3-3) reveals that
the MD simulations predict a higher populationFef than would be expected from
the DFT results.
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Table 3.3-3 Summary of the side-chain rotamer jpiobabilities of(S,S)-BP-DKP-Metand(S,R)-BP-
DKP-Met computed from the molecular-dynamics simulationgp(icit ACN model).

Conformation Joint probability
(S,S)-BP-DKP-Met  (S,R)-BP-DKP-Met
F-F 0.31 0.23
En-F 0.47 0.49
F-En 0.07 0.07
En—En 0.02 0.12
Eo-F 0.07 0.07

It is important to note that the-F structure of(S,S)-BP-DKP-Met corresponds to a
conformation of the side chains wherein both meg{BP, Met) are back folded across

the DKP ring at the same time (Figure 3.3-22a).

b) F-E

Figure 3.3-22 Two types of the most populated conétions found in long time MD simulations
(implicit-solvent model for ACN) for a)S,S)-BP-DKP-Met and b) (S,R)-BP-DKP-Met;, numbers
denote the SO distance il; Yellow: sulfur; red: oxygen; dark blue: nitrogen.
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As can be seen, tle-F structure ofS,S)-BP-DKP-Metallows for close contact of the
sulfur and carbonyl oxygen. On the other hand, aahe type of conformatioifr—F,
for (S,R)-BP-DKP-Met corresponds to a structure, with a long inter-sldain SO
distance (Figure 3.3-22b). It is worth noting thabther type of conformation, namely
En—F, also gives different-8D distances for both dyads,S)-BP-DKP-Metand(S,R)-
BP-DKP-Met (Figure 3.3-22a,b).

Based on the MD simulations, pair-distribution ftioos were calculated for the
carbonyl/sulfur distancd(S-O) (Figure 3.3-23). While the populations of thetjcalar
conformations were found to be quite similar, tlarqdistribution functions revealed
very important differences between this pair oktkeeoisomers. The sampling(&f,S)-
BP-DKP-Met in an implicit model of acetonitrile solution gagequite narrow pair-
distribution function with a maximum at a distand-0) = 5 A. The situation is
different for the(S,R)-BP-DKP-Met for which the pair-distribution function of the
carbonyl/sulfur distancd(S-O) not only is much wider compared to the one(85)-

BP-DKP-Met but exhibits even another noticeable maximum atiah0.6 A.

a) b)
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Figure 3.3-23 Pair-distribution functions of therlmanyl/sulfur group distancd(S-O), obtained with
molecular-dynamics simulation in ACN for €§,S)-BP-DKP-Met b) (S,R)-BP-DKP-Met.

The most important observation based on the patridution functions is that,
although both dyads were capable of forming rotanweith relatively close-contact
between the sulfur and carbonyl oxygen, the prdibaloif d(S-O) to be less than 54
(vertical dashed lines in Figure 3.3-23) was cai®d to be only 0.09 fdfS,R)-BP-
DKP-Met, while the analogous value f(8,S)-BP-DKP-Metwas 0.42. That may give
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an explanation for the observed stereodifferemtiatn the triplet quenching d5,R)-
BP-DKP-Met and(S,S)-BP-DKP-Met

3.3.2.4 Discussion

Intramolecular excited triplet-state quenching imastereomeric compounds
composed of a benzophenone chromophore and a migghimoiety were investigated
by laser flash photolysis and steady-state irramhatin order to gather information
about chiral discrimination in the primary step,veal as in the overall photoprocess.
Moreover, Moretteet al. have recently reported data on an efficient intlaeular side-
chain to side-chain macrocyclization reaction betnvBP and Met residues in a helical
heptapeptid€®@ This type of photocyclization reaction is beintgimsively investigated
because it is a useful method for achieving staddilbn of specific conformations of the
peptide and improving resistance toward proteolgtigradatiof®>*%¥ Thus it was of
interest to check if this type of intramoleculadesichain to side-chain ring formation
can occur in the already quite rigid structure &fkP-based BP-Met.

As expected, introduction of a rigid linker betwetee reactive moieties became
manifested in a significant chiral discriminatiohtbe triplet-state quenching between
the (S,R)-BP-DKP-Met and (S,S)-BP-DKP-Met pair of diastereoisomers. It is noted,
that stereoselectivity, expressed as the ratio o triplet lifetimes for the
diastereoisomers measured in ACN, was found tobhevthereas triplet lifetimes of the
flexible open-chain BP-Met dyads differed only byaator 2.5. As the benzophenone
moiety is covalently linked to the methionine, thereodifferentiation must be the
result of the steric hindrance introduced by thggdrispacer with respect to a close
approach between the two active moieties. The ikéigctrend was rationalized by MD
simulations that showed a marked difference betweese two stereocisomers in regard
to their probabilities of forming rotamers with agVely close contact between the
sulfur and carbonyl oxygen. The much higher proigbof forming a close contact
distanced(S-0), found for(S,S)-BP-DKP-Met coincides, indeed, with a faster triplet
state quenching.

Based on the analogy to the data on intermoleduiplet-state quenching of
benzophenones by compounds containing a methiogrioep, it was assumed that
intramolecular electron transfer from the sulfusratto the triplet state of the BP is the

primary photochemical step in the triplet-state rqpeng of both diastereoisomers.
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Decay of the initial charge-transfer complex mayoime (1) back electron transfer and
(2) proton transfer within the complex. Reactiorttud BP ketyl radical and anthio-
alkyl radical may subsequently lead to stable pctglwr the system may revert to the
starting materials. The contributions of differeleicay pathways were studied by LFP
and steady-state irradiations. Importantly, thecspen obtained forS,S)-BP-DKP-
Met in pure ACN carries significant contributions fraanketyl radical. Based on the
spectral resolution technique, it was shown that guantum yield of ketyl-radical
formation is® =~ 0.6 (Scheme 3.3-1). Quenching of the triplet stditéS,S)-BP-DKP-
Met can thus be attributed to a fairly efficient imraecular H-atom transfer reaction.

On the other hand, the transient absorption spectréS,R)-BP-DKP-Met
showed basically just the benzophenone tripleesttisorption and only a weak
absorption that could be assigned to ketyl radic@lgs points to an efficient back
electron transfer and/or to a short lifetime of kie¢yl radical, either or both of which do
not allow the ketyl radical to accumulate.

Further mechanistic information concerning thelétystate quenching fq(S,S)-
BP-DKP-Met and(S,R)-BP-DKP-Met was obtained from steady-state irradiations and
product analyses. In addition, as outlined abovemfrthe LFP studies, the
diastereodifferentiation in the quenching of theci®d triplet benzophenone
chromophore by methionine was inferred to be sigaiit for (S,R)-BP-DKP-Met and
(S,S)-BP-DKP-Met So, it was also important to check whether a lami
diastereodifferentiation is observed in the ovepalbtoreaction quantum yield&s,S)-
BP-DKP-Met and BP-DKP-Met-(R,S) were the only compounds, among the ones
investigated in this thesis, for which the tripdé#ite quenching process showed a high
degree of irreversibility. A higher quantum yieltlsubstrate disappearancg € 0.35)
was measured fofS,S)-BP-DKP-Met for which also a faster triplet quenching was
observed by LFP. For the second diastereoiso(®8R)-BP-DKP-Met, the quantum
yield of substrate disappearance was found t@be0.18. Interestingly, although the
triplet-state quenching of the compour{8sS)-BP-DKP-Metand(S,R)-BP-DKP-Met
showed high chiral discrimination, the quantum gief the substrate disappearance
differed only by a factor of 2. In addition, theéptet states ofS,S)-BP-DKP-Metand
(R,S)-BP-Metwere found to be quenched with the same rate anssta ACN, but the
respective quantum vyields of substrate disappearfmmdhese compounds differed by a
factor of 7. This distinct behavior in regard toetlefficiency of the substrate
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consumption between these two dyads indicateghiket are not only special structural

constraints influencing on the triplet-state quenghrate constants but also additional

geometric factors that control the efficiency o gecondary reactions that may lead to
stable products.

To gain further insight into the mechanism of thplét-state quenching of BP by
methionine, the photoproduct from the irradiatidr{®,S)-BP-DKP-Metwas analysed.
Combining the results of the analysis of the LFPezkments and molecular structure of
the stable product of the irradiation &,S)-BP-DKP-Met helped in establishing the
complete mechanism of the reaction (Scheme 3.3HB.suggested mechanism for the
formation of this product is as follows. First, thés an electron-transfer step, resulting
in a radical-ion pair complex. Second, within tke@mplex, an intramolecular proton
transfer occurs, involving exclusively theCHsz group, adjacent to the sulfur. The result
of this two-step process is a biradical: a ketyical and ana-thio-alkyl radical.
Subsequently, these biradicals undergo intramadecatombination to the macrocyclic
ring system ¢ = 0.35). The generated carbon-centered biradezaisalso revert to the
starting materialgia back hydrogen transfe#(~ 0.25), as shown in Scheme 3.3-1.

hv

ISC 5 ‘electron
© | transfer
|

electron CH proton C-C

3| transfer otg” 3 transfer coupling
_— _—
®=1.0 ) ©~06 =035

Scheme 3.3-1 Overview of mechanistic pathways @paitation of(S,S)-BP-DKP-Met
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Interestingly, the investigated intramolecular mimeaction of(S,S)-BP-DKP-
Met was found to be strictly regioselective, involviagly the original Met side-chain
a-CHs carbon @ to the sulfur). This exclusiveness is likely todeonsequence of the
higher strain that is expected if the neighboringt dide-chaira-CH, group € to the
sulfur)were involved. The regioselectivity trend was gitatively rationalized by DFT
(PBE1PBE, 6-31+G(d)) by optimizing the structurésh® two possible macrocyclic
products. These calculations confirmed that a pratansfer involving the Met side-
chain a-CH, carbon would, indeed, give rise to a highly sedirproduct, with an
energy higher by 20 kcal/mol than the energy of ittentified product. It is worth
noting though that the observation of exclusiverdmation from the Met side-chain
a-CHgz carbon does not necessarily exclude the posyilofia deprotonation from the
Met side-chaina-CH, carbon in other peptide or protein substrates wlitifierent
geometrical characteristics.

In conclusion, the experimental results showed duginching of the triplet state
of the (S,S)-BP-DKP-Met led to a biradical which recombined to a macrocycli
photoproduct with one additional asymmetric carbmenter. Such intramolecular
carbon-carbon bond formation reaction might thus hueseful tool in synthetic organic

photochemistry for the preparation of small ringd &arge macrocycles.
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3.4 Trichromophores: benzophenonemethionine-tyrosine and

benzophenoneleucine-tyrosine

It is well documented that both tyrosine and maetime, as single amino acids
exhibit high reactivity towards triplet states @frlsonyl compounds, i.e. benzophenone
and 4-carboxybenzophenone. The efficient intramdécquenching of benzophenone
triplets by methionine and tyrosine in the dyadsnzZzophenone-tyrosine and
benzophenone-methionine, described earlier in tthesis, raised the natural question
whether the presence of both triplet quenchergsige and methionine, in the same
chemical structure would have a synergistic effeat the intramolecular triplet-
quenching process. Two triads were investigatedbosgbenzophenone-methionine-
tyrosine and carboxybenzophenone-leucine-tyrogmeyrobe this question. The latter
compound was used as a comparative reference,ialhwiethionine was substituted by
leucine which itself should be nonreactive; hengce, synergistic effect would be
expected for this compound.

As in the case of the dyads, the photochemical raxpats were complemented
by theoretical calculations, especially on the éhdenensional structures of the triads in
their reactive states which may allow for intranoolear H-atom- and electron-transfer

processes.
3.4.1Flash photolysis: spectral and kinetic analysis

The excited-state dynamics GB-Met-Tyr and CB-Leu-Tyr were studied by
means of nanosecond-laser photolysis in 3 diffesatents: ACN, ACN-HO (1:1
v/v), and TFE. The work addressed, in particulae tmedium effect on methionine’s
role in the triplet quenching. This was investightdirough a comparison of the
reactivities of the two triads. In order to avoitinblecular-quenching processes, that
were observed for these compounds at higher camtemts, excitation at 266 nm was
used in addition to excitation at 355 nm. The motense absorption of the compounds
at 266 nm allowed the use of lower triad conceiunat which, in turn, permitted an
exclusive study of the intramolecular processes.

In ACN solutions, the triplet state was identifiagl the dominate intermediate in
the early transient absorption spectra by its dtaretic absorption maxima at 350 nm
(not shown) and at 550 nm, in addition to a longrelangth absorption above 600 nm.
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It is noted that for the triads i.e., para-subgtitu benzophenones connecteid
amidoethyl linkers, both absorption maxima aregkeifted by 20 nm compared to pure
benzophenon&? For both compounds a significant spectral evotuticas observed
with a spectral shift from 550 to 570 nm, accompdrnby a growth at 405 nm. This
indicated the formation of ketyl and tyrosyl radscaespectively (Figure 3.4-1). The
short intrinsic triplet lifetimes of the triads gawvidence for high intramolecular
reactivity. There was no visible difference in tin@nsient absorption spectra between
CB-Met-Tyr andCB-Leu-Tyr which might have pointed to some contribution from
methionine in the triplet quenching. The absenceamyf differences in the transient
absorption spectra between these two trichromoghdi@ however, not necessarily
mean that methionine did not directly participatehe triplet quenching. In particular,
methionine quenched the triplet states efficiemlyS,S)-BP-Metand (R,S)-BP-Met
(very short triplet lifetime) in ACN although theahsient decays were not connected
with any significant spectral evolutions, except é&mhanced triplet decays (Chapter
3.3.1.1).
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Figure 3.4-1 Transient absorption spectra obtaideding laser flash photolysis at 266 nm of

deoxygenated solutions (8 10° M) in ACN of compounds aB-Met-Tyr; b) CB-Leu-Tyr; time
delays after flash (from top to bottom): 30, 700,1150 ns.

Furthermore, no distinction in the triplet quenchiaf the two triads in ACN
could be seen, neither from a comparison of theaylgurofiles monitored at a
wavelength characteristic for the ketyl radicalp5¥n (Figure 3.4-2a) nor at 650 nm,
which can be assigned to the triplet state wherraalical anion is present (Figure
3.4-2b). Comparison of the kinetics profiles at 850 in ACN showed that the decay of
the triplet forCB-Met-Tyr was only slightly faster than the triplet decayGB-Leu-
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Tyr. Triplet lifetimes were obtained from the showtell components of biexponential
fits to the transient decays at 650 nm. They werekto 57 ns and 54 ns fGB-Leu-
Tyr andCB-Met-Tyr , respectively.

Based on the good overlap of the normalized trabhsibsorption spectra of the
two triads at various time delays and on the suh#fitrence in their triplet lifetimes it
was concluded that methionine was inert in the goieg of the triplet state oEB-
Met-Tyr in ACN. This is in accord with the results obtainby Horner for the
benzophenone-methionine dyad where the orientafpara position) and linkage
(amide bond) of the benzophenone and methioninenobphores were exactly the
same as in the trichromophor€B-Met-Tyr 2% As with CB-Met-Tyr, this
benzophenone-methionine dyad was found to be #osvard intramolecular triplet

quenching®?
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Figure 3.4-2 Normalizedecay profiles of the transient absorption mondoséa) 570 nm b) 650 nm for
triads after 266 nm laser pulsing in ACBB-Met-Tyr (green),CB-Leu-Tyr (black).

Intramolecular H-atom transfer rate constants fothbtrichromophores were
calculated from two independent experiments peréar@t 355 nm excitation, with the
concentration of the compounds at 2.4 x*1d, and at 266 nm excitation, with the
concentration of the compounds at 3 X°18l. In the latter excitations, contributions
from the self-quenching processes were negligililas noted that theky values
calculated for CB-Met-Tyr and CB-Leu-Tyr were found to be equal, within
experimental error. This behavior can be understwothe basis of the MD simulation
results. These simulations showed that substitutibteucine by methionine did not

affect the dynamics of the tyrosine side-chain.tifi@mmore, the pair-distribution
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functions for the carbonyl to hydroxylic group distesd(O-0O) in the two triads were

found to overlap (see Chapter 3.4.3.2).

Table 3.4-1 Intramolecular H-atom transfer ratestamts obtained for th€B-Met-Tyr and CB-Leu-
Tyr in ACN.

_ ku (10" s
Triads 355nm 266 nm
excitatio excitatior?
CB-Met-Tyr 1.83 1.6
CB-Leu-Tyr 1.74 1.7

[a] estimated error + 10 %; [b] estimated error %5

In summary, the LFP experiments showed that tipdetrdecay of botiCB-Leu-
Tyr andCB-Met-Tyr can actually be attributed to an efficient intrd@calar H-atom
transfer reaction.

In order to examine the solvent dependence of ribkett quenching in the two
triads, LFP was also performed in two protic sotgean ACN-HO (1:1 v/v) mixture
and TFE. In contrast to the results obtained in A@M¢ spectra of both triads in TFE
could not be assigned to the triplet state unanduigly, even at short times after the
laser pulse. Even at these short delay times, rdresient absorption spectra carried
already significant contributions from tyrosyl redis and ketyl radicals (Figure 3.4-3).
It was concluded, that the triplet lifetimes of ttneds were dramatically reduced on
going from the non-protic to the protic solvents.

The triplet decays o€B-Met-Tyr in TFE were connected with the formation of
ketyl radicals CBHand tyrosyl radicals Tyr(Q (Figure 3.4-3). However, in contrast to
the transient absorption spectra GB-Leu-Tyr, the transient absorption spectra
obtained forCB-Met-Tyr clearly indicated also the presence of the CBceddanion,
CB'", with an absorption above 600 nm (Figure 3.4-3ynfaion of the CB in the
triplet quenching oCB-Met-Tyr was attributed to an intramolecular electron t@ns
from the methionine residue (Figure 3.4-3). A biewllar path for the formation of
CB'™ could be neglected because of the low concentsatisad in the experiments and,

in addition, due to the observed very fast intraenolar quenching.
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Figure 3.4-3 Transient absorption spectra obtaideding laser flash photolysis at 266 nm of
deoxygenated solutions (2:810° M) in TFE of compounds alB-Met-Tyr ; b) CB-Leu-Tyr; time
delays after flash (from top to bottom): 30, 600,1200 ns.

Further evidence for the different nature of therpghing processes GB-Leu-
Tyr andCB-Met-Tyr in TFE came from a kinetic treatment of the transdecays. For
CB-Leu-Tyr, the kinetic profiles coincide with each otherrespective of the
wavelengths (Figure 3.4-4b). This speaks in favbrtlee presence of only one
intermediate in the system, namely the biradicaBHC-Tyr(O")), formed via
intramolecular H-atom transfer. However, f0B-Met-Tyr, the kinetic profile at 650
nm (blue symbols in Figure 3.4-4a) decays fastemtlthe kinetic profiles for
wavelengths below 600 nm. This difference confirrteat the origin of the absorption
above 600 nm fo€CB-Met-Tyr in TFE is different from that of the species absoy

below 600 nm.
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Figure 3.4-4 Normalized decay profiles of the tiansabsorption monitored at different wavelendtrs
a) CB-Met-Tyr b) CB-Leu-Tyr after 266 nm laser pulsing in TFE; wavelengthsecd@b0 nm (blue),
340 nm (green), 550 nm (red), 570 nm (black).
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Spectral-resolution techniques were applied, ireotd unravel the nature of the
intermediates of the excited-state processe€BMet-Tyr in TFE. Over the complete
time scale of the transient decay, only the spectrmponents for CBH Tyr(O) and
CB™ were needed to simulate the experimental data tigat@wvely (Figure 3.4-5).
Reference spectra for the ketyl radical CBtyrosyl radical Tyr(O) and radical anion
CB’™ obtained following flash photolysis in aqueoususiohs were used in the spectral
resolution under the assumption that the shapéseo$pectra and the molar absorption
coefficients remained unchanged in TFE. From tlseltgion of the transient absorption
spectra and the resulting concentration profiles, haximum concentrations of CBH
and CB™ were determined to be 8,1 and 4.6uM, respectively. From these values
and the actinometrically determined triplet concatiin (14uM), the quantum yields
of CBH and CB™ were found to be 0.61 and 0.33, respectively.
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Figure 3.4-5 Resolutions of transient absorpticect@ taken 60 ns after 266 nm laser pulsing (8ahd)
solution of CB-Met-Tyr in TFE; the symbols represent:for the ketyl radical CBH A for the tyrosyl
radical Tyr(O), ¢ for the CB radical anion CBand * for the experimental data. The solid curvéhis
resulting fit from the regression analysis.

In conclusion, the nanosecond flash photolysisqueréd in TFE revealed significant
differences between the two investigated triads gade evidence that in a protic
solvent (TFE), in contrast to a non-protic solvéACN), intramolecular electron
transfer from the methionine residue was involvedme of the triplet-state quenching

pathways.
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Femtosecond flash photolysis

The fact that the triplet states of interest coubd be detected in protic solvents
even at the early times after a nanosecond ladse,pauggested that these triplet states
decayed too rapidly for observing them on a ns seee. Therefore, the measurements
were extended into the femtosecond time domaimguisie equipment provided by the
Radiation Laboratory at the University of Notre Dam

For both trichromphores, the initial signal, follog the femtosecond laser pulse,
showed a maximum at 600 nm which is assigned textbeed singlet state absorptions.
Decay of these absoptions was in agreement witfotineation of the absorption bands
in both triads at 550 nm (Figure 3.4-6 and Figuré-@. In the case of 258 nm
photolysis, excitation of the tyrosine chromophoa&not be avoided, but comparison
of the molar absorption coefficients shows thatitetion of the tyrosine moiety
amounts to less than 10 %. In addition, althoughSh-S, transient absorption spectra
of phenol reported by Hermaet al. exhibits a maximum absorption at 600 nm, it is
much broader than that observed in the femtoseftaskd photolysis experiment of the
triads!*®?
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Figure 3.4-6 Transient absorption spectra obtathethg femtosecond laser flash photolysis at 258i#fim

a deoxygenated solution (2810° M) in TFE of CB-Met-Tyr ; time delays after flash a) 0.4 (red trace),
0.6, 0.8, 3, 6, 20 (green trace) ps; b) 20, 400, &@00 ps.

The lifetime of the initially formed intermediatdtained by a monoexponential
fit to the experimental decay profiles at 600 nnthe first 100 ps was equal to 15 ps.
Peterset al. reported a singlet lifetime of benzophenone iraeth to be 16.5 p$’? In

addition, the maximum absorption of the excitedglgh state of benzophenone was
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observed at 575 nfi’¥ Taking into account that the transient absorpsipectra of the
triplet state of CB and the ketyl radical CBiere red shifted by 20 nm relative to
benzophenone, it is probable that the initiallyeslied intermediates with the maximum
absorption at 600 nm are the excited singlet stHt€8-Leu-Tyr andCB-Met-Tyr .
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Figure 3.4-7 Transient absorption spectra obtathethg femtosecond laser flash photolysis at 258i#fim
a deoxygenated solution (2810° M) in TFE of CB-Leu-Tyr; time delays after flash: a) 0.4 (red trace),
0.8, 5, 20 (green trace) ps; b) 20, 200, 500, 1300

The absorption with a maximum at 550 nm, observitel @omplete decay of the
absorption with the maximum at 600 nm, matche$é¢ottansient absorption spectra of
the triplet state of the triads observed in theasacond flash photolysis experiment in
ACN (Figure 3.4-1). The kinetic profiles at the nmamm absorptions at 550 nm
showed a decay, although this was not completeirwitl? ns (Figure 3.4-8), which is

the upper limit of the timescale available with th@pparatus.
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Figure 3.4-8 Decay profiles of the transient abSorpmonitored at 550 nm for triadsfter 258-nm
femtosecond laser pulsing in TFE:GB-Met-Tyr ; b) CB-Leu-Tyr.
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Based on the shape of the spectra and the posfidhe maximum, it seems
reasonable to attribute the band with 550 nm taripket state. However, then the lack
of any spectral shift from 550 nm to 570 nm duekétyl radical formation remains
unexplained. Any speculation on this will not bedadere.

3.4.2 Steady-state irradiation

Information about differences in reactivity betwethre two trichromophores
could also be obtained from steady-state irradiaticGteady-state consumption during
irradiation of 2 mM solutions o€B-Met-Tyr andCB-Leu-Tyr at 313 nm in ACN and
TFE, was quantified by HPLC with UV-detection. Qtuan yields of substrate
disappearance faZB-Met-Tyr andCB-Leu-Tyr in ACN were found to be 0.049 and
0.035, and in TFE 0.013 and < 0.005, respecti\ifferences in the quantum yields of
the substrate disappearance between the dyads neersignificant, but, for both
compounds, higher quantum yields were obtainedGiNAS solvent.

LFP of the triads showed that, for both compountplet lifetimes were
significantly reduced by much faster intramolecutaactions in TFE compared to
ACN. The rapid intramolecular reactions limited tpessibility of measuring the
bimolecular-quenching pathways. Although the tiraseived technique revealed a
significant enhancement of electron transfer fromthionine to the carbonyl triplet
state ofCB-Met-Tyr in TFE, the quantum yields of substrate disappesabtained
from the steady-state irradiation were almost traesas foCB-Leu-Tyr and also very
small. Based on the small quantum yields of disappee ofCB-Leu-Tyr in TFE, it
can be stated that intramolecular HAT is practycall reversible reaction. The same
conclusion holds also for the electron-transfercpss from methionine since, even
though electron transfer was found to be a faifficient quenching pathway for the
triplet state, it did not lead to significant subag¢ disappearance during irradiation.

LFP of the triads in ACN at 355 nm excitation atlimiolar triad concentrations
showed that for both compounds the intramoleculaatdin transfer reactions were
efficient. However with the triplet lifetimes of 54s and 57 ns fo€B-Met-Tyr and
CB-Leu-Tyr, respectively, the self-quenching processes cawtl be neglected
although they would be of minor importance. Thig, higher quantum yields found in

ACN, in comparison to TFE, were attributed to splenching processes from the
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tyrosine side-chain o€B-Leu-Tyr and from tyrosine and methionine side-chains of

CB-Met-Tyr . No attempts were made to identify the stable petaat this stage.
3.4.3 Theoretical calculations

In order to aid in the interpretation of the LFRRuks presented above @B-
Met-Tyr and CB-Leu-Tyr, theoretical calculations were performed, and ridevant
results will be presented in the following. Thetg&dges establish a quantitative picture
of the distributions of the sulfur to carbonyl oxygand hydroxylic oxygen to carbonyl
oxygen distances of the triads. The calculatiose define the molecular prerequisites
on the quenching geometries.

3.4.3.1 DFT calculations

The molecular conformations @B-Met-Tyr andCB-Leu-Tyr were addressed
by ground-state DFT calculations in the gas ph&teuctural searches by energy
minimizations were performed for three side-chaionformers of tyrosine and
methionine or tyrosine and leucine f6B-Met-Tyr andCB-Leu-Tyr, respectively. In
addition, two different relative orientations ofettcarbonyl groups attached to the
benzophenone moietygyn and anti, were considered. The results for the gas-phase
calculations of the ground state showed that cométions with favorable quenching
geometries for H-atom transfer (close contact ef ¢arbonyl oxygen and hydroxylic
oxygen) were available for both triads. Those confdions that were found to have the
lowest energy are shown in Figure 3.4-9.

Surprisingly, the limited flexibility of the CB se&dchain, due to the rigid amide
bond associated with the methionine or leucineeiakdid not influence the possibility
of forming a conformation with a short-O distance. The theoretical studies showed
that both triads can form stable conformations imablve a close approach of the HAT
reactive moieties, which seems to be reflectechenttigh intramolecular reactivity of
both compounds.
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Figure 3.4-9 PBE1PBE/6-31G-optimized geometriethangas phase of the lowest energy structure for
ground state of &fB-Met-Tyr b) CB-Leu-Tyr.

3.4.3.2 Molecular Dynamics

Insight into the dynamics of the two trichromopt®@me through molecular-
dynamics calculations, which helped in establishing distribution of the sulfur to
carbonyl oxygen and the hydroxylic oxygen to cagbaxygen distances. From these
distributions it was possible to see how the intkroular reactivity ofCB-Met-Tyr
andCB-Leu-Tyr developed in time.

Here, the results of the molecular-dynamics sinnutat for an implicit ACN
solvent model will be presented. The interconversietween different molecular
conformations was studied by means of long-time eqwdhr-dynamics simulations
(implicit-solvent model for ACN). The conformatiord the triad molecules can be
characterized by side-chain conformations of the &pd Met or Leu residues.
Benzophenone is connected with the residues (Méfea) via an amide bond which
limited rotational freedom of that moiety so thatyotwo different relative orientations
of the carbonyl groups attached to the benzophenmmiety, namelysynandanti could
be considered. It is well known, that hydrogen-ativamsfer reactions demand close
contact between the H-atom donor and the acceptngonyl moiety. So, it was of
principal interest to determine the probabilitielsforming rotamers with the close

contact necessary for intramolecular reaction efTlgr and BP moieties. Figure 3.4-10
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and Figure 3.4-11 summarize the time variationvad tolecular parameters (side-

chain dihedral angle from the Tyr side; characterister-side chaird(O-0O) distance)

within a 100-ns simulation for triad€B-Met-Tyr and CB-Leu-Tyr, respectively.
Definition of the side-chain dihedral angle carfdnend in Chapter 3.2.1.3.1.
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Figure 3.4-10 Long-time molecular-dynamics simalas for CB-Met-Tyr (implicit-solvent model for
ACN); a) time variation of the inter-side-chaintdisced(O—-O) between the Tyr hydroxylic oxygen atom
and the CB carbonyl oxygen atom; b) time variabbthe Tyr side-chain dihedral angle.
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Figure 3.4-11 Long-time molecular-dynamics simwalasi for CB-Leu-Tyr (implicit-solvent model for
ACN); a) time variation of the inter-side-chaintdisced(O—O) between the Tyr hydroxylic oxygen atom
and the CB carbonyl oxygen atom; b) time variabbthe Tyr side-chain dihedral angle.

Figure 3.4-10a and Figure 3.4-11a show the chamgedhke distanced(O-O)
between the Tyr hydroxylic oxygen atom and the @Boonyl oxygen atom. Clearly,
conformations with larger €D distances (up to 17 A) prevail. However, the ltssalso
unambiguously show that both trichromophof&3-Met-Tyr and CB-Leu-Tyr can,
nevertheless, form conformations within the 4 Agar{dotted line in Figure 3.4-10a
and Figure 3.4-11a) which allow for close contaets,found in the DFT calculations
and, see below, the pair-distribution functions. iArportant result from this analysis
was that MD-derived populations of the Tyr sideiohr@tamers showed no difference
between the two investigated trichromophores. Téslt indicates that replacement of
the leucine group by a methionine residue did ffiil@ctithe dynamics of the tyrosine
moieties and the possibility of the formation ofntmrmations with close contacts
between the reactive moieties. This conclusionf isnportance for understanding not
only the high intramolecular reactivity toward HAm the two triads but also the
experimental finding that both triads had the saalee for their intramolecular HAT
rate constantky

In addition, the pair-distribution functions of thearbonyl/hydroxylic group
distanced(O-0), calculated based on the data from the MD sitimula for CB-Met-
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Tyr andCB-Leu-Tyr, provided further evidence for the lack of a diffiece between
the two distanced(O-0) distributions of the two triads (Figure 3.4-12he results
confirm that both triads were capable of formintamers with close-contacts, starting

with 3.5 A between the hydroxylic group and cardamygen.
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Figure 3.4-12 Pair-distribution functions of carlldhydroxylic group distancel(O-0), obtained from
molecular-dynamics simulation f@B-Met-Tyr — (blue),CB-Leu-Tyr — (red).

In the case ofCB-Met-Tyr, the excited triplet state could also be quendined
electron transfer from methionine moieties, butpasmgly this was not observed in
ACN. So, it was of interest to calculate also treer-distribution function for the
carbonyl oxygen/sulfur distancS-O) (Figure 3.4-13). The presence of a rigid amide
bond in the para-position in the benzophenone-roeithé connection ICB-Met-Tyr
confined the accessible space of the remote groupsvay that close contacts between
the carbonyl oxygen and the sulfur were completelybited. The pair-distribution
function of the carbonyl/sulfur distandéS-0) in the triadCB-Met-Tyr is significantly
shifted to longer distances compared to d(®-O) pair distribution functions in the
very reactive benzophenone-methionine dyads disduissChapter 3.3. Methionine in
CB-Met-Tyr was found to be completely inert in the intramalac quenching of its
triplet state in ACN. Based on the MD-simulatidmstinertness can be attributed to the
limitation in flexibility of the linkage between ¢hinteracting groups, expressed by
d(S-0).
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Figure 3.4-13 Pair-distribution functions of thertmanyl/sulfur group distancd(S-O), obtained from
molecular-dynamics simulation in ACN f@B-Met-Tyr .

3.4.4 Discussion

Flash photolysis and theoretical calculations wesed to investigate structural
and solvent effects concerning the efficienciesha triplet excited state quenching
pathways for the two trichromophoré&aB-Met-Tyr andCB-Leu-Tyr. First of all, both
of the investigated compounds showed high reagtteivard intramolecular HAT. The
high intramolecular reactivity of the triads wasriatited to the high flexibility of the
Tyr side-chain. More interestingly, the intramoleeHAT rate constantk, of the two
triads in ACN were found to be equal, within expegntal error. MD simulations for an
implicit solvent provided evidence that not onlps®# contacts of the reactive moieties
is possible for both triads but also the calculapedr-distribution functions of the
carbonyl/hydroxylic group distana#O-O) were the same fdCB-Met-Tyr and CB-
Leu-Tyr. This means that substitution of leucine by metime did not influence the
dynamics of the tyrosine side-chain or its reastitoward intramolecular HAT.

Methionine moieties were found to be completelyrtiieward triplet quenching
in ACN, which, together with the same reactivitytbé Tyr side for both triads, made
the behavior of CB-Met-Tyr and CB-Leu-Tyr in flash photolysis experiments
indistinguishable in this solvent.

In contrast to the behavior in a non-protic solyéné flash photolysis studies in
TFE and ACN-HO (1:1 v/v) revealed significant differences betwéae CB-Met-Tyr
andCB-Leu-Tyr. For both compounds, the triplet lifetimes wemgnsicantly reduced
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to such an extent that the triplet lifetimes weherter than the detection limit of the
nanosecond flash photolysis systems employed. Henvav the case aEB-Met-Tyr,
the methionine residue also participated in th@dtiquenching as opposed to the triplet
quenching results foEB-Met-Tyr in ACN. The presence of the CBwvas observed
only for one triad: CB-Met-Tyr in the protic solvents. This indicated that
intramolecular electron transfer from methionineme of the quenching pathways for
the CB-Met-Tyr triplet state in protic solvents. The reactivityexcited CB-Met-Tyr
was greatly enhanced in protic solvents. Similarctusions were drawn from studies of
(S,R)-BP-DKP-Tyr (Chapter 3.2.2.1) an@,R)-BP-DKP-Met (Chapter 3.3.2.1) where
dramatic activating solvent effects were obserke@ddition, the efficient one-electron
oxidation of anisole by triplet-excited benzophemomwas observed only in protic
solvents (Chapter 3.6). So, it appeared highly giotd that the solvent-driven
enhancement of the reactivity described here igi@meneral phenomenon.

It is an important result that the intramoleculaeqgching paths (H-atom transfer
from the tyrosine side-chain and electron trangfan the methionine side-chain) were
reversible reactions and did not lead to stablelyets. Efficient back-electron transfer
and lack of substrate disappearance forGBeMet-Tyr in TFE were in contrast to the
significant substrate consumption for the cyclicBBt dyads (Chapter 3.3.2.2). These
results imply special structural requirements Far teactions to be reversible.

In summary, the presented experimental and theatetivork implied that
efficiencies of excited triplet-state quenchinghsa(H-atom transfer from tyrosine and
electron transfer from methionine) strongly depend (1) the flexibility of the linkers
between the reactive moieties and (2) on the natiutiee solvent. The rigid amide bond
between BP and Met i@B-Met-Tyr limited completely the methionine reactivity in
ACN. However, fairly efficient electron transfeiofn methionine was shown to occur

in protic solvents.
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3.5 Solvent effect studies with related compounds
3.5.1 Methoxybenzene analogues of benzophenone-tyrosingadls

As pointed out in Chapter 2.5.5. it was necessarafquantitative assessment of
the intramolecular H-atom transfer rate constakts,to know the natural triplet
lifetimes of the compounds in the respective sdiveifhese triplet lifetimes were
obtained by employing reference compounds of knpraperties. Due to the relatively
low rate constants (~20M™ s1) and the lack of transient intermediates in the
guenching of carbonyl triplets by anisole, O-methgtl, anisole-type phenolic
derivatives of BP/Tyr (BP-AN) were thought to be tmost suitable compounds that
could provide information on the intrinsic tripletate properties of the bichromophores:
benzophenone-tyrosine. Corresponding methoxy anakgf the phenolic dyads have,
in fact, also been successfully applied by othseaech groups as reference compounds
to account for non-HAT triplet-decay pathwaifs 3 1 ¥

3.5.1.1 Nanosecond flash photolysis: spectral and kineticralysis

Laser-flash photolysis experiments on the intracwb H-atom transfer
reactions in triplet-excited benzophenone-tyrosttyads in different solvents were
followed by the experiments with O-methylated pHenadlerivatives which should
provide information on the intrinsic triplet-stgpeoperties of the dyads. Initially only
non-protic solvents were investigated. The trarisggectra, recorded upon 355 nm
excitation of (S,R)-BP-DKP-TyrOMe, (R,R)-BP-DKP-TyrOMe and (R,S)-BP-
TyrOMe in non-protic solvents (ACN, DCM, CHEIDCE, EtOAc, GHsCN) were
dominated by strong absorptions at 325 nm (not sh@and 525 nm (see Figure 3.5-1).
The spectra obtained at short times after the lpsése matched those previously
reported for the benzophenone triplet state. Taestent absorption spectra exhibited
no spectral evolution during the decay of the é&tiph most of the solvents. Just in
chlorohydrocarbon solvents, there was a small terydef the triplet state to abstract H-

atoms from the solvent, evidenced by some ketyieeddormation (Figure 3.5-1b).
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Figure 3.5-1 Transient absorption spectra obtaideding laser flash photolysis at 355 nm of
deoxygenated solutions ¢5,R)-BP-DKP-TyrOMe in a) ACN: time delays after flash: 0.2, 3u§; b)
DCM: time delays after flash: 0.1, 0.5, 148

The values of the natural triplet lifetimes werdragted from mono-exponential
fits to the experimental decay profiles at 630 rirhe triplet lifetimes in non-protic
solvents were found to be in the range fronusGin ACN to 1.3us in DCM. The
measured values were in accord with the tripletitiies of pure benzophenone in the
respective solvent&?

The results of the LFP of the BP-AN compounds iotipr solvents were in
striking contrast to the data obtained in non-gretlvents in the sense that the transient
absorption spectra in TFE and HFIP showed sigmificgpectral evolution (Figure
3.5-2a, b). Transient products had previously neénbobserved in the BP-triplet
quenching by anisole, even in the very polar AC)OH4:1 v/v) mixture’®d

The triplet lifetimes of the methoxy analogues lué BP-Tyr dyads in the protic
solvents were also much shorter than the tripléetithe reported for pure
benzophenone. The measured triplet lifetimes ofréference compoun(tS,R)-BP-
DKP-TyrOMe in TFE and HFIP were equal to 220 ns and 50 repedively. In
general, the triplet lifetimes of the methoxy ammles of the BP-Tyr dyads were
reduced dramatically on going from non-protic totfr solvents. The results in non-
protic solvents were compatible with unproductive (products) quenchingia a
charge-transfer state, whereas the generally fashdahning in protic solvents was

accompanied by efficient formation of intermediates
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Figure 3.5-2 Transient absorption spectra obtaideding laser flash photolysis at 355 nm of
deoxygenated solutions of €§,R)-BP-DKP-TyrOMe in TFE; time delays after flash: 80, 150, 250, 350
ns; b)(R,R)-BP-DKP-TyrOMe in HFIP; time delays after flash: 80 (black syn#)pP40, 280, 360 ns.

Since the methoxy analogues of the BP-Tyr dyadswet inert toward triplet
qguenching in protic solvents, they could not beduse reference compounds to estimate

the natural triplet lifetimes of the benzophenoyredine dyads.
3.5.2 Benzophenonediketopiperazine

Because of the unexpectedly high reactivity of ith&ally employed reference
compounds (the methoxy analogues of the BP/Tyr slyadprotic solvents, ultimately
benzophenone derivatives bearing only the diketrpigine ring were chosen as the
reference compounds to provide a reliable indicatibthe natural triplet decay of the

respective BP-DKP-Tyr dyads.
3.5.2.1 Nanosecond flash photolysis: spectral and kineticnalysis

BP-DKP was studied by means of LFP in the same 12 solvamdssolvents
mixtures as the BP-DKP-Tyr dyads in order to previtie natural triplet-decay rate
constants in the respective solvents. In particilese experiments were conducted to
determine thekr required for calculating the intramolecular HARy (see Chapter
2.5.5). In all solvents the triplet state was ided as the dominate intermediate in the
early spectra by its characteristic absorption maxat 325 nm (not shown) and 520
nm, in addition to a long-wavelength absorptionva&00 nm (Figure 3.5-2). The
triplet state spectra dP-DKP and pure BP were found to be indistinguishablenfro
each other and showed only little variation witle tthange of solvent. Exceptional
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behavior was noted during the LFPR®-DKP in HFIP solution, where an additional
absorption band became evident at 400 nm. In additin TFE solutions, higher
absorbance was also observed around 400 nm in csmpdo other solvents (Figure
3.5-3b). The transient decays for the compound wete&onnected with any significant
spectral evolutions with the exception of the sotgethat can act as H-atom donor to
the BP triplet. In MeOH, transient spectra revedleat the triplet decays of BP were
connected with efficient ketyl-radical formatiom DCM, the efficiency of the ketyl-
radical formation was small (Figure 3.5-3a) when@a8CN, the solvent was virtually
inert towards the BP triplet state.
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Figure 3.5-3 Transient absorption spectra obtaideding laser flash photolysis at 337 nm of
deoxygenated solutions BP-DKP in a) DCM: time delays after flash: 0.1, 1u8, b) TFE: time delays
after flash: 0.5, 4, 8, 20s.

Triplet lifetimes of BP-DKP in the respective solvents were obtained from
monoexponential fits to the transient decays at&80Dfrom mono- or biexponential fits
to the transient decays at 520 nm. The biexporieigieay at 520 nm in the H-donor
solvents is due to an overlap of the absorptiori8Bfand the ketyl radical, BPH.ong
lifetimes of the triplet state in the microsecomatige were observed irrespective of the
solvents used (protic, non-protic). The tripleefimes measured in all solvents &iP-
DKP were in agreement with the data obtained for jm@m®zophenone, indicating that
the diketopiperazine ring did not affect the naturglet decays in the respective
solvents. Values for natural triplet rates constdat obtained by experiments with the
reference compound, are summarized in Table 3Thd range of values from <16*
in ACN-H,O mixtures to 4.4x 10° s* in MeOH mainly reflects the ability of the
solvent to act as an H-atom donor to the BP tridlable 3.5-1). Th&r data from Table
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3.5-1 were used in the evaluation of the intramdlEcHAT transfer rate constants of

the benzophenone-tyrosine dyads according to theedure described in Chapter 2.5.5.

Table 3.5-1 Summary of natural triplet decay ratestants oBP-DKP in the investigated solvents.

kr
Solvent (105 S_l)a
1 chloroform 6.8
2 dichloromethane 7.5
3 1,2-dichloroethane 4.9
4 acetonitrile 1.7
5 benzonitrile 7.3
6 ethyl acetate 2.3
7 trifluoroethanol 1.3
8 methanol 43.5
9 HFIP 2.0
10a ACN/ HxO (9:1 viv) <1.0
10b  ACN/ H0 (4:1 viv) <1.0
10c  ACN/ H)O (2:1 viv) <1.0

[a] experimental errog 5 %.

3.5.3Discussion

Based on reports in the literature on (1) unpragaajuenching of the triplet state
of BP by anisolevia a charge-transfer stdf€ % and (2) the small quenching rate
constant$°’**? O-methylated phenolic derivatives of benzophertynesine dyads
were initially thought to be the most suitable refeee compounds for the purpose of
estimating the natural triplet decay of the BP/Byghromophores.

The concept of using these methoxy analogues aserafe compounds worked
well in all nonprotic solvents, that is, the BRptet showed long lifetimes, owing to the
weak affinity between anisole and BP. However,rdeetivities of triplet-excited BP in
the BP-AN derivatives were dramatically dependemttlze nature of the solvent. In
particular, the reactivities of the systems we@nthtically enhanced in protic solvents.
Triplet lifetimes were shortened so much in prosiclvents that they were even
comparable with the triplet lifetimes of the copesding benzophenone-tyrosine
dyads. Moreover, the presence of metastable inthates was observed in the transient
absorption spectra of these reference compoungsoitic solvents. This unexpected
activation of the BP-AN systems in protic solventas the reason for their failure to
serve as appropriate reference compounds for tihgope of estimating the natural

triplet lifetimes of the benzophenone-tyrosine dyat@ihus, instead of these methoxy
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compounds, the benzophenone chromophore linketig¢adiketopiperazine ring was
used as the reference compound.

The enhanced reactivity of methoxy compounds irtipreolvents might be a
significant parameter though for studies which,nmpted by the low-reactivity of the
anisole derivatives, considered the use of metlamalogues of the phenolic dyads as
reference systems for the chemistry of phel{&1¢: 5% 5#

The above finding of the high reactivity of the BRvards anisole, in conjunction
with the formation of intermediates in these systeappeared to be unprecedented in
the previous literature on this topic; the same memt applies to other triplet
sensitizers as well. There is only one single repehich noted the production of
anisole radical cations following triplet quenchio§ an anthraquinone derivative,
notably in aqueous solutidf? The results, described above, raised the natural
questions: (1) what is the nature of the reactiomclmnism and (2) what is the
correspondence between the BP reactivity towardodamiand the solvent character?
Since the obviously solvent-dependent intramolecukactions in the methoxy
analogues of the benzophenone-tyrosine dyads weresgarily complicated by the
intramolecular dynamics, a study of the bimolecutaaction between the two
chromophores (benzophenone and anisole) appealexidaanore reasonable system to
study in order to understand, in detail, the medmarof the BP triplet quenching by
anisole and to identify the role of the solventhia activation of the observed enhanced

reactivity. This will be dealt with in the followgnchapter.
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3.6 Bimolecular quenching of triplet-excited benzophenoes by anisole

The initial step in the quenching of triplet-excit8P by anisole in non-protic
solvents has charge-transfer character and isyfaldw. This conclusion had been
drawn earlier by a number of workéf¥*°? No transient products of the BP-triplet
qguenching by anisole have ever been observed, iaviie very polar solvent ACN or
in ACN/water mixtures. However, the results on Bfe-anisole derivatives in TFE and
HFIP discussed in Chapter 3.5.1.1 were not in aceath the literature data. Therefore,
an extended study was undertaken on the bimolequianching of the triplet state of
benzophenone by anisole in order to establish atgative picture of the quenching
process in protic solvent$ This system was chosen since it was deemed toush m
simpler to understand compared to the intramoleagleenching in the O-methylated
phenolic derivatives of the BP-Tyr dyads. The dymanof the bimolecular quenching
of triplet-excited benzophenone by anisole wereestigated by nanosecond flash
photolysis. A detailed study of the solvent deperwee of the reaction rates and
efficiencies in a number of protic and non-protadvents was carried out in order to
verify that the strong activation of the reactivity a general phenomenon and not
limited only to fluorinated alcohols. These studwsre augmented by theoretical
modelling and experimental investigation of solstd/ent interactions in the triplet-

excited state and in the ground state.

3.6.1 Hydrogen-bonding of the BP chromophore in the groud and in the triplet-

excited state

Based on the results on the BP-AN derivatives (@ap.5.1.1), the hydrogen-
bond (HB) donating capability of the solvents waeanitified as an important parameter
that can influence the rates and the mechanismRatriplet quenching by anisole.
Thus, spectroscopic studies and theoretical calonwere performed to confirm the
presence of the HB interaction between benzopheaadethe protic additives (HS).
The ultraviolet absorption spectra of benzophemaree measured to determine the
ground-state properties of BP in solvents of défgrhydrogen-bonding abilities. The
absorption of the—nr" band around 250 nm showed a continuously incrgasi shift

with an increase of the HB-donating abilities o $olvents (here defined in terms of
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Kamlet's HB acidityakamie)™*"? on going from ACN @kamiet= 0.3), ACN-HO (4:1 v/v)
(aKam|et= 0.89), TFE Q'Kanﬂet: 1.51) tO HFIP Q’Kamkgt: 1.96) (Flgure 3.6‘1).
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Figure 3.6-1 Tha— =~ band in the UV absorption spectrum of benzophemo#eCN (green solid line),
ACN-H,0 (4:1 viv) € —-), TFE (@), HFIP (A).

Although HFIP has the smallest dielectric constamong the investigated solvents it
exerts the strongest effect on the BP absorptioth & maximum at 260 nm in
comparison with 252 nm in an ACN:8 (4:1 v/v) mixture. The most important
contribution to the observed solvatochromic effélogrefore, is due to specific solute-
solvent interactions resulting from the formatioh hydrogen bonding between the
solute molecule and the protic solvent. These emmmhs are fully in accord with early
studies on BP solvation, which attributed the spéced shift of ther—z" absorption
to (relatively weaker) effects of the permittivieyd (relatively stronger) effects of the
HB to the solvent; that is, to unspecific and sfiesolvation, respectively** 174 17P

In order to characterize the hydrogen bonding ofvesa molecules with
benzophenone in a quantitative manner, the equitibconstant« for the formation of
1:1 hydrogen bonded solvent-solute complexes wdraaed from the effects of protic
additives to BP solutions in DCM on thesm” band of BP around 340 nm. Absorption
spectra of BP in dilute DCM solution were measunedthe presence of varying
amounts of TFE (Figure 3.6-2b) and HFIP. They eixéiba typical blue shift of the
n—n" absorption band in HB media. The evaluation foldvthe procedures invented

by Mataga and Tsukd " which is summarized in Eq 3.6-1
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=—K+(=5)Kk= Eq 3.6-1

Herein, . ande denote the molar absorption coefficients of theyglex and the free
molecules, respectively, wheredgs and A denote the measured absorbance at a given
wavelength in the absence and presence of the ldBhag] and c, is the total
concentration of the HB additive, which has to bé&cmgreater than the concentration
of BP.
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Figure 3.6-2 Effect of the addition of trifluoroetl on the absorption spectra of benzophenone in
dichloromethane (8 10°° M); a) plot of absorbance data at 320 nm, accgrtbrEq 3.6-1 b) UV spectra.

Plots of the absorption data in terms of Eq 3.6+1TFE (Figure 3.6-2a) and HFIP were
linear. Based on this result, the conclusion wasvdrthat benzophenone and the protic
additives TFE and HFIP form 1:1 ground-state comgden DCM. From the intercept
of the plot in Figure 3.6-2a, an equilibrium comstd = 0.65 + 0.08 M* was obtained
for H-bonding with TFE in DCM. As expected, therfally stronger HB-acid HFIP
gave a larger equilibrium constant Kf= 2.5 + 0.3 M*. Both values are comparable
with the data obtained by Linschi¢zt al. for the HB of fluorenone with TFE and HFIP
in DCM 19

This experimental evidence for the formation of fogen bonded BP-solvent
complexes applied only to the ground state of bphenone. In order to supplement
this information, DFT calculations were used to relsterize the HB-complexes
between benzophenone and a solvent molecule, bothei ground state and in the

excited triplet state. The hydrogen-bond enerBysY was calculated for different
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distances between the hydrogen-bond donor (a singieecule of TFE) and the
hydrogen-bond acceptor (the carbonyl oxygen of Bfeparate calculations were made
for the ground state and the triplet state. Thaitst of the procedure can be found in
Chapter 2.3.1. The plots, depicted in Figure 3.&Bow the dependence &g

(calculated hydrogen-bond energy) for these twe BHE complexes.
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Figure 3.6-3 Calculated hydrogen-bond energiesbi(sation energy, kcal/mol) of a 1:1 BP-TFE
complex as a function of the-® distance (A) for the ground state) @nd the triplet stated(); the point

of zero energy (dotted line) denotes the two cormapts of the complexes at infinite separation.
Structural arrangement of the complex at the right.

The calculations show that the hydrogen bond iskesead when going from the
ground state to the triplet state. This is reaskendiboe to the diminished n-electron
density in the lowest BP triplet state which isnpf~ character. However, even in the
triplet state the stabilization energy was 6.7 kaoal at the minimum, which was
calculated to occur at a distance of 1.9 A. Thhs, presence of hydrogen-bonding
interactions between benzophenone and TFE wasrowdiboth by experiments and
theoretical calculations. It was shown that, intigreolvents, the BP is complexed to the
solvent both prior and after excitation.

3.6.2 Triplet quenching by anisole: kinetics

In order to determine the bimolecular quenching canstant&,, the decay of the
triplet state of benzophenone was monitored at 1&80in the presence of increasing
concentrations of anisole. Under the experimergattions, all the time profiles were

fit to first-order exponential decay functions wighreciprocal lifetime equal tkops
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Plots of these pseudo-first order rate constdgts, against the anisole concentration
were linear in all cases. Some illustrative exas@ale given in Figure 3.6-4. Notably,
larger donor concentrations (up to 1 M) did notegrise to any significant deviation
from linearity. In particular, no saturation wassebved in the Stern-Volmer plots, as
had been reported in some chemically related systérh?

W

0.00 0.04 0.08 0.12 0.16 0.20
I'M

anisole
Figure 3.6-4 Concentration dependence of the psétstoorder triplet-decay rate constarkg,s for

benzophenone quenched by anisole in HFIP (red)icaaeid (blue), and ACN (green); [BP] =56107°
M.

The bimolecular quenching rate constars, obtained from the Stern-Volmer type
plots (see Chapter 2.5.4) for quenching of thedtigtate of benzophenone by anisole in
different solvents are summarized in Table 3.64ie Bata obtained in the nonprotic

solvents are well in accord with the data previgusported°” 1%

Table 3.6-1 Summary of solvent parameters andcaistants for triplet quenching P by anisole.

Solvent & Okamler ‘9
M™s]

ACN 359 03 45x10
ACN-H,O (4:1 vlv) =45 =~0.89 1.5x 10/

acetic acid 6.2 112 3.8x10
TFE 27.7 151 2.4x1¢
HFIP 16.7 196 1.1x10°

[a] At 25 °C. CRC Handbook of Chemistry and Physics, CRES®?Boca Raton, 76th Ed., 1995.
[b] interpolated from literature datqd

A comparison of the kinetic data in Table 3.6-1wghdhat triplet quenching by

anisole is dramatically dependent on the natur¢hefsolvent. The bimolecular rate
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constants cover a range of three orders of magmituiih the highest being consistently
found in protic solvents. Such significant diffeces between quenching rate constants,
Kq, suggest that the quenching mechanism may varyarh® investigated solvents. It
should be noted that only a two-fold increase attiplet-quenching rate constants was
reported on changing solvents from benzere 2.3) to acetonitrileg= 35.9)1°" 10

As can be deduced from the data in Table 3.6-tetbertainly exists no unifying
correlation ofky with the permittivity of the solvent. On the otheand, it can be noted
that largerk, values are found in solvents which are charaadrizy higher Taft’'s and
Kamlet's*™@ H-bond acidityakamie:*® This parameter, alpha, describes the ability of
the solvent to donate a hydrogen-atom in a soli@sblute hydrogen bond. The
important aspect of this finding is that the stténgf hydrogen bonding apparently is
able to substantially enhance the reactivity in Bi¥anisole system. Such significant
differences between the triplet-quenching rate @ots, kg, in non-protic and protic
solvents were discussed above in a chemicallyeelalystem, in particular, for the
intramolecular H-atom transfer between phenols BRdin triplet excited(S,R)-BP-
DKP-Tyr (Chapter 3.2.2.1). The same observation was ajsorterd by Horneet al.
for two related benzophenone-tyrosine dyatid®® In these cited works, the solvent
effects were attributed to a change in the reactn@thanism to an electron-transfer
initiated process in protic solvert§.

A number of workef&""1% associated the decay rates with the extent ofgehar
transfer interactions between the BP triplet are dhisole, with the former being the
acceptor and the latter being the donor. An involeet of a charge-transfer interaction
requires correlation between the reaction rate teots and the thermodynamic factors
such as ionization potentials or oxidation-reductipotentials of the participating
species. Thus, the electronic properties of thenBRe varied by introducing different
substituents. The quenching of benzophenone and desivatives: 4,4-
dimethoxybenzophenone (DMBP), 4-methylbenzophenong MBP), 4-
trifluoromethylbenzophenone (TMBP) and decafluordtmphenone (DFBP), by
anisole in ACN strongly depended on the characfethe substituent group. The
observed rate constants covered a range of foler®mf magnitude from 3.1 x 10
M~'s? in DMBP to 4.4 x 1d M™'s™ in DFBP. Higher rates were attributable to the
facilitation of CT complex formation when electraithdrawing groups were present

in the compound that could stabilize the incipiemgative partial charge on the
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acceptor by delocalization. An opposite influense observed when the electron-
donating methoxy group was present. An involvenoérat charge-transfer interaction in
the reaction was further corroborated by the gawdetation between the reaction rate
constants and the formal Gibbs energy of the eladnansfer. In Figure 3.6-5, the data
of log k, for several BP derivatives in ACN solution weretf@d against the free energy
term —€r + e Ereg), Which formally denotes the free-energy changmeaated with the

one-electron reduction of the respective tripleti®d BP derivative. This plot gave a

straight line with a slope 6f5.2+ 0.3 eV* (* = 0.992).

10

log &
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Figure 3.6-5 Correlation between the bimoleculdplét-quenching rate constants of benzophenone
derivatives by anisole (in ACN) and the free-enemgjfference for reduction of the respective
benzophenones’ triplet stateEr(+ e Eeg), filled symbols: from right to left data for DMBRBP, BP,
TMBP, open symbol: DFBP, literature dé&th.

That slope is in good agreement with the compleargntorrelations of the rate
constants of benzophenone triplet quenching wighotkidation potentials of substituted

methoxybenzenes in acetonitrile described in Chep81.2.3.
3.6.3 Quenching in non-protic solventsys. protic solvents: time resolved studies

Triplet quenching of BP triplets by anisole in AGlution was not connected
with any formation of free radical-ion products ttheould signify the occurrence of a
full ET. The decay profiles obtained after nanosekchFP at 355 nm nicely coincided,
irrespective of the observation wavelength (Figdig6c). Concomitantly, the transient
spectra, recorded on 355 nm excitation of BP in A@Nn an ACN-HO (4:1 v/v)
mixture in the presence of anisole were dominatestiong absorptions at 325 nm (not

shown) and 525 nm (see Figure 3.6-6a; in ACN). $pectra exhibited no spectral
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evolution during the decay and matched those pusiyoreported for the BP triplet
state!’
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Figure 3.6-6 Transient absorption spectra obtaideding laser flash photolysis at 355 nm of
deoxygenated solutions of benzophenone 216 M) and anisole (2.3 102 M); a): ACN; time delays
after flash (from top to bottom): 90, 200, 400 h¥;TFE; time delays after flash (from top to botjom
100, 200, 1000 ns; c), d): normalized decay prefié the transient absorption monitored at 520 nm
(blue), 330 nm (black), and 430 nm (red) for therghing of BP (2.5 10° M) by anisole; c) in ACN
(0.575 M anisole) and d) in TFE (23L02 M anisole).

As opposed to the behavior in ACN solutions, thergping of triplet-excited BP
derivatives in TFE gave rise to generally increased constants (Table 3.6-1) and was
accompanied by significant formation of free ratlicalhus, the quenching of the
benzophenone triplet in TFE by anisole gave risettongly different, wavelength-
dependent kinetic profiles (Figure 3.6-6d) and wesompanied by a spectral evolution
(Figure 3.6-6b). This finding was not limited to HRs a solvent but appeared to be a
common feature in protic solvents. Similar time letion of the transient absorption
spectra was observed for quenching of the BP tripleanisole in HFIP, acetic acid and

ACN-H>O mixtures with water volume more than 50 %.
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With time, the T-T absorption of BP decreased tensity according to first-order
kinetics, resulting in significant residual abs@yptbands with peaks at 540 and 430 nm
after 1 us. The transients can be assigned to the anistlencaadical fmnax = 430
nm)*’? and the BP ketyl radicalfax= 540 nm)*®? The residual absorption of the 430-
nm transient was not significantly affected by gresence of oxygen (Figure 3.6-7a).
The inertness towards oxygen and the high sergitofi this transient towards the
presence of added nucleophiles (here, NaOH) (Fi§uerb) are in agreement with
previous findings from the pulse radiolysis of ahés’* '8 and strongly suggest that
transient to be the cation radical of anisole. dntipular, the low oxygen sensitivity of
the oxidized anisole intermediates rules out thes@mce of carbon-centered radicals
formed via H-abstraction from the methoxy group wia adiabatic proton transfer
within a primary radical-ion pair, as it has beesparted for the system
BP/dimethylanilind*®? The spectral assignment of the BP-based transietite C-
centered BP ketyl radical, on the other hand, ctnadserified by experiments in the
presence of oxygen, that revealed selective quegcbi the underlying 540-nm

transient (Figure 3.6-7a).
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Figure 3.6-7 Transient absorption spectra obtathathg laser flash photolysis at 355 nm of solusiof
benzophenone (2.5 10° M) and anisole (2.% 102 M) in TFE a): without deoxygenating; b) in the
presence of added nucleophile QHme delays after flash (from top to bottom): 1200, 1000 ns.

The predominance of the BP ketyl radicals in th@drent spectra points to an ET
reaction from the anisole to the BP triplet whishfallowed by the protonation of the
BP' ™ by a proton donor SH. This finding is in agreemeith results obtained for the

system BP/diethylaniline in TFE, where the solvemais the source of the transferred
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protons>¥ The spectral dominance of the BPkétyl radical can therefore be ascribed
to fast protonation of the primarily formed benzepbne radical anion by the solvent.
The stepwise nature of the BP ketyl formation wasaborated by experiments at large
water concentrations, where the contribution of ®E~ radical anion became
prominent. It was possible to see this developnretite water/ACN mixtures because
the protonation reaction was slower than in the TRE already stated above,
experiments in ACN-BED (4:1 v/v) mixture did not lead to any spectrablewon
(Figure 3.6-8a), and the decay profiles coincidergspective of the wavelengths
(Figure 3.6-8c). That result was in agreement Withdata reported by Shizuka and co-
workers™® However, by increasing the water content, the ghiery rate constants and
the quantum yields of the radical formation werargied significantly. LFP for BP in
ACN-H,0 (1:4 viv) was performed in basic solution (pHB 1o avoid fast secondary
protonation of the radical anion which was obserwethe acidic fluoroalcohol TFE
and in aqueous solution at low pH values. The raptet-state quenching was actually
accompanied by efficient formation of the direct gflbduct, as can be seen from the
characteristic absorption of the respective keagical anions atnax = 600 nm (Figure
3.6-8b,d, blue curves). The anisole radical catgim the absorption at 430 nm was
quenched efficiently by the nucleophile QHout the radical cation was observed
together with ketyl radical in an analogue expentreg lower pH. These experiments

gave direct evidence that quenching occuuiedull electron transfer in protic solvents.
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Figure 3.6-8 Transient absorption spectra obtaideding laser flash photolysis at 355 nm of
deoxygenated solutions of benzophenone 215 M) and anisole a): ACN-§D (4:1 v/v); time delays
after flash (from top to bottom): 90, 200, 400 h¥;ACN-H,O (1:4 v/v) at pH = 11; time delays after
flash (from top to bottom): 100, 200, 400 1000 of; d): normalized decay profiles of the transient
absorption monitored at 520 nm (black), 600 nmépfor the quenching of BP (2:5610° M) by anisole

c) in ACN-H,0 (4:1 v/v); (0.027 M anisole) and d) in ACN;®I (1:4 viv) (4.6x 10° M anisole).

A comprehensive study was made of the reactiontik;ieand product ratios
observed during the quenching of four BP-derivativesolvent mixtures of ACN with
water. The solvent dependence of the triplet-quieigchate constants in the BP/anisole
system was studied using four different BP-deriedti BP, CB, 4-
carboxybenzophenormég-methylamide (CBCONHMe), and DFBP. The solvent
compositions employed varied from 0.0 to 0.9 voltrroeratio with respect to ¥
(except for DFBP, where the solubility limits thange only up to 0.5). Detailed
analyses of these results are actually beyond ¢bpesof this thesis, but the main
important findings of this work will be discussedbrief since they are relevant to the
data presented fo(S,R)-BP-DKP-Tyr (Chapter 3.2.2.3) andS,R)-BP-DKP-Met
(Chapter 3.3.2). The quenching rate constants fbrfoaur derivatives increased

significantly with increasing water content, e.gr BP thek, varied from 4.5x 1P M™
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stin ACN to 1.7x 10 M~* st in ACN-H,O (1:9 v/v). In addition to the impact on the
guenching rates, the water content was found tot ex®ther important effect on the
nature of the triplet quenching in the BP/anisolstem. Thus, the quenching
mechanism appeared to change on going from pure fQNixtures with large water
content. This became evident from the water-condemnen increase in the amount of
free radicals that were present after completéetrgbecay. For all four BP derivatives in
pure ACN, no free radicals were detected. Howesleeady in ACN-HO (1:1 v/v), the

quantum yields of radical formation for BP, CBCONEMCB and DFBP were equal to
0.04, 0.3, 0.64 and 1.0, respectively. Free raslieadre formed with moderate to high
efficiencies within the systems of BPs/anisole iotig solvents. By the action of the
hydrogen-bonding additives, the undesired chargeméination in the electron transfer

process in the benzophenones/anisole systems wad fo be largely suppressed.
3.6.4 Steady-state irradiation

Steady-state experiments, finally, provided cleardence that the radical-
producing pathways of BP-triplet quenching by al@isa protic solvents are largely
reversible. Solutions of BP (25 10° M) and anisole (2.5 10° M) in TFE were
irradiated with an argon ion laser at 351 nm. Emlgntically prepared sample was
irradiated for 2, 5, 9 and 14 minutes, respectivie\keep the solute consumption below
20 %. The quantum yields of disappearance of thststes, as studied by means of
HPLC analysis of the reaction mixtures, were 0.6d & 0.01 for benzophenone and
anisole, respectively. Blank experiments in theeabe of anisole, gave the same
disappearance quantum yield of the BP, which wiabated to H-abstraction from the
solvent. Actually, small amounts of ketyl radicalsre also observed in the transient
absorption spectra &P-DKP in TFE (Figure 3.5-3b). GC-MS analysis was perfedm
in order to identify the stable products of theadiestate irradiations. All stable
products observed carry benzophenone moieties butmsole moieties; that is,
benzopinacol, tetraphenyloxirane, and 2-(trifluoedhyl)-1,1-diphenyl-1,2-ethanediol.
These products arise from reactions with TFE whishin agreement with the
conclusion that H-abstraction from the solventis only quenching pathway leading to
the stable products.

These data indicate that the ketyl radical andatisole radical cation formed in
the quenching of the triplet BP by anisole in TREaat to regenerate the starting
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materials. The reversibility is in agreement witle bbservations during LFP, where the
Kinetic traces at 540 nm and 430 nm show a secahelalecay with identical rate

constants of 2.3 x fM ™ s and 2.1 x 1dM ™ s, respectively.
3.6.5Discussion

The experimental results presented above stronglgest that protic solvents
harbor conditions favorable for fast BP triplet qaking as well as for efficient radical
formation due to a full electron transfer from atés The experimental findings are
somewhat similar to the mechanism reported by heleseet al. in the photoreduction
of BP byN,N-diethylaniline (DEA) in TFE3¥ In their nanosecond experiments a fast
decay of the BP radical anion, as the primary Eddpct, was observed, concomitant
with ketyl-radical formation. They ascribed the fommation reaction to PT from solvent
alcohol molecules. In contrast to their study, s®ng enhancements in the radical-
producing quenching for the system BP/anisole Vierged to protic solvents, but no
dependence on the permittivity of the medium wasméb(Table 3.6-1). Even the highly
polar solvent ACN did not allow the formation ofeé ET products. The strong
acceleration of the triplet quenching that was olesk in protic solvents points to a
similar impact of the specific solvation on theieation barriers as was observed in the
intramolecular quenching ¢6,R)-BP-DKP-Tyr (Chapter 3.2.2.3) ofS,R)-BP-DKP-
Met (Chapter 3.3.2.1).

The expressed influence of the solvent nature erréhction rates is attributable
to the energetics of the electron-transfer quernghinat is addressed in terms of the
Marcus theory of adiabatic electron transfer (séapfer 1.3.1.2.1.1). This shows, in
fact, that the acceleration of the ET reaction leefwanisole antBP in protic solvents
is mainly due to an increase in the driving foréeh®e ET. Figure 3.6-9a,b presents
potential energy surface descriptions of the ETwbeh anisole antBP in ACN and
TFE solutions. The energy terms (triplet energy, and free energy of ET between
ground-state reactants/&{ — E.q) for ACN solution are based on literature dfata®?
Respective data for TFE solution are estimatedetalbse to the data that have been

reported for aqueous solutiét.*#4
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Figure 3.6-9 Semi-quantitative energy diagramstlierreduction of triplet-excited BP by anisole (B)
a) ACN and b) in TFE; for details see text. ¢) Déallculations of the electronic energies of theatad
reactants (in black) and the isolated products€d) as a function of the-® distance between the BP
moiety and TFE. At each €H distance, the reactants’ nuclear configuratiors watimized, and the
electronic energy of the products was also caledlat that same frozen nuclear configuration. AMNAC
continuum was employed in the final step of eadbutation.

Evidently, the relative positions of the reactantl &T-product energy surfaces
are strongly dependent on the nature of the salvidrd reaction free energy of the ET,
AprG°, is close to zero in the presence of an H-bondolgent like TFE as opposed to
being distinctly positive in ACN. This change &3G° on changing the solvent from
ACN to TFE can be traced to two distinct sourcespcific solvation: shifts in redox
potentials and level shifts in excited states. Bjpesolvation is well established to
affect strongly the reduction potentials of arom&tones. Anodic shifts by up to 300
mV in protic solvents have been attributed to tlrergy stabilization of the radical

anions being formed on reductiBf. 146 185188

In addition, also the oxidation potential
of anisole is lowered in a protic environméfit: ®? These cooperative redox-potential
shifts strongly favor the ET step thermodynamicalys discussed above, specific
solvation of the triplet-excited BP also becamealert during this study. Whereas this

leads to a further increase in the driving forcehef ET, the solvation-induced increase

208



PHOTOINDUCED ELECTRON, PROTON OR HYDROGEN-ATOM TRAFER REACTIONS IN BENZOPHENONE-
TYROSINE AND BENZOPHENONE-METHIONINE BICHROMOPHORISYSTEMS

in the triplet energies appears to be of minor irtewe QAEr < 0.1 eV),™*? when
compared to the effects on the redox potentials.

As expected, the solvent-driven increase of thembdynamic driving force of
the ET is found to be connected with a solvent-cedudecrease of the free energy of
activationAG* (see Eq 1.3-4), of the ET step. Based on Eq liBedan be seen that the
free energy of activation can be calculated whenghm(Az+G° + 1) is known. The
vertical energy(Az7G° + 1) is the energy needed to excite the reactants tprifgucts’
energy surface with the nuclear configuration frorethat of the reactants having their
nuclei fully relaxed in the field of the initial@dtronic configuration (see bold arrows in
Figure 3.6-9a-c). These energies have been acce#tbedFT calculations.

To depict the energy levels of the excited statk la@nzophenone radical anion,
vertical excitation energies were calculated atRB&1PBE optimized geometries with
the 6-31+G(d) basis set and the SCRF method wehERrPCM model. The vertical
energies(AgrG° + 1) were obtained by minimizing the electronic energy the two
isolated reactanf8P and anisole. Single-point calculations were dartkis optimized
nuclear configuration with a continuum model fore tlsolvent acetonitrile. The
computation of the vertical-energy differenceshe presence of specifically solvated
3BP followed the same procedure with a continuum ehdar the solvent acetonitrile
and one TFE molecule being attached to the BP. Qtatipns gave the respective
vertical energy distances as a function of theHQlistance of the hydrogen-bonded
complex®BP---HO(TFE) (Figure 3.6-9c). The results displayedrigure 3.6-9a apply
to unspecific solvation in an ACN continuum, wherélae data in Figure 3.6-9b denote
the vertical energy within an energetically miniedZBP~TFE complex in an ACN
continuum. The respective dependence of the veditergy on the HB distance in the
3BPTFE complex is shown in Figure 3.6-9c. The vertiaérgies amount to 1.5
and 1.3&V for ACN and TFE, respectively. Although the errorshe determination of
these vertical-energy differences are on the oafef.2 — 0.3eV, the values are
meaningful because of a cancellation of errors whwese differences are being
compared. This assumption appears to be justifiedalse exactly the same
computational methods were successfully appliedeyg similar systems. The validity
of the approach was further corroborated by theslexat agreement of the obtained
reorganization energigs~ 0.8 eV and 1.1eV for ACN and TFE solutions, respectively

with the values that have recently been reported aorelated structure, namely
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benzoquinoneA(~ 0.8 eV and 1.0eV for ACN and MeOH solutions, respectivel{?’
Afterwards, free energies of activatias* were calculated. They were found to be
AG* = (0.67 + 0.03) eV and AG* =~ (0.39 + 0.05) eV for ACN and TFE solution,
respectively (the errors inG* were calculated based on the error propagatiantftar
associated with the error in the vertical energiés)terms of Eq 1.3-5, these values
imply an acceleration of the rate constants offifien TFE by a factor of 0 Despite
the simplified approach, the computed results ammpatible with the experimental
findings discussed above.

In summary, laser-flash photolysis was used toshgate the photoreduction of
benzophenones by anisole in a number of non-pesttt protic solvents and solvent
mixtures. In agreement with literature data, thermhing in non-protic solvents was
inefficient with respect to free-radical formation the case of BP and some BP
derivatives with electron-withdrawing and electonating substituents. The findings
were compatible with the implications of quenchwighin an encounter complex with
partial charge-transfer character. However, it vgaswn that the reactivity of an
electronically excited molecule can be greatly ewwled by changes in the solvent
nature i.e. free radicals were formed with modetatehigh efficiencies within the
system of BP/anisole in protic solvents. In thisdgtspecific solvent-solute interactions
were identified as a major factor of the PET effi@y that extends the utility towards
solvents of medium polarity. It is noteworthy tltzd$o the reactivity of the dyd®,R)-
BP-DKP-Tyr toward intramolecular HAT was found to be congdllby effects of
specific solvation. In addition, it appears hightyobable that the solvent-driven
photoinduced electron transfer enhancement deschibee can be generalized to other
PET systems also and that these findings thus geoai promising way to run PET
reactions with efficient charge separation indepatigl of the dielectric properties of

the medium.
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4  CONCLUSIVE SUMMARY

The motivation of this dissertation was (1) to exp| with a focus on
methionine and tyrosine moieties, basic chemidalrmation concerning reactions that
can occur in natural biological systems, e.g intggns, and (2) to contribute to an
understanding of biological processes at the mtdedevel. Due to the outstanding
biological significance of methionine and tyrosinteyas of general importance to carry
out a detailed study of hydrogen, electron andgoratansfer reactions that occur with
these two amino acids. While-vivo such processes are typically triggered by
enzymatic action, anin-vitro investigation, particularly on molecular reacies and
mechanisms, usually relies on other means of fadesal and redox chemistry. A most
convenient and informative tool in this respect lmmeven to bePhotochemistry
particularly when complemented by appropriate tegcal calculations. This is the
approach which has been chosen for the present. stud

The reactions of ketone/tyrosine and ketone/methéisystems, specifically,
are widely used as efficient and selective souotdsorelevant radical species like the
tyrosyl radicals and the sulfur-centered radicaloos. Their intramolecular variants
with both functionalities in the same molecularustare in particular, can serve as
model systems for providing detailed mechanistisights into the underlying
elementary reaction steps of biological relevamtgtead of working with complex and
consequently more complicated biological systemeugh, specifically de-novo
synthesized simple bichromophores, such as bennopkedyrosine and benzophenone-
methionine as well as trichromophores such as ggb®mzophenone-methionine-
tyrosine were employed.

One of the key elements of this study were paramsetich control the overall
rates and efficiencies of the intramolecular hyérogbstraction and electron-transfer
reactions. Especially the role of steric constsion the reactivities was examined by
changing the flexibility of the linkage between tinéeracting groups. In addition, the
guantification of the photochemical reaction raded efficiencies was extended toward
a study of the effect of chiral-center configurasoon the diastereo-selectivity of the
triplet-quenching processes. Furthermore, the imphthe reaction media on the rates
and the actual transfer mechanisms were addreblegd, Ingoldet al!s concept of a
kinetic solvent effect (KSE) in bimolecular H-atdransfer reactions was tested in the

context of its applicability in interpreting solvereffects also in photoinduced
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intramolecular reactions. In particular, possibiieirelations of structural and solvent
effects on the intramolecular reactivity of benzepbne/tyrosine and
benzophenone/methionine dyads were addressed.

Explicitly, mechanistic features of the overall Uight-induced intramolecular
reactions of hydrogen atom, electron and protomstea reactions, i.e., transient
lifetimes and quantum vyields of the primary reatsiovere studied by nanosecond laser
flash photolysis (LFP). In this manner, intramolecwguenching rate constants were
obtained, while the efficiencies of irreversibleacBon pathways were tested and
guantified by steady-state UV photolysis. Vital trdsutions in the interpretation of the
observed differences in the reactivity between ihmeestigated compounds were
provided by structural details of the respectivergghing geometries. In addition, it was
important to understand the correlation betweemamolecular reactivity and the
structural preferences that are reflected by thebwnding distances of the interacting
functional groups in the side chains. To providsight into these aspects, the
experimental studies were supplemented by extenBik& calculations and MD
simulations performed for each compound. This theoal work involved studies of the
ground-state structures and conformations whichigtequantitative information on the
populations of the side-chain rotamers in the dyadd triads’ ground states and, in
particular, furnished distributions of the sulfar ¢arbonyl-oxygen and the hydroxylic
oxygen to carbonyl-oxygen distances.

The work presented in this thesis showed that #hemgtric constraints on
intramolecular motions, tuned by different flexityilof the peptide linker connecting
the reacting moieties, have, indeed, remarkableemurences for their intramolecular
reactions. Both investigated open-chain dy#8sS)-BP-Tyr and(R,S)-BP-Tyr, were
highly reactive toward intramolecular hydrogen-atiwansfer (HAT). Notably, for both
compounds the triplet-state quenching was fastéwbyorders of magnitude than in the
case of the monochromophoric reference compoundhadiid not contain the tyrosine
moiety. In addition, although quantum yields foradiical formation (BPH-Tyr(O"))
were close to unity, the dyadS,S)-BP-Tyr and (R,S)-BP-Tyr were very inert upon
steady-state irradiation suggesting that theseacpéat intramolecular HAT reactions
were basically reversible. Such a reversibility stdntes, in turn, an efficient path for

energy dissipation in the triplet-excited BP chrquimare.
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It is well established, that, in order to be sustils hydrogen-atom transfer
reactions, initiated by triplet-excited ketonegjuiee close contact between the H-atom
donor and the accepting carbonyl moiety. Thus, dbserved high intramolecular
reactivity of the dyads consequentially reflectarge flexibility in the linkage between
BP and Tyr, which allows for a close contact of thebonyl oxygen and the hydroxylic
oxygen. Indeed, DFT calculations (in the gas-phasd)MD simulations for an implicit
solvent model provided evidence that, in both dyalle close contact needed for
intramolecular HAT can, indeed, occur between gaetive moieties.

Very similar observations to those for the openitHaP-Tyr dyads were also
made on both of the open-chain BP-Met dyads unaelys Thus,(S,S)-BP-Metand
(R,S)-BP-Met also showed a high efficiency of the triplet ezdistate quenching but,
in contrast to the BP-Tyr dyads, the BP-Met-baseenghing in ACN as the solvent
was not accompanied by directly detectable formatibany intermediates. However,
based on the observed short triplet lifetimes ahd analogy to the data on
intermolecular triplet-state quenching by compouoaistaining a methionine group, in
general, it was assumed that intramolecular eledtamsfer from the sulfur atom to the
triplet state of the BP is, nevertheless, the pnmahotochemical step. Steady-state
irradiations, on the other hand, revealed that rsg&xy reactions, which could lead to
stable products, occurred only with low efficien&y6 %.). Hence, the initially formed
charge-transfer complex appears to decay irrevgrsitly to a minor extent and rather
seems to involve most efficiently back electromsfar that regenerates the substrate.

The large conformational freedom of the linkageweetn BP and Met is
expressed in the non-zero formation probabiliteess computed from MD simulations,
of conformations with close contact between thetrea moieties. Thus, the observed
significant intramolecular reactivity withirfS,S)-BP-Met and (R,S)-BP-Met is in
accord with a quenching mechanism which is depenolerthe close contact of the BP
and Met residues.

A further interesting, because to some extentalhytiunexpected, result was that
the large intrinsic flexibility of the linker in ¢hopen-chain BP-Tyr and BP-Met dyads
appeared to overshadow the stereoselectivity otrtpket quenching in the respective
pairs of diastereomers. The highest stereoselgctdiithe open-chain BP-Tyr dyads,
expressed as the ratio of the rate constants Brdbpective intramolecular H-atom
transfers, was obtained in MeOH, and was just equd&.5. As further example, the
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stereoselectivty of the open-chain BP-Met dyadse lexpressed as the ratio of the
triplet lifetimes in ACN, was even as low as 2.%wu$ in order to get deeper insights
into the relations between the kinetic phenomenplaigd the molecular structure, the
flexibility of the peptide linker was limited by troducing a rigid system, namely, a
diketopiperazine (DKP) ring as a spacer between tbacting chromophores.
Importantly, the structural differences between thastereocisomers imposed by the
DKP rings caused a marked influence on the phottivéy of the compounds. The
LFP results of dyad¢S,S)-BP-DKP-Tyr and (S,R)-BP-DKP-Tyr in ACN showed a
striking contrast between the two diastereomerh vagard to their intramolecular H-
atom transfer rate constanflg;). The change in the configuration of just one ahir
center produced already distinct changes in thearnmtlecular H-atom transfer rates.
The highest stereoselectivity found in this work fllee DKP-based BP-Tyr dyads was
equal to 131 (in EtOAc as solvent). This valuehswt two orders of magnitude larger
than for the flexible linker systems and much higihan any value ever reported in the
literature for ketone/phenol dyads.

In order to explain the significant differences time intramolecular H-atom
transfer betwee(S,S)-BP-DKP-Tyr and(S,R)-BP-DKP-Tyr, the probabilities for the
formation of the conformations with close contadt tbe reactive moieties were
determined by MD simulations. It was found thatyo(8,S)-BP-DKP-Tyr was capable
of forming conformations which allow for close caots < 4.0 A. On the other hand,
(S,R)-BP-DKP-Tyr, wherein the two aromatic residues occupy oppasdes of the
DKP rings, structures with close contacts < 4 Ahef reactive moieties do not appear at
all during 100 ns simulation periods. Thus, the admble variations in the reaction
rates of the isomeric BP-Tyr dyads can be attrdbute differences in the distance
distributions.

In view of the obvious close-contact requiremerd, derived for the above
systems from complementary experimental and thieatedata, it was then of interest
to check whether this could, at least qualitativbly rationalized solely on the grounds
of MD simulations. However, in drawing any such dosion, intramolecular reactivity
of any compounds based on MD simulations requimssring that any such calculated
structural preferences are realistic. Thus, thiskwalso addressed the question how
reliable MD simulations were in regard to their negentation of conformational
preferences and distance distributions of the megaohoieties in benzophenone-tyrosine
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dyads. Having adopted a comprehensive MD/DFT coatlan of techniques, the MD-
simulations were validated by comparing the thécmktvalues of the spin-spin
coupling constants with the data obtained experialgn Based on the observed
agreement it can be concluded that MD simulatioedleect quite well the
conformational preferences of the cyclic DKP-badgdds. In summary, the successful
validation of the MD-simulations, which addressdtk tpair-distance distribution
between the reacting groups as a function of théecutar structure, identifies this
technique indeed as a reliable tool for predictngriori, i.e. before conducting any
experiment, a qualitative order of the reactivity other compounds toward
intramolecular H-atom transfer.

Structural effects showed up not only in the intodgoular BP triplet state
guenching by tyrosine in cyclic BP-Tyr dyads, blsibain the quenching of the excited
triplet state by the methionine residue in rigid-Bet dyads. Again, some of the results
were reasonably predictable while others had, astlat first glance, an element of
surprise with respect to the absolute and relateactivities. In contrast to BP-Met
dyads linked by an open, flexibile chain which skdwonly small stereo effects, the
guenching of the triplet state of the cyclic, irggjd BP-Met dyads revealed significant
chiral discrimination. Stereoselectivity, expresssdhe ratio of the triplet lifetimes for
the diastereocisomel$,R)-BP-DKP-Met and (S,S)-BP-DKP-Met measured in ACN,
was found to be 15, in comparison to only 2.5 ol#difor the open chain BP-Met
dyads. That significant difference in the reacyivitetween(S,R)-BP-DKP-Met and
(S,S)-BP-DKP-Metindicated, that in these rigidly linked dyads, thenust be some
special structural constraints in operation on Bfetriplet-state quenching by the
methionine residue. This distinct behavior couldeagain be attributed to the marked
differences in the probability of forming rotamevdth relatively close-contacts
between the sulfur and carbonyl oxygen that weuadon the MD simulationgS,S)-
BP-DKP-Met and (R,S)-BP-DKP-Met were, incidentally, the only compounds for
which the triplet-state quenching process showeligh degree of irreversibility,
indicating the existence of effective pathways &wrreaction products. Interestingly,
although the two compounds: one cyc(i§,S)-BP-DKP-Met and one open-chain
(R,S)-BP-Met were found to undergo the triplet-state quenchinth whe same rate
constants in ACN, their respective quantum vyieldsth® substrate disappearance,
differed by a factor of 7. This distinct discrepgnin efficiency of substrate
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consumption between the open-chain and cyclic BPdylads indicates that beside the
special structural constraints influencing thelétystate quenching rate constants, there
seem to be also further geometric factors in opmrahat control the efficiency of the
secondary reactions that may lead to stable preduct

Some mechanistic insight into the triplet-triggemq@wduct formation could be
obtained from the analysis of the LFP results d&dnholecular structure of the stable
product formed upon irradiation ¢6,S)-BP-DKP-Met This provided evidence that
the triplet decay of this compound, in which bahative moeities, BP and Met, occupy
the same side of the DKP ring, can actually bebatied to an efficient H-atom transfer
reaction. In more detail, the mechanism of the treacappears to involve an initial
electron-transfer that leads to an intramolecudalical-ion pair complex. This step is
then followed by an intramolecular proton transfelving exclusively a proton from
the CH carbon adjacent to the sulfur which finally resutt a backbone-linked ketyl
anda-thio-alkyl biradical. Subsequent intramoleculanss-linking of the biradical can
then explain the observed annular product. Althotlgh processwvas found to be
strictly regioselective, involving only thex{S)-positioned Cktcarbon of the original
Met side-chain, it does not exclude the possibiitya deprotonation from the also-(
S)-positioned Chktcarbon in other peptide or protein substrates wdifferent
geometrical characteristics, e.g. higher flexililit

Having established that hydrogen, electron andoprdtansfer reactions are
decisively involved in the initial photochemical opesses of the investigated
compounds, a natural interest arose in how thesgepses may depend or, at least, are
influenced by the surrounding environment.

In the next step of this work, special attentiorswherefore, paid to the solvent
effects with emphasis on the possible assist obtiheent in mediating the transport of
H-atoms, protons and electrons. The most impoftading was that, in contrast to the
generally donor-specific kinetic solvent effects mfolecular systems, the kinetic-
solvent-effect phenomenology of intramolecular HAGactions is highly correlated
with structural features. The extensive work byoldghad provided evidence that the
solvent dependence of bimolecular-reaction ratestemits may be quantified solely in
terms of the H-bond ability of the H-atom donor dahd H-bond acceptor ability of the
solvent. In agreement with this, in the presentknamlot of the kinetic data for the
open-chain dyad&R,S)-BP-Tyr and(S,S)-BP-Tyragainst the effective Abraham’s H-
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bond acceptor ability. 3", of the solvents were found to follow a linear elegence on
5" with slopes of b = 2.5 and b = 1.5 for (S,S)-BP-Tyr and (R,S)-BP-Tyr,
respectively. The results showed that this singlesmeter approach actually sufficed to
explain the solvent dependence of the intramolechlAT in the two open-chain
diastereomeric BP-Tyr dyads.

In contrast to the open-chain dyads, the two DK$&eHastructures exhibited,
however, distinctly different solvent dependenciébe reaction rates for the dyad
(S,R)-BP-DKP-Tyr were found to be strongly solvent dependent whute(S,S)-BP-
DKP-Tyr the solvent was only of minor importance for thecteon rates. Such a
contrasting solvent behavior toward intramolecliaatom transfers, as observed for
(S,5)-BP-DKP-Tyr and (S,R)-BP-DKP-Tyr, is quite unusual for a pair of
diastereomers. In this regard, they can, therefoeeperceived as a unique pair of
diastereomers with a unique solvent dependendeeafdtereoselectivity.

Further insight emerged from the details of theelistudies. Thus, non-protic
and protic solvents exerted opposite effects omdateeconstantsy, of (S,R)-BP-DKP-
Tyr. These rate constants differed by two orders ajmtade. The compoun(s,R)-
BP-DKP-Tyr has its reactive moieties on opposite sides oDK# ring and showed
low reactivity toward intramolecular HAT in non-pio solvents. Quite unexpectedly
though, in hexafluoro-2-propanol, a strongly prosiclvent, it became even more
reactive than(S,S)-BP-DKP-Tyr, wherein the benzophenone and tyrosine moieties
occupy the same side of the DKP ring, i.e., exiasticonfiguration seemingly well
suited for HAT. The rate-enhancing and rate-reteydeffects of the solvents were
attributed to specific solvent-solute interactiomsh both the hydrogen-donor and the
hydrogen-acceptor. As a consequence, a single-gagamdependence of the
intramolecular H-transfer reaction turned out to het sufficient to explain the
differences in the reaction rate constants of ywic dyad (S,R)-BP-DKP-Tyr. The
sharp decrease of the reaction rates in non-psotients was quantified in terms of the
KSE model and thus could be attributed to hydrogending of the tyrosine to the
solvent. HAT rates in non-protic solvents with westkective H-bond donor abilities
>
parameteZ 3", with a slope b = 3.1. Importantly, dyadéS,R)-BP-DKP-Tyr, (S,S)-

were actually found to follow a linear dependerame the H-bond acceptor

BP-Tyr and (R,S)-BP-Tyr are examples where the slopes of the logarithmic

intramolecular HAT rate constanis =4 plots are individual characteristics for each
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dyad, but not the characteristic of each partictdaatom donor, in general, as may be
expected from the theory of the KSE.

A sharp increase of the reaction rates with theesat’ hydrogen-bond donor
ability was observed in protic solvents. Data (8/R)-BP-DKP-Tyr plottedvs. the H-
atom donor abilitZ " in this case also showed a linear correlationviitit a positive
slope of b = 2.3. These results @)R)-BP-DKP-Tyr show that, in contrast to the KSE
phenomenology, which necessarily connects spesdieation with retarding effects,
specific solvation can also accelerate the HAT tieacates. This finding may, in fact,
not only apply to the tyrosyl functionality but isly to phenols, in general. The
contrasting solvent dependencies of the H-atonsteaurate constants for dy48,R)-
BP-DKP-Tyr in protic and non-protic solvents can thus berpreted as being due to
fundamentally different H-atom transfer mechanismthe respective solvents.

It is further worth noting that, in sharp contrdst (S,R)-BP-DKP-Tyr, the
complementary diastereom,S)-BP-DKP-Tyr represents the first example for HAT
reactions from a sterically unhindered phenol with@any sizable dependence on
specific-solvation effects. The observed recipradapendence of the HAT rates of
(S,S)-BP-DKP-Tyr on the bulk viscosity could be interpreted as ¢esnlely due to
intramolecular dynamics as the rate-determining.ste

Importantly, acceleration of the intramolecularateaty in protic solvents was
not limited only to(S,R)-BP-DKP-Tyr but seems to be a more general phenomenon
because it was also observed (8/R)-BP-DKP-Met andCB-Met-Tyr . In the case of
(S,R)-BP-DKP-Met, for example, the triplet lifetime was reducedéfactor of 10 on
going from ACN to TFE as solvent. More surprisingly was noticed that fairly
efficient electron transfer from methionine occuiadprotic solvents even though in
ACN the rigid amide bond between BP and MeCB-Met-Tyr completely suppressed
any such methionine reactivity.

Moreover, the reactivities of triplet-excited BPtire anisole derivatives, BP-AN,
were also dramatically enhanced in protic solvenkss large reactivity of BP towards
anisole, in conjunction with the formation of intexdiates in these O-methylated
anisole-type phenolic derivatives of the BP-Tyr diyjaappears to be unprecedented in
the previous literature on this topic. So, to ¢lathe respective solvent dependence and
to identify the role of the solvent in the actiwatiof the observed enhanced reactivity,

additional studies were augmented on the methosjogoes of the BP-Tyr dyads by
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results on a bimolecular system: benzophenonelfanisaser-flash photolysis was used
to investigate the photoreduction of BP and itsvdgives by anisole in a number of
non-protic and protic solvents. While the result:ion-protic solvents were compatible
with ,unproductive* quenchingia a charge-transfer state, which is in agreemerit wit
literature data, quenching in protic solvents, ba other hand, was accompanied by
efficient formation of free-radical products. THisding was unexpected since this
system has generally been found unable to harbmopiduced electron transfer (PET)
processes. The contrasting behavior was ratiorthhzea mechanistic switch from non-
productive charge-transfer quenching in non-pretitvents to a full electron transfer
(ET) in protic solvents, where the latter processliiven by specific solvation of the
electron acceptor. Indeed, analysis of the sohdmgendence in terms of Marcus'
theory revealed the impact of specific solvationb@mmzophenone by protic solvents
influencing the ET driving force and kinetics. Qticial importance in this respect is a
detailed knowledge of the factors that control RiEdcesses, particularly those ones
that affect the competition of the charge sepamatidh undesired recombination. Thus,
the finding that specific solvation interactionsppart efficient free radical-ion
formation also in media of moderate and low pojabears a meaningful message
because it provides a promising way for the futoreun PET reactions with efficient
charge separation independent of the dielectripgntees of the medium. In addition, it
appears highly probable that the solvent-driven t@hduced electron-transfer
enhancement described in this study can be genedaip other PET systems.

The results presented in this thesis very cleadynahstrate the complexity
pertaining to intramolecular reactions even in treédy simple model compounds.
Within this perspective, the comprehensive compleary experimental and theoretical
study conducted in this work, specifically on imw@ecular reactions between
tyrosine/methionine and triplet-excited benzophenatiows to make, in summary, the
following general conclusions: (1) The rates of thi#amolecular reactions are very
sensitive to changing the flexibility of the linkeonnecting the reactive moieties. (2)
The reactivity of an electronically excited molexghn be greatly enhanced by changes
in the nature of the solvent. (3) Most interestiag,an extension to previous knowledge,
the results imply that the kinetic effects that emposed by the solvent and those that
are due to the dyad structure are correlated veith @ther and cannot be understood if

treated separately.
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5 STRESZCZENIE PRACY

Badania nad reakcjami chemicznymi z udzialem gziwdw zawierajcych
metionire i tyrozyre prowadzonegm.in. po to, by okrdi¢ jak w naturalnych uktadach
biologicznych, np. biatkach, w  wyniku dzialania  pmeniowania
elektromagnetycznego m® dof¢ do reakcji fotochemicznych. Powsjeg¢ wowczas
rodniki lub jonorodniki mog w reakcjach z rinymi zwigzkami organicznymi
prowadzé do mutacji materiatu biologicznego. W wyniku zajoiwane]
fotochemicznie reakcji przeniesienia elektronu mpgwsta biatka o bardzo podobnej
strukturze do biatka rdzennego, jedimako innych wiaciwosciach chemicznych.
Utworzone w reakcji przeniesienia elektronu katimamiki na atomie siarki (dla biatek
zawierajcych w swojej strukturze aminokwasy z atomami $)avk procesie stresu
oksydacyjnego wdczap siec we wczesny etap ataku oksydacyjnego, kojarzonego z
procesami starzenia esioraz z patologiami takimi jak choroba Alzheiméla.
Dodatkowo, wolne rodniki, anionorodniki oraz katwwadniki posiadajce
niesparowane elektrony gtébwnie na atomie siarkgrp@aj jedyrp w swoim rodzaju
role w rozmaitych obszarach chemii, @k w chemii organicznej. Przykiadowo
utlenianie lekow biatkowych zawieegjych metionig, na ktére & one naraone
podczas syntezy, oczyszczania, przechowywanizenpoowadzi do modyfikacji ich
wiasndaci fizykochemicznych, a w konsekwenciji do utratly ektywndci biologicznej,
niepazgdanej reakcji uktadu immunologicznego organizmu, takze zmiany
farmakokinetyki*®? Rodnik tyrozylowy Tyr(O), utworzony w procesie przeniesienia
atomu wodoru z fragmentu tyrozynowego (lub przearea elektronu i dalszej reakcji
przeniesienia protonu), ta& odgrywa niezmiernie waa role w aktywndgci
enzymow? 12

W swietle przedstawionej wyej krotkiej argumentacji catkowicie uzasadnione
jest podgcie bada w celu szczegdétowego poznania mechanizmu powsiawadnika
tyrozylowego Tyr(O) i kationorodnika >% i ich dalszych reakcji wtérnych.
Zatozeniem pracy bylo okétenie statych szybl§oi tworzenia s powyzszych
rodnikéw niezalenie od procesu dyfuzji. Dlatego w badaniach skotrograno s¢ na
zwigzkach, dla ktorych midiwe s3 reakcje wewstrzczsteczkowego przeniesienia
atomu wodoru, elektronu lub protonu. Ze wertyl na duay stopién skomplikowania
uktaddw biologicznych, do baflavybrano prostsze, modelowegsieczki zawierace
uktady bichromoforowe: benzofenon-tyrozyna i beenoin-metionina jak i
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trichromoforowe: karboksybenzofenon-metionina-tymee. Poznanie mechanizmow
reakcji rodnikowych zachodeychin vitro w wybranych modelowych zwzkach mae
si¢ przyczynt do zrozumienia proceséw rodnikowych zachmyzhin vivo.

Badania prowadzone dla podobnych uktadéw wykazaéy, fotoindukowane
procesy wewsgtrzczsteczkowego przeniesienia atomu wodoru lub eleltra

V\;,46, 65, 97, 100-1Q2 Chocia

procesami ztonymi i zalenymi od wielu czynnikd
fotoindukowane procesy redukcji aromatycznego ketqmzez fenol lub zwgiki
zawierajce atom siarki (ll) $ przedmiotem badaod wielu lat mechanizm reakcji nie
jest nadal w petni poznany. Dlatego zrozumienie mazmow reakcji rodnikowych i
parametrow determinagych szybké¢ ich zachodzenia wymaga systematycznych
bada& nad grup zwigzkOw r&nigcych sé: rodzajem pcalczenia m¢dzy donorem i
akceptorem, chiralifgia i mozliwoscia oddziatywania elektronéwn piercieni
aromatycznych.

W pracy tej zwrécono szczegdlluwag na te parametry uktadu, ktére mog
determinowdé szybkaé¢ zachodzenia badanych reakcji wewvaczsteczkowych. W
zwigzku z tym okrélono wpltyw geometrii badanych uktadow na stsdybkdaci reakciji
poprzez porownanie reaktyw§w zwigzkOw 0 r@nym typie podczenia (gitkim,
sztywnym) me¢dzy donorem i akceptorem. Poniewahiralng¢ zwigzku odgrywa
istotrg role w uktadach biologicznych, dlatego jednym z celévaqy byto take
okreslenie wptywu zmiany chiraliei na weglu asymetrycznym (znajcdigym st w
tancuchu peptydowym stanoyagym fgcznik miedzy donorem i akceptorem) na stat
szybkdci reakcji, co zostalo zrealizowane poprzez porawaareaktywnéci
odpowiednich diasterecizomerow. Jednym z dalszytdpdsv pracy byto tate
scharakteryzowanie wptywu rozpuszczalnika na badaneprocesy
wewnatrzcasteczkowe. Intensywne badania Ingolda i Litwiniékt! dotyczce
kinetycznego efektu rozpuszczalnikowego w reakcjaohedzyczsteczkowych
wykazaly, ¥ wpltyw rozpuszczalnika nima opisa poprawnie stosgf zaledwie jeden
parametr, ilustryjcy zdolng¢ danego medium to petnienia roli akceptoraaania
wodorowego. Szczegbétowe badania nad wplywem rozgaszika pozwolity
zweryfikowa poprawné¢ opisu tego modelu do proceséw wejvaczasteczkowych
dla bichromoforéw benzfenon-tyrozyna stosowanygbracy.

Gtownym narzdziem bada byla nanosekundowa fotoliza btyskowa (LFP).

Zastosowanie lasera azotowego (337 nm) i Nd-YA@eftia i czwarta harmoniczna —
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355 nm i 266 nm) o czasie btyskuedzn 8 ns umgliwito pomiar absorpcji krotko
zyjacych produktow pérednich, jak i absorpcji przajiowej czsteczek w stanach
wzbudzonych. Pomiar krzywych kinetycznych dlaznmgch dlugdci fali pozwolit
uzysk& widma absorpcji przégiowej badanych uktadow po mdych czasach
op&nienia po blysku lasera. Dalsze rozseparownie w@wygth widm na sktadowe
doprowadzito nie tylko do identyfikacji nietrwatycproduktéw przejciowych, ale
takze do okrélenia zmian ich stzen w czasie. Istotnczes¢ pracy doktorskiej stanowity
obliczenia teoretyczne z zastosowaniem teorii fiovkatéw g:stasci (DFT) przy wyciu
pakietu Gaussian03, a tak symulacje Dynamiki Molekularnej (MD) przyzyciu
pakietu AMBER 10. Celem oblicae teoretycznych bylo znalezienie
zoptymalizowanych struktur w stanie gazowym dlanstgpodstawowego badanych
zwigzkow. Ponadto dla niektorych uktadow prowadzonoicabhia w obecrii
rozpuszczalnika dla stanu podstawowego i tryplegmveSymulacje MD pozwolity
dodatkowo okréi¢ prawdopodobigstwo wystpowania odpowiednich konformaciji.
Zadaniem oblicz@ metody DFT i symulacji MD byto znalezienie czynnikow
geometrycznych, takich jak odlegébomiedzy donorem a tlenem karbonylowym, czy
oddziatywanie elektrondwt pierscieni aromatycznych, ktore wptywajna szybkéé
reakcji wewntrzczsteczkowego przeniesienia atomu wodoru lub elelatron

Do bada wybrano otwartotacuchowe bichromofory: benzofenon-tyrozyna
((S,S)-BP-Tyr, (R,S)-BP-Tyr) i benzofenon-metionina(%,S)-BP-Met (R,S)-BP-
Met), w ktérych oba chromofory pgdzone § gictkim tancuchem peptydowym, o dej
swobodzie konformacyjnej. Dragrupe zwigzkéw stanowity cykliczne bichromofory:
benzofenon-tyrozyna ($,S)-BP-DKP-Tyr, (S,R)-BP-DKP-Tyr) i benzofenon-
metionina (S,S)-BP-DKP-Met (S,R)-BP-DKP-Met), w ktorych oba chromofory
pofaczone g sztywnym piescieniem diketopiperazyny. Badania obejmowadgzhie
cztery pary diastereocizomerow i skupiatg sia poréwnaniu reaktywidoi w obrbie
badanej pary diastereoizomerow, azgkwpltywie rodzaju tacucha peptydowego
taczacego chromofory na ich reaktywsto Badania zostaty rozszerzone o ukiad
trichromoforowy: karboksybenzofenon-metionina-tynoa (CB-Met-Tyr ), dla ktérego
uwzgkdnione byly konkurencyjne procesy wygaszania statnypletowego
karboksybenzofenonu przez oba aminokwasy. Wszybktkleomofory, trichromofory i
zwigzki referencyjne stosowane w pracy zostaly zsymtetyane przez doktoréw F.
Kazmierczaka i G. Hornera.
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Pierwszym etapem prac bylo wykonanie widm absorpcjfosforescencji
wszystkich badanych ze#kow, w celu sprawdzenia czy podstawieniegstzczki
benzofenonu nie zmienia wawosci spektroskopowych tego chromoforu. Widma
fosforescencji dla badanych zwkoéw zostaly wykonane w temperaturze 77 K w
szkliwie dichlorometan-metanol (DCM-MeOH) (1:1 v/vZnormalizowane widma
fosforescencji wszystkich badanych bichromoforétkiaghromoforéw pokrywaty si z
widmami  wykonanymi odpowiednio dla niepodstawionegbenzofenonu i
karboksybenzofenonu. Energie stanu trypletowegaigch zwizkdéw obliczone na
podstawie diugéri fali odpowiadajcej pasmu 0-0 emisji znajdowatyesiv waskim
przedziale od 68.4 do 69.9 kcal/mol i zgadzaly si wartdgciag wyznaczog dla
benzofenonu. Widma absorpcji Z&ego ze zwjzkow zostaty wykonane w trzech
rozpuszczalnikach w temperaturze pokojowej. Pondtiaacetonitrylu (ACN) zostaty
wyznaczone molowe wspoétczynniki absorpcji dlax dwdch charakterystycznych dla
benzofenonu pasm. Dla wszystkich z@kiow zostalo zaobserwowane
charakterystyczne dla benzofenonu pidej n—n z maksimum przyimax= 338 nm,

charakteryzujce s¢ matym molowym wspétczynnikiem absorpcji w zakresle 200

dm?3

mol-cm

i bardziej intensywne prz&jie n—»n z maksimum przykmax = 259 nm, z

3
molowym wspoétczynnikiem absorpcjigau 1800%. Dodatkowo zaobserwowano

przesunjcie st pasm n—n w stror fal diuzszych ze wzrostem polarfm i
protyczndci rozpuszczalnika, natomiast dla pasmm wraz ze wzrostem polar i
protyczndci rozpuszczalnika nagiowato przesugcie maksimum pasma w strpfal
krétszych. Podsumowag, na podstawie analizy widm absorpcji i fosforesgie
stwierdzono,ze struktura elektronowa badanypbchodnych benzofenonu nie ulegta

zmianie w stosunku do niepodstawionego benzofenonu.
Bichromofory: benzofenon-tyrozyna

Nastpny etap pracy stanowity eksperymenty czasowo-fiekze. Dla
otwartotaaicuchowych bichromoforéw benzofenon-tyrozyna wykanbadania stosag
nanosekundow fotolize btyskows. Pomiary wykonano w 6 rozpuszczalnikach
protycznych i nieprotycznych. Czasyycia stanu trypletowego wyznaczono z
dopasowania funkcji monowyktadniczej Ilub dwuwykiazre] do krzywych

kinetycznych dla diugwi fali charakterystycznych dla absorpcji stanupkeyowego
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(520 nm i 630 nm). Uzyskano waftd w zakresie od 10 ns do 80 ns (aS)-BP-Tyri

od < 10 ns do 40 ns dI®&,S)-BP-Tyr w zalenosci od wytego rozpuszczalnika. We
wszystkich eksperymentach stan trypletowy zostderyfikowany jako domingge
indywiduum na widmie absorpcji prZejowej, po krotkich czasach ofptienia w
stosunku do btysku lasera (maksima absorpcji prap 3im i 525 nm oraz
charakterystyczna absorpcja paey 600 nm). Na widmie absorpcji przejpwej dla
diuzszych czaséw opdienia widoczne jest przesgnie maksimum absorpcji z 325 na
335 nm i z 520 nm na 540 nm oraz dodatkowo pojaeisi absorpcji przy 405 nm.
Zaobserwowanie charakterystycznej absorpcji pcemjej dla rodnika ketylowego
(Amax = 540 nm) i rodnika tyrozylowegoifax = 405 nm) jest jednoznacznym,
bezpdrednim dowodem na wygiowanie reakcji przeniesienia atomu wodoru w
wygaszaniu stanu trypletowego benzofenonu. Kroétikiasy zycia trypletu dla obu
zwigzkow wykluczaj reakcje dwucgsteczkowy i wskazuy na wewntrzczsteczkowy
charakter wygaszania stanu trypletowego.

Nastpnym etapem prac bylo rozseparownie uzyskanych widbsorpciji
przegciowej na skladowe, co pozwolito nie tylko na pardzenie identyfikacji
nietrwatych produktow prz&giowych, a take na okrélenie zmian ich sten w czasie.
Bardzo dobre dopasowanie do danych eksperymentalmizzymanych w ACN
uzyskano przy zastosowaniu widm referencyjnych tleech indywidudw: stanu
trypletowego®BP, rodnika ketylowego BPHi rodnika tyrozylowego Tyr(¢), co jest
dalszym potwierdzeniem wygiowania przeniesienia atomu wodoru w wygaszaniu
stanu trypletowego. Wyznaczone z profiliezgniowych wydajnéci kwantowe
tworzenia BPH i Tyr(O®) w ACN dla obu zwjzkéw w granicy bidu byty réwne 1, co
swiadczy o bardzo wydajnym wygaszaniu stanu trypéeigo w  wyniku
wewnmgtrzczsteczkowego przeniesienia atomu wodoru.

Podsumowujc, oba diastereoizomery wykazuyysoky reaktywnd¢ zwigzam z
fotoindukowanym wewsgtrzczysteczkowym przeniesieniem atomu wodoru, a w oparciu
0 na&wietlanie stacjonarne wykazanq, reakcja ta jest catkowicie odwracalna. W
zaleznosci od struktury badanego zygku i zastosowanego rozpuszczalnika state
szybkaci wewmngtrzczasteczkowego przeniesienia atomu woddgy, mieszca sie w
zakresie od 7 x £ do 1,3 x 18s . Wyznaczona stereoselektyvéavyrazona jako
stosunek statych szybka ky dla pary diastereoizomerow znajduje wi przedziale od

1,2 do 3,5. Wysoka reaktywfio obu bichromoforéw niezateie od uytego
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rozpuszczalnika jest pogaana z dig swobod konformacyjm tancucha peptydowego
tagczacego benzofenon z tyrozyn Wykonane zaréwno obliczenia DFT dla stanu
gazowego i symulacje MD o czasie trwania 100 nsiddhy, ze konfiguracje o bliskim
kontakcie reagdpych fragmentowgmaozliwe dla obu diasterecizomerdw.

Istotnym wynikiem bada nad wptywem rozpuszczalnika na reaktywho
zwigzkow (S,S)-BP-Tyri (R,S)-BP-Tyr jest zaobserwowanie liniowej zatesci log
ky od parametr@/3,”, opisupcego zdolné: rozpuszczalnika do petnienia roli akceptora
w wigzaniu wodorowym. Nachylenia prostej wyznaczonegresi liniowej wynosz
odpowiednio-2,5 i -1,5 dla (S,S)-BP-Tyr i (R,S)-BP-Tyr. Zmniejszenie statej
szybkdci ky wraz ze wzrostem parametB3," rozpuszczalnika jest interpretowane
jako zwhzane ze zmniejszeniemestnia wolnej czsci tyrozynowej niezwjzanej
wigzaniem wodorowym z rozpuszczalnikiem. Zatem uzyakieorelacja jest zgodna z
teorig kinetycznego efektu rozpuszczalnikowego - tylkona@lo atomu wodoru
niezwigzany wigzaniem wodorowym z rozpuszczalnikiem zaaiczestniczyw reakcji
przeniesienia atomu wodoru.

Duza swoboda konformacyjnaneucha peptydowego w otwartétauchowych
bichromoforach ograniczyta mlbwvos¢ doktadnej analizy zaklmosci miedzy
reaktywndcig zwigzku a jego geometyi Sztywndé polgczenia mgdzy chromoforami
zwi¢kszono poprzez zastosowanie pigenia diketopiperazyny (DKP). Wprowadzenie
pierscienia spowodowato wysaie r&zng orientacg chromoforow wzgjdem DKP dla
obu diastereoizomeréw. W przypadK$,S)-BP-DKP-Tyr zarbwno benzofenon i
tyrozyna znajdyj sic po tej samej stronie pigienia DKP, natomiast zgzek (S,R)-
BP-DKP-Tyr posiada reaggge chromofory po przeciwnych stronach poggnia DKP.
W celu zbadania jak zmiana chiraiod na jednym wglu asymetrycznym w tak
skonstruowanych diasterecizomerach wptynie na iadmktywndé wzgledem
wewnmgtrzczysteczkowego przeniesienia atomu wodoru wykonano iggymmetod
fotolizy btyskowej w 12 rénych rozpuszczalnikach protycznych i nieprotyczn%h
148

Zaobserwowano dla badanych diasterecizomer&nmyrévptyw rozpuszczalnika
na widma absorpcji przgjiowej. Dla zwizku (S,R)-BP-DKP-Tyr widmo absorpcji
przegciowej uzyskane w ACN po czasie 200 ns od blyslaerna odpowiada widmu
stanu trypletowego benzofenonu (maksimum absof&§i nm). Natomiast na widmie

dla tego samego zwdku i po tym samym czasie apenia otrzymanym podczas
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eksperymentu w mieszaninie ACN® (1:1 v/v) wyranie widoczne jest przesuiie
maksimum absorpcji z 520 nm na 540 nm oraz pojawisk absorpcji przy 405 nm.
Jednoznacznie wskazuje to na to,stan trypletowy ulega wygaszeniu w wyniku
przeniesienia atomu wodoru, w efekcie czego powstagerwowane na widmie rodnik
ketylowy BPH i rodnik tyrozylowy Tyr(3). Dla zwizku (S,S)-BP-DKP-Tyr, w
przeciwigistwie do(S,R)-BP-DKP-Tyr, widma absorpcji przégiowej nie wykazuj
réznic ze zmiap rozpuszczalnika z nieprotycznego na protycznyadrakteryzuj sie
wydajnym wygaszaniem stanu trypletowego w wynikaepresienia atomu wodoru
niezalenie od uytego rozpuszczalnika.

Do rozkiadu widm absorpcji przejowej dla (S,R)-BP-DKP-Tyr w ACN
niezledne jest zastosowanie widm referencyjnych dla trzéwdywidudw: stanu
trypletowego’BP, rodnika ketylowego BPH rodnika tyrozylowego Tyr(¢). Jednake
diugi czaszycia stanu trypletowegor = 1us i czasyzycia rodnika ketylowego i rodnika
tyrozylowego wynoszxe dziesitki mikrosekund wskazagj na przeniesienie atomu
wodoru w reakcji midzyczsteczkowej. Odmienna sytuacja wymsije gdy dla(S,R)-
BP-DKP-Tyr eksperyment jest przeprowadzony w mieszaninie AGRN-HL.:1 v/v), w
tym przypadku do poprawnego rozseparowania widnzbatne jest aycie ponadto
widma wzorcowego anionorodnika BP Dodatkowo czasgycia trypletu jest skrécony
dzieseciokrotnie w stosunku do ACN, a rodniki ketylowyyirozylowy zanikag z t3
samy kinetykay z czasenwycia lus. Obserwacje t@wiadcz, iz w rozpuszczalniku
protycznym stan trypletowy zwaku (S,R)-BP-DKP-Tyr jest wygaszany w wyniku
wewnmgtrzczysteczkowego przeniesienia atomu wodoru, co zostadbwierdzone
poprzez brak wptywu gtenia roztworu na czag/cia trypletu. Warte podksenia jest
to, ze zwhzek posiadary reagugce chromofory po przeciwnych stronach poggnia
diketopiperazyny miee nie tylko ulegé reakcji wewntrzczsteczkowego przeniesienia
atomu wodoru, ale co wiej wydajnd¢ tej reakcji mae by bliska jednéci.

Zdecydowanie riny wplyw rozpuszczalnika na reaktywito badanej pary
diastereocizomerow monitorowany byt #&k poprzez czasyzycia trypletu. Dla
bichromoforu(S,S)-BP-DKP-Tyr, w ktorym benzofenon i tyrozyna znajdigic po tej
samej stronie piécienia diketopiperazyny, krzywe zaniku przy disgjo fali
charakterystycznej dla stanu trypletowego (630 naktadag sic na siebie niezakmie
od badanego rozpuszczalnikwiadczy to o niewielkim wplywie rozpuszczalnika na

czaszycia trypletu Odmienne zachowanie obserwowane jest dlazwi (S,R)-BP-
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DKP-Tyr, dla ktérego czasycia trypletu jest silnie zalay od rozpuszczalnika i
miesci sie w zakresie od 50 ns w heksaflouroizopropanolu BjFdo > 1000 ns w
ACN. Czas zycia trypletu ulega zdecydowanemu skroceniu przy iani@
rozpuszczalnika z nieprotycznego na protyczny. Vdgzone stale szybko
wewnmgtrzczysteczkowego przeniesienia atomu wodoky, dla zwigzku (S,R)-BP-
DKP-Tyr mieszca sie w przedziale od < 1 x £&™* w octanie etylu do 2 x 1G* w
heksafluoizopropanolu, podczas gdy dla gzku (S,S)-BP-DKP-Tyr ky zmienia st
jedynie w zakresie od 8,2 x 46" w trifluoroetanolu (TFE) do 2,2 x 1&™* w ACN.
Dla badanej pary diasterecizomeréw zaobserwowanpetzie odmienny wptyw
rozpuszczalnika na stakzybkdaci reakcji ky. Zarowno brak zalaosci reaktywndgci
od zastosowanego rozpuszczalnika (8S)-BP-DKP-Tyr jaki i znacacy wzrost
reaktywndci w rozpuszczalnikach protycznych dla drugiegostieecizomeru jest
spostrzeeniem unikatowym w literaturze przedmiotu. Odnotowawn publikacjach
wartasci stereoselektywrigi w przeniesieniu atomu wodoru dla diastereoizdwer
keton-fenol miécity sic w przedziale od 2-16 ** " Natomiast dla omawianej pary
cyklicznych diastereoizomerow stereoselektysénavyniosi @ 131 w octanie etylu.
Niespodziewanie jednak stereoselektywni@ zmalata do 0,74 w HFIP. Oznacza fo, i
zwigzek (S,R)-BP-DKP-Tyr posiadajcy chromofory po przeciwnych stronach
piersicienia DKP jest bardziej reaktywny w procesie wetmatzsteczkowego
przeniesienia atomu wodoruznzwigzek (S,S)-BP-DKP-Tyr, w ktérym benzofenon i
tyrozyna znajduj sic po tej samej stronie piaienia DKP.

Badania eksperymentalne zostaly uzupetnione sztmegdi obliczeniami
teoretycznymi i symulacjami Dynamiki Molekularn@&iD). Optymalizacja casteczek
metody DFT wykazala, 2 oba zwajzki mog istnie¢ w konformacji umaliwiajacej
bliski kontakt tlenu karbonylowego i tlenu grupydngksylowej tyrozyny. Jednak,
gdy obliczenia zostaty przeprowadzone w ACN tylkda dS,S)-BP-DKP-Tyr
konformacja typu ,sandwich” o mailej odleggdp d(O-O) byla konformag o
najmniejszej energii. Wyniki z symulacji MD wykayahatomiast, 4 tylko (S,S)-BP-
DKP-Tyr w ciaggu 100 ns symulacji przyjmuje konformacjed@-O) < 4 A. Ponadto
wyniki symulacji MD dla obu zwjzkow wykazaty, ¥ odmienne konformacjeas
uprzywilejowane dla kalego z diastereoizomerow. Batenie wynikow z symulacji
MD z dodatkowymi obliczeniami DFT pozwolito na wyarrenie statych spgzenia
spinowo-spinowego3J(H-HP®R) dla (S,S)-BP-DKP-Tyr i (S,R)-BP-DKP-Tyr.
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Obliczone teoretycznie wado statych sprezen s3 zgodne z  warkiami
wyznaczonymi eksperymentalnie z NMR i NOE. W tenssip zostata zweryfikowana
wiarygodnd¢ rezultatow zastosowanych symulacji MD. Otwiera maozliwosé
przewidywania stopnia reaktywfw zwigzkow, w ktorych zachodzprocesy zalene
od odlegtdci reagujcych fragmentow np. wewirzczasteczkowe przeniesienie atomu
wodoru, za pomac metod teoretycznych. Symulacje takie mpagjanowé wskpne
jakosciowe oszacowanie reaktywstd zwigzku i mog by¢ przydatne w planowaniu
bada (wybér odpowiedniej struktury zawzkdédw przed przeprowadzaniem drogich i
czasochtonnych syntez).

Kluczowym spostrzeeniem wynikagcym z wynikow fotolizy btyskowej dla
cyklicznych bichromoférw: benzofenon-tyrozyna jest iz dla zwhzku (S,S)-BP-
DKP-Tyr obserwowano niewielk zaleznos¢ state] szybkéci ky od rozpuszczalnika,
natomiast reaktywrié zwigzku (S,R)-BP-DKP-Tyr silnie zalgata od uytego
medium. Co najwaniejsze zaobserwowanq;, stata szybkeri reakcji ky dla zwigzku
(S,R)-BP-DKP-Tyr w przeciwigstwie do bichromoforow otwartal@uchowychnie
moze by poprawnie opisana przyzyciu jedynie jednego parametru rozpuszczalnika
35", Reaktywnéé¢ zwiazku (S,R)-BP-DKP-Tyr jest natomiast skorelowana z dwoma
parametrami rozpuszczalnika: parametré)®” i parametremZa," opisupcym
zdolna¢ rozpuszczalnika do petnienia roli donora waxeiniu wodorowym. Teoria
Ingolda o kinetycznym efekcie rozpuszczalnikowyragwiduje, ¥ nachylenie prostej
log ky od 3" jest cech charakterystyczndonora atomu wodoru. Oznacza todia
wszystkich badanych bichromoforéw: benzofenon-tynaz nachylenie odpowiedniej
prostej powinno by takie samo, gdywszystkie one posiadaien sam donor atomu
wodoru: tyrozyr. Jednake, wyznaczone z regresji liniowej nachylenie prokig ky
od =B dla (S,R)-BP-DKP-Tyr wynosi -3,1, co wraz z dwomazdymi wartdciami
nachylenia odpowiednich prostych dla bichromoforétwartotaixcuchowych (-2,5, -
1,5) wskazuje, ze nachylenie prostej z logarytmu ze statej szybko
wewnrgtrzczasteczkowego przeniesienia atomu wodoru od paran¥®l jest raczej
cechy charakterystycznkazdego zwizku, a nie jedynie ceghdonora atomu wodoru.

Wplyw obu parametrow rozpuszczalnika na reaktyéérawigzku jest odwrotny,
tj. wicksza warté¢ 3" wplywa na zmniejszenie reaktywdmd, natomiast wiksza
wartai¢ Xa,' powoduje wzrost reaktywsoi badanego zwzku wzgbdem

wewngtrzczysteczkowego przeniesienia atomu wodoru. Wyniki tekazuj, ze
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oddziatywanie specyficzne z rozpuszczalnikiemzenadwniez powodowa wzrost
reaktywndci zwigzku. Przeciwny wptyw rozpuszczalnika na stsgybkdéci reakcji,ky,
zwigzku (S,R)-BP-DKP-Tyr w rozpuszczalnikach protycznych i nieprotycznychzeno
by¢ interpretowany jako zwrany z fundamentalnie zdym mechanizmem
przeniesienia adomu wodoru w odpowiednich rozpusdndzach. Za tym wyjgnieniem
przemawia po pierwsze wzrost statej szygkaeakcjiky o dwa rzdy wielkosci przy
przegciu z rozpuszczalnika nieprotycznego do protycznemydake obserwacja na
widmie absorpcji przégiowej w mieszaninie ACN-HD anionorodnika BP.
Obserwacje te wskazyj iz wygaszanie stanu trypletowego w rozpuszczalnikach
protycznych zachodzi wedlug dwuetapowego mechanizektadajcego st z
przeniesienia elektronu i ngptijgcego po nim przeniesienia protonu.

Stale szybkéci ky dla r&nych rozpuszczalnikéw dla zyaku (S,S)-BP-DKP-
Tyr wykreslone wzgkdem parametrus3" czy Zan" wykazup prawie zerowe
nachylenie, co potwierdza brak wptywu rozpuszckama reaktywn& tego zwiyzku.
Jedynym parametrem rozpuszczalnika, ktory wplywat@aktywnéé zwigzku (S,S)-
BP-DKP-Tyr jest lepkad¢. Najdtuzszy czas trypletu odnotowano dla tego gaku w
rozpuszczalniku o najwgzej lepkdci, sparod wytych tj. wtert-butanolu. Sugeruje to,
iz etapem determinggym szybkeé¢ zachodzenia reakcji jest wewtreczasteczkowa
dynamika ruchu cgsteczki. Sam etap przeniesienia atomu wodoru j@st szybszy od
przeksztalcenia @steczki do geometrii wkgiwej do zajcia reakcji tj. geometrii o
bliskim kontakcie reagagych fragmentéw csteczki. Przy tym zal@niu w oparciu o
wyniki dynamiki molekularnej zostata wyznaczonaitastazybkdci tworzenia sj
konformaciji o bliskim kontakcie raélzy tlenami. Otrzymana wagbkoo = 3% 10" s*
jest w dobrej zgodrioi z wartgciami statej szybkari reakcji ky zmierzonymi
eksperymentalnie, co potwierdza stlusgnozalazenia o wewantrzne] dynamice
czgsteczki, jako etapu determigupgo calkowd stah szybkdci reakcji
wewngtrzczysteczkowego przeniesienia atomu wodoru.

Podsumowujc, otrzymane wyniki wskazgyj iz wpltyw rozpuszczalnika na
fotoindukowanm  reaktywnd¢  zwigzku  wzgkdem  wewntrzczsteczkowego
przeniesienia atomu wodoru jest silnie skorelowamy struktug zwiazki i oba te

czynniki decydujce o statej szybkai ky nie mog by¢ rozpatrywane niezataie.
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Bichromofory: benzofenon-metionina

Kolejng grupe badanych zwizkéw stanowity bichromofory analogiczne do
ukladow benzofenon-tyrozyna, w ktorych tyrozynatatss zasipiona metionig. Dla
obu diasterecizomerow otwartataichowych(S,S)-BP-Meti (R,S)-BP-Met fotoliza
btyskowa w ACN wykazata bardzo szybki zanik stamgpletowego. Wyznaczone
czasyzycia trypletu w ACN wyniosty odpowiednio 56 ns i 28 dla(S,S)-BP-Meti
(R,S)-BP-Met Wartasci te @ ok. 100-krotnie mniejsze od czastycia stanu
trypletowego zwgzku referencyjnego niezawiegapgo metioniny. Pomimo wytaego
wpltywu metioniny na wygaszanie stanu trypletowegdishromoforach BP-Met nie
zaobserwowano zmian widma absorpcji pieeyvej z czasem opdienia, poza
zanikiem absorpcji pochogeej od stanu trypletowego. Szybkiemu zanikowi stanu
trypletowego obu bichromoforébw w ACN nie towarzylkry tworzenie sj
spodziewanych jonorodnikéw - produktéw reakcji miesienia elektronu. Brak
widocznych zmian na widmie absorpcji p&mpwej towarzysgcych zanikowi stanu
trypletowego powoduje,zi analiza mechanizmu reakcji jest utrudnionona. dkan
pomimo braku bezpgoedniej obserwacji produktéw prZejowych, opierajc sk na
zmierzonych krétkich czasachycia trypletu i danych literaturowych dotygzch
dwuczsteczkowego wygaszania stanu trypletowego karbatsdfenonu przez
metionirg® % 1% 1®zalgono, ze pierwotnym procesem fotochemicznym w uktadach
(S,5)-BP-Meti (R,S)-BP-Met jest przeniesienie elektronu od atomu siarki dost
trypletowego benzofenonu. Brak bezpiniej obserwacji jonorodnikdbw me by
spowodowany ich szylkdezaktywacj w wyniku powrotnego przeniesienia elektronu
lub reakcji wtornych prowadeych do trwatych produktéw. W celu oktenia udziatu
obu drog wyznaczono wydajém tworzenia produktéw trwatych poprzezsnaetlanie

5 mol
dm3

stacjonarne zwikow (S,S)-BP-Meti (R,S)-BP-Met, dla stzenia 5% 10° w ACN.

mol
dms3’

Zastosowano stenie rzdu 10° aby ogranicz§ ewentualny udziat reakcji

dwuczsteczkowej w wygaszaniu stanu trypletowego. Wyzoaez wartdci
wydajnaci kwantowej zaniku substratu wynasdla (S,S)-BP-Meti (R,S)-BP-Met
odpowiednio 0,06 i 0,05. Relatywnie mate waciowydajnagci kwantowej zaniku
substratow wskazgj ze reakcje wtérne nie konkueujz szybkim powrotnym

przeniesieniem elektronu.
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Fotolize btyskowy dla zwgzkow (S,S)-BP-Meti (R,S)-BP-Met przeprowadzono
rowniez w rozpuszczalniku protycznym: TFE. Dla obu gzkdéw zaobserwowano
dwukrotne skrdcenie czasycia w stosunku do pomiaréw w ACN. W przecinsévie
do eksperymentu w ACN na widme absorpcji pr@ewej wyranie widoczne jest
przesungcie maksimum absorpcji z 325 nm na 340 nm i z 580nma 540 nm, co
wskazuje na obecké rodnika ketylowego. Poprzez analpgio dwucasteczkowej
reakcji 4-karboksybenzofenonu z metiapraproponowano mechanizm tworzenia si
BPH® w uktadach(S,S)-BP-Meti (R,S)-BP-Met W wyniku przeniesienia elektronu
powstaje para rodnikojondéw, ktéra peo rozpadé& sie albo poprzez powrotne
przeniesienie elektronu prowagz do powstania substratow w stanie podstawowym
(proces ten jest gtowny, gdy fotoreakgrowadzi s w ACN) lub w obebie powstatej
pary rodnikojondw me nasipi¢ przeniesienie protonu z grupyC (0 w stosunku do
siarki) do grupy karbonylowej anionorodnika. Poyestatedy rodnik ketylowy i rodnik
a-tio-alkilowy.

Podsumowujc, metionina w diastereocizomera¢f,S)-BP-Meti (R,S)-BP-Met
wydajnie wygasza stan trypletowy chromoforu BP npdde w oparciu o navietlanie
stacjonarne w ACN wykazanage w ok. 95 % proces ten jest odwracalny. Wysoka
reaktywna¢ obu bichromoforéw(S,S)-BP-Meti (R,S)-BP-Met jest powizana z dig
swobod konformacyja tancucha peptydowegmdzacego benzofenon z metiogin
Wykonane obliczenia DFT dla stanu gazowego i syojel&ID o czasie trwania 100 ns
wykonane w ACN wykazaly,ze zwhgzki te nie ma jednej $cisle okrelonej
uprzywilejowanej energetycznie konformacji. Jestptawdopodobnie spowodowane
brakiem maliwosci dodatkowej stabilizacji okéeonej konformacji przez oddziatywnie
pierscieni aromatycznych lub tworzenie gman wodorowych, co bylo obserwowane w
bichromoforach BP-Tyr. Horner wykazake wewntrzczsteczkowe wygaszanie stanu
trypletowego BP przez metiogin jest catkowicie kontrolowane przez
prawdopodobigstwo bliskiego kontaktu reagujych fragmentow'®*? Std dua
swoboda konformacyjna zawzkéw (S,S)-BP-Meti (R,S)-BP-Met, ktorej odbiciem jest
znaczne prawdobpodoligwo tworzenia si konformacji o bliskim kontakcie -5,
(wyznaczone z symulacji MD) ttumaczy obserwowanelaye wewntrzczasteczkowe
wygaszanie stanu trypletowego przez metignin

Duza gktkos¢ tancucha peptydowego \5,S)-BP-Meti (R,S)-BP-Met z jednej

strony powoduje wydajne wygaszenie stanu tryplegmvprzez metioniy z drugiej
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jednak strony zaciera ¥dice w reaktywnéci miedzy zwigzkami zwigzane ze zmian
chiralngci, a take ogranicza mdiwo$¢ badania wptywu rozpuszczalnika.
Stereoselektywnig dla otwartotacuchowych bichromoforow BP-Met wyiana, jako
stosunek czasoéwycia trypletbw znajdowata siw przedziale tylko od 2,3 w TFE do
2,5 w ACN. Sid by moc przeprowadzidoktadniejsz analiz zaleenosci miedzy
reaktywndcig zwigzku a jego geometyj analogicznie jak w ukladach benzofenon-
tyrozyna, paczenie mgdzy reagujcymi fragmentami usztywniono poprzez
wprowadzenie pidcienia diketopiperazyny.

W odr@nieniu od zwizkow otwartotacuchowych wykazucych jedynie
subteln stereoselektywri@é, zmiana chiralngci na jednym stereocentrum dla
cyklicznych uktadow BP-Met spowodowata wimee r&ng reaktywnd¢é obu
diastereoizomerow. Raéice w reaktywnéci (S,S)-BP-DKP-Meti (S,R)-BP-DKP-Met
byly obserwowane zaréwno poprzez poréwnanie widsogizji przejciowej i profili
kinetycznych zarejestrowanych podczas fotolizy kbygej w ACN. Podczas gdy
widmo absorpcji przégiowej dla(S,S)-BP-DKP-Met juz po 22 ns od blysku lasera
wykazywato znaczny udziat rodnika ketylowego, widrabsorpcji przégiowej dla
(S,R)-BP-DKP-Met po 500 ns od btysku lasera wiiprzypominato widmo stanu
trypletowego. Widmo absorpcji przejowej uzyskane dla(S,R)-BP-DKP-Met
wykazywato jedynie subtelne zmiany w czasie, desgfaine dopiero bo nateniu
znormalizowanych widm po #@ych czasach opgaienia, wskazujc na tworzenie i
indywiduum przejciowego.

Rozktad widm absorpcji przajiowej dla(S,S)-BP-DKP-Metw ACN wykazat
po pierwsze,ze czaszycia trypletu wynosi zaledwie 21 ns, a po drugi®ces
wygaszania stanu trypletowego przebiega w wyniku  dajryego
wewngtrzczysteczkwego przeniesienia atomu wodoru, w efekciegekfo tworzy si
rodnik ketylowy. Zaproponowany mechanizm wewnczysteczkowego przeniesienia
atomu wodoru jest dwuetapowy i polega na przemasielektronu z atomu siarki do
stanu trypletowego benzofenonu, a gpste przeniesieniu protonu od grug@Hs (o w
stosunku do siarki) z utworzeniem rodnika ketylowegrodnika a-tio-alkilowego.
Dodatkowe dowody potwierdzage ten mechanizm pochagdz bada stacjonarnych.

Czasyzycia stanu trypletoweg(5,R)-BP-DKP-Met wyznaczone z dopasowania
funkcji monowyktadniczej lub dwuwyktadniczej do kwych kinetycznych dla
diugcici fali charakterystycznych dla absorpcji stanwpkeyowego (520 nm i 630 nm)
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byly zalezne od zastosowanega&tnia. Uzyskane warfoi czasowzycia trypletu dla
stezen 1 x 10‘3;”—n‘z; i 2 x 10‘5;”—n‘z; wynosz odpowiednio 230 ns i 330 ns. Zateié

czaswzycia od s¢zenia wynika z udziatu procesu ¢dzyczsteczkowego w wygaszaniu
stanu trypletowego. Istadrobserwagj jest to,ze czasyzycia diastereoizomerogs,S)-

BP-DKP-Met i (S,R)-BP-DKP-Metw acetonitrylu dla gtzenia 2x 10° 2% r6znity sie

dm

15-krotnie. Analogicznie jak w przypadku cyklicztnybichromoforéw BP-Tyr zmiana
konfiguracji na jednym wglu chiralnym spowodowata wyiaie r@zng reaktywndgé
obu zwihzkéw wskazujc na to,ze istniej scisle okrelone parametry strukturalne
wplywajgce na stat szybkdci wygaszania stanu trypletowego takprzez metionin
Wyniki symulacji MD dla (S,S)-BP-DKP-Met i (S,R)-BP-DKP-Met wykazaty
zdecydowanie rine prawdopodobisstwo tworzenia konformacji o bliskim kontakcie
siarki i tlenu karbonylowego pogdzy tymi zwgzkami. Dla (S,R)-BP-DKP-Met
wyznaczone prawdopodoliigwo, i odlegtéé¢ d(S-O) < 5,5 A wynosi jedynie 0,09,
natomiast dla(S,S)-BP-DKP-Met prawdobodobigstwo to jest réwne 0,42. Tak
znaczna rgnica w rozktadzie odlegigi d(S-O) wyja@nia obserwowad réznice w
statych szybkéci wygaszania stanu trypletowego dla obugzkidw.

Dla (S,R)-BP-DKP-Met wykonano take fotoliz¢ btyskowa w TFE, ktérej wyniki
byly znacaco odmienne od tych uzyskanych w ACN. Czgsia trypletu w stosunku
do ACN zostat skrocony 10-krotnie, a na widmie apsp przegciowej wraz z
zanikiem absorpcji pochogeej od stanu trypletowego obserwowano przesimi
maksimum absorpcji z 325 nm na 340 nm i z 520 nnb4@ nm, co wskazuje na
obecnd¢ rodnika ketylowego. Wyniki te pokazjze rownie stan trypletowy zwazku
(S,R)-BP-DKP-Met, w ktorym benzofenon i metionina znajgligic po przeciwnych
stronach pigcienia DKP mae by wygaszany w wyniku wewtrzasteczkowego
przeniesienia atomu wodoru. Bichromofd6,R)-BP-DKP-Met stanowi kolejny
przyktad zwizku, ktdrego reaktywrsé moze by znacaco zwkkszona przez zmign
stosowanego rozpuszczalnika.

Dodatkowych informacji na temat mechanizmu wygaszatanu trypletowego
przez metionia dla cyklicznych(S,R)-BP-DKP-Meti (S,S)-BP-DKP-Metdostarczyty
wartasci wydajnagci  kwantowych zaniku substratu wyznaczone zéwietlan
stacjonarnych w ACN, ktére wyniosty odpowiednio®j10,35. Wartéci te g znacznie
wieksze nk te wyznaczone dla otwartdeuchowych analogéw wskazugj iz powrotne
przeniesienie elektronu jest dla cyklicznych pochath mniej wydajne. Interesige
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wydaje s¢ by¢ to, iz dwa zwazki (R,S)-BP-Met i (S,S)-BP-DKP-Met wykazupce

bardzo podobne i krotkie czagycia trypletu (ok. 20 ns) #ig Si¢ znacaco stopniem
odwracalnéci reakcji. Wyranie rna wydajné¢ zaniku substratu obu zyzkow przy
tej samej wart€ci statej szybkéci wygaszania stanu trypletowego wskazuje naem

specjalne czynniki geometryczne determicaj nie tylko stap szybkaci wygaszania
stanu trypletowego, ale rowrigvptywajace na przebieg reakcji wtérnych.

W celu identyfikacji fotoproduktu tworzonego w peste wygaszania stanu
trypletowego (S,S)-BP-DKP-Met przez metionia roztwér zwizku (S,S)-BP-DKP-
Met nawietlano na ska&l preparatywn w fotoreaktorze, a powstalty produkt
wyizolowano przy zastosowaniu chromatografii ciem&estwowej. Widmo UV
powstatego produktu potwierdzito redukdpenzofenonu, poprzez brak obeariona
widmie charakterystycznego pasmaiza= 258 nm. Wysokorozdzielcze widma
masowe produktu jak i substratu, wykonane techjghkizacji strumieniem elektrondw,
zawieraty jon molekularny przy m/z 382, co wskazuja to # oba zwjzki S3
izomerami strukturalnymi. W oparciu o zebrane darsproponowano strukigir
produktu, ktory powstaje w reakcji cyklizacji z wvzeniem trzeciokglowego
alkoholu. Struktura utworzonego produktu w petnitwierdza zaproponowany
mechanizm wygaszania stanu trypletowed8,S)-BP-DKP-Met polegagcy na
przeniesieniu elektronu od atomu siarki do stapplétowego a nagpnie przeniesieniu
protonu od grupyoaCHs (o w stosunku do siarki) na anionorodnik benzofenonu.
Powstaty w ten sposob dirodnik: ketylowyoitio-alikolowy rekombinuje poprzez

utworzenie wiazania prowadgcego do cyklicznego produktu.

Trichromofory: karboksybenzofenon-metionina-tyrozyna, karboksybenzofenon-

leucyna-metionina

Rozszerzeniem baflanad bichromoforami byty prace nad fotoindukowanymi
reakcjami zachodymi dla trichromoforu: karboksybenzofenon-meti@itgrozyna.
Zastosowano réwnie drugi analogiczny zwzek, w ktorym metionina zostata
zasgpiona leucyn: CB-Leu-Tyr. Fotoliza btyskowa w ACN wykazata,z ioba
trichromofory wygaszajwydajnie stan trypletowy w wyniku wewtizczsteczkowego
przeniesienia atomu wodoru. Ponadto state szdike, dla obu zwizkéw g sobie
réwne, co mge by wyttumaczone w oparciu o wyniki symulacji MD. Wyiaty one

bowiem,ze zamiana metioniny na leugynie wptywa na dynamikczesci tyrozynowej
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czgsteczki, a tym samym na odlegtod(O-O). W ACN nie zaobserwowan@adnych
roéznic miedzy pag trichromoforow, co wskazuje na brak udzialu meatignw
wygaszaniu stanu trypletowego. Jedregkpo raz kolejny zaobserwowano istotne
zmiany w reaktywngci zwigzku przy zmianie rozpuszczalnika z nieprotycznego n
protyczny. Na widmie absorpcji prZejowej otrzymanym podczas fotolizy btyskowej
w TFE dlaCB-Met-Tyr, oprécz rodnika ketylowego i tyrozylowego zaobsamano
anionorodnik CB, ktéry nie wys¢powat dla drugiego trichromofor@B-Leu-Tyr.
Wydajnaici tworzenia rodnika ketylowego i anionorodnika d@l&-Met-Tyr w TFE
wynosz odpowiednio 0,61 i 0,33. Obserwacja ta dowogiprzeniesienie elektronu z
metioniny, chdé nieobserwowane w ACN, me by jednym 2z procesow
wygaszajcych stan trypletowy w rozpuszczalniku protycznyRrzykiad ten jest
dalszym potwierdzeniem no to jak istotny moby wpltyw rozpuszczalnika na

fotoindukowan reaktywndc¢ zwiazku.
Uktad dwuczasteczkowy: benzofenon/anizol

Do wyznaczenia statej szybdm reakcjiky niezlzdna jest znajomié wszystkich
statych szybkéci procesow dezaktywggych stan trypletowy, w tym réwnieczasu
zycia trypletu w nieobecroi wygaszacza w odpowiednim rozpuszczalniku. Do
okreslenia czaswzycia trypletu w nieobecr$oi wygaszacza (donora atomu wodoru)
wybrano zwizki referencyjne &dace pochodnymi metoksy- wigiowych
bichromoforow benzofenon-tyrozyna. Wybér byt podykény literaturowymi
doniesieniami o matych staltych szylkbwygaszania benzofenonu przez anizol, a
takze brakiem obecrioi jakichkolwiek produktéw przégiowych towarzyszcych
zanikowi stanu trypletowego. Czasyycia trypletu dla tych zwezkéw w
rozpuszczalnikach nieprotycznych g s zblizone do tych zmierzonych dla
niepodstawionego benzofenonu, a widma absorpcjiejjmibwe] zgodnie z
oczekiwaniami charakteryzuje brak ewolucji czasMiespodziewanie jednak w
rozpuszczalnikach protycznych: TFE, HFIP czagsia trypletdw g znacaco krétsze i
S3 one nawet porownywalne z czasaiycia trypletow odpowiednich bichromoforow:
benzofenon-tyrozyna. Co wdej zanikowi trypletu towarzygzzmiany na widmie
absorpcji przdégciowej. W celu wyjanienia tej obserwacji zdecydowanoe sha
kontynuowanie badana prostszym ukladzie dwugsteczkowym: benzofenon i anizol,

dla ktérego interpretacja wynikbw nie jest utrudrdao wewrtrzng dynamilg
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czasteczki’® Systematyczne badania w licznych rozpuszczalnikpastycznych i
nieprotycznych dla kilku podstawionych benzofenondykazaty po raz pierwszyz i
wygaszanie stanu trypletowego benzofenonu przezohmaze zachodzi w wyniku
petnego przeniesienia elektronu, jedmakmechanizm ten jest ograniczony do
rozpuszczalnikdw protycznych. Wyniki te dowadaz jeszcze jak istotny jest wptyw
rozpuszczalnika na badareakcg fotochemiczgp. Przykladowo stata szybka reakcji
wygaszania stanu trypletowego benzofenonu przezobnvzrosta o trzy ray
wielkosci przy zmianie rozpuszczalnika z ACN na ACNEH(1:9 v/v), a wydajn&
tworzenia produktéow prz&giowych (kationorodnika anizolu i anionordnika BP
wzrosta od zera do 0,6. Aktywowanie mechanizmu meenia elektronu zostato
Zinterpretowane w oparciu o tepriMarcusa i powjzane z obrieniem energii
aktywaciji przeniesienia elektronu w rozpuszczaldikprotycznych.

Do tej pory uwaano, ¢ pazadana separacja rodnikowej pary jonowej w reakcji
fotoindukowanego przeniesienia elektronu jest ogemma do rozpuszczalnikow
polarnych. Zaobserwowany w pracy wzrost wydé&gndworzenia rodnikéw podczas
fotoredukcji w uktadzie benzofenon/anizol w rozperanikach protycznych wydaje
sie by¢ bardziej uniwersalnym zjawiskiem i otwiera noweaneosci do prowadzenia
wydajnych reakcji fotoindukowanego przeniesienigkigbnu dla innych ukfadéw
niezalenie od przenikalni elektrycznej uytego medium.

Podsumowujc, przeprowadzone badania utlwity lepsze poznanie
mechanizmoéw i czynnikow wptywaggych na szybka reakcji
wewngtrzczysteczkowego przeniesienia atomu wodoru, elektrgmotonu w uktadach
bichromoforowych BP-Tyr i BP-Met. Wykazange na reaktywn& zwigzku mazna
wplynaé poprzez zmiag swobody konformacyjnej teucha peptydowegmdzacego
reagujce chromofory BP-Tyr i BP-Met. Ponadto zmiana dhiéci na jednym
stereocentrum i@ wyranie ograniczy wewngtrzczsteczkovg reaktywnd¢ zwiazku,
co zaobserwowano dIgS,R)-BP-DKP-Tyr i (S,R)-BP-DKP-Met. Szczegbtowe
badania nad wptywem rozpuszczalnika na przebiekcjieaykazaty jednoznaczniegge
reaktywnd¢ zwiagzku silnie zaley od wytego medium, a teoria Ingolda dotgca
kinetycznego efektu rozpuszczalnikowego dla reakejdzyczsteczkowych nie jest w
stanie w peini poprawnie opisavptywu rozpuszczalnika na wewtnzczsteczkowe
przeniesienie atomu wodoru. Poszerzeniem stanu zwieda temat reakcji

wewngtrzczsteczkowych i czynnikbw determimgych ich state szybkoi jest
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obserwacja,4 efekt rozpuszczalnika i struktura z@ku s ze sol silnie skorelowane i
oba te czynniki decydgge o statej szybkmi badanych fotoreakcji nie megoyc
rozpatrywane niezataie.
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