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Abstract

The photochromic spirodihydroindolizine/betaine (DHI/B$tg®ynhas been
reinvestigatedpplying picosecond, microsecond, stationary absorption measurements, and
NMR-kinetics. The first surprise was that the electronic structure of the betaines is quite different
than commonly assumed. The photochemicaldpgning of DHIs to betaines is a conrotatory
1,5 electrocyclic reaction, as picosecond absorption spectroscopy confirms. The (disrotatory)
thermal ringclosing occurs from theisoidbetaine. The lifetime of thigansoidbetaine is 60 s at
300 K, whereas thefétime of thecisoidisomer is of the order of 250 microseconds. According
to these results, the electrocyclic back reaction of the betaines to the DHI is NOT rate
determining, as previously thought, but theoid-transoidisomerization of the betaine.

Although the presence of a second nitrogen atom increases the photostability of the
spirodihydroindolizinepyridazinebetainesystem remarkably, the photochemical reaction
mechanism appears to be exactly the samgpioodihydroindolizingpyridazinebetaire-system

A nondestructive photoswitch or an information recording systems has been explored
usingstyryl-quinolyldihydroindolizinesBoth isomers DHI and betaine are fluorescéviien
the blue betaine is stabilized in a thin polymethyl methacrylate (RMNatrix, it is stable for
several hours even in room temperature and very stable afAiFiKugh irradiation of visible
light A =532 nm allows the photmduced reaction of the Betaine back to the DHI, a
nondestructive readut can be performed at 645 nm upon excitation wite= 580nm. Image

recording (write) and readut, as well as information storage (at 77K) have beemodistrated.

A charged and maleimiefeinctionalized DHI/B system was synthesiZeduse as
photochemical gates of the mycobacterial channel porin MspA. Positively charged and
maleimide functionalized DHI groups that were attached to the DsitBem penit the binding
of the photoswitch to selective positions in the channel proteins due to the presence of a cysteine

moiety.

An inexpensive new method for the large scale synthesis of coelentesadaveloped.

A modified Negishi couplingeaction is usdto make pyrazine intermediates from



aminopyrazine as asconomicaktarting material. This method permits the use of up to 1g
coelenterazine per kg body weight and day, which turns the renilla transfected stem cells into

powerful light sources.
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CHAPTER 1 - Photochromism of Spirodihydroindilizines and
Application

1.1 Introduction

1.1.1 Photochromism

APhotochromism is a reversi bihdecedimoneos f or mat
both directions by the absorption of electromagnetic radiation, between two foamdp,
having different absorption spectféigure 1.1) * These compoundg, andB, are called
photochromic compounds or photochromic switchggon WV or visible (blue) light
irradiation, the thermodynamically stable compoénaolorless or weakly colored, converts
into the colored compourtgl, which reverts back int& thermally and/or photochemically
(usually with visible light). Photochromism canebachieved by very different approaches. To
date, the following physical and chemical properties have been used for the generation of
photochromic systentstriplet-triplet absorption, tautomerizatiocis-transisomerization,

dissociation, electron traresfreduction and pericyclic reactions.

A
,
VA |
F 4
&
_:{:CE ..... ’ \
= ‘' B
\
i
| ' | L
300 400 500 600 l/nm
hvl
hv2 or A

Figure 1.1 Photochromism between the constitutional isomers A and B.



So far, there are two types of photochromic reactions, unimolecular and bimolecular
which aresummarized ifTable 1.1andTable 1.2*? From the literature, it has been found that
the unimolecular reaction is the most prevalent reaétiéithis type of reaction is often called
positivephotochromism® The molecular basis giositivephotochromisn involves either ring
closing/opening ocis-trans/transcis isomerizatior’:*?> On the other hand, bimolecular
photochromic reactions, often calledgativephotochromism involve photocycloadditions,
electron transfer processes, hydrogen transfer reaatiomore complex reactions (including
decomposition}:*?



Table 1.1: Ring closing and ring opening of various photochromic compound®

hU]/UV
-_— >
-
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-
hv,/ Vis or Dark

Ly

L

OH 11.2a
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hu,/UV On

UV Off

1.1.3a
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Table 1.2: Ring closing and openingCis/Transisomerization, chemical and hydrogen
8-12

transfer photochromic compounds:.
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1.1.2 Photochromic Spirodihydroindolizines/Betaine Systems

Following the pioneering work of Diirr and coworkéfsjumerous photochromic
spirodihydroindolizines (DHHf and the related photochromic spirotetrahydroindolizines
(THI)*>*® dihydropyrazolopyridine¥ and1H-benzo[c]pyrazolo[1,2]cinnolines® have
been devel oped. Spirodi hydroindolizines (DHI 0 s
electrocyclic reactions and are extremely versatile with respect to the observed lifetimes and
UV/Vis-absorption spectra of their colored (betaine) forms. The working principles of
photochr omi c D HdidRgura I.28° Tisedinststaprconsists of the absorption
of a UV-photon by a DHI, which reaches its electronically excited state. From the excited
state, a pericyclic ringpening reaction occurs, followed byci-trans-isomerization.

Resulting from this sequence of reactions is the formation of a zwitterionic betaine, which
shows a strongly bathochromic UV/Vabsorption, compared to the DHI. From the ground
state of the betaine, a pericyclic riatpsure to form the HI is observed which obeys a
typical Arrheniusdependence on the reaction temperatif@he photochemical switching

from the betaine to the DHI is possible as wéfl.

hv:’!q_ii\ hv, y‘:/

S
TR, i
%‘fi %

Btrans

Figure 1.2 Light-induced ring-opening and photochemical or thermal closure of the
photochromic spiro-dihydroindolizine/ betaine system. TheArrhenius parameters for the
thermal ring closure are: AG" = 72 K J mol*, AH* = 33 KJ mol*, AS* = 131 J K* mol™. The
betaine shows fluorescencat 630 nm when excited with 575 nrt’ C: black, N: dark blue,
H: light blue, O: red



The DHI molecule can be divided into five regidfi§"**the spiro- or fluorine part (A),
the heterocycle or (di)azine part (B), the part of the double bond (C), tie hetetrance (D,
optional), and the linker (E, optional). The photochromic properties of the DHI/batgstems
can be tailored according to the following rules, which are summariZgdune 1.32%%122
A: spiro- or fluorene part Electron wihdrawing substituentst,,
increases; electronic donor groupg; decreases.
B: heterocycle or azine parElectron withdrawing substituents:
stability against photodecomposition decreases.
C: double bond partMethylestergroups: increased stabiljtgyane

groups (not shown): bathochromic shifts of the Mt&orption of the
betaineforms, decreased stability against photodecompaosition.
D: steric hindrancery,, decreases drastically

E: linker to the protein structurds of no profound consequenaw f

X=N: Greatly enhanced photochemical stability

In general, the spiro-DHI/betaine  Very slow systems n2>1h
systems can be divided into fir Slow systems 712> 1 min
different categories, which permit ve ~ Medum systems 1S <ty<1min

different  applications of thes Fast systems 1us<mp<ls

photochromic substancés: Ultra-fast systems fp< 1 s

Figure 1.3 Three characteristic regions of aspiro-DHI and influences of typical changesn

the photo-physical properties of thespiro-DHI/betaine system: %%

1.1.3 Electronic Structure of Dihydroindolizines/Betaines
Since their discovery in 197§ the electronic structures of the photochrosyiro-
dihydroindolizine forms and espiatly the corresponding betaines (Bs), formed by reverse
electrocyclization from photoexcitedY)-states, have been under discussion. Betaines
undergo thermal back reaction to their correspongpigo-DHI-isomers via 1,%lectre
cyclization(Scheme 1.1 Only if the electronic and also the geometric structures of the
DHls and especially the betaines can be predicted accurately, could possible applications be

designed and optimized beforehand. Without that particular knowledge, it is virtually
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impossble to design optical switches and/or molecular machines. One example of a potential
use is the disruption of cell membranes, but because it is not precisely known what change of
shape and charge distribution can be expected upon the photoexcitatiotafthdddesign

of an optimal DHI/Betaine system still deperatsoptimization experimentalather than

e COMe_
& 250
co,Me

1.1.14c Bytrans

prediction via calculation.

7
X
N
X A
COzMe
CO,Me

1.1.14a 1.1.14b B,,cis
X=CH,X=N

Scheme 11: Reaction scheme fospirgf 9 , 1 6-(n@liziad}2 6 ;diBadboxylic acid,
di met hyl ester ( X= GtHiytures,hwkich iverd pastukatedcino b et ai ne

numerous mechanistic discussions, are;Bs and By yrans.

1.1.4 Potential Applications of the DHI/Betaine System

Although DHIs are known sincE979, applications other than for photochromic
glassedave only slowly been developed, because the required hardware/technical
instrumentation has become available only in this millenium. Photochromic
dihydroindolizines and related photochromic switchase been successfully used in
prototypes of the photosynthetic procgsas a photdogical devicé*, in high-density data
storage polymer filnfS, as molecular machin®s and in prototypes for advanced nucleic
acid sequencing’ The application in highlensity data storage films is especially intriguing,
because the materia very inexpensiveral very high storage densities, comparable to the
most modern conventional data storage devices, are attainable. All that is required is a
PMMA-film containinga DHI, which can form a thermally stable betaine that is highly
fluorescent and a suitable optical write/read device.

Beside the photophysical parameters: absorption wavelengths of the opened and

closed forms, hatfife (t1/2) of the colored betaine forsn cyclization kinetics and reaction

7



guantum yields of the pericyclic rirgpening reaction, the stability of especially the betaines
against photodecomposition is also of great importance with respect to their applications.
Longer lifetime in the minuteéange are required for the pheswitching of the biochemical
activity of channel porins, such as the very stable porin MspA fvtyomobacterium
smegmatiswhereas the betaines designed for electransfer between electrode and
nanoparticle should live oplmicroseconds in order to perform quickly. The presence of a
sterically hindering group (e.g. a methyl group) in thedxition of the DHI is known to

cause a drastic shortening of the lifetime of the corresponding béfameontrast, linking

the DHIto the aspartates in the constriction zone of MspA via amide bonds in position E

only changes the photophysical properties of the DHI/betaine margifédjyre 1.3).

1.1.5 Main Goals

The wealth of photochromic compounds that have been synthesized inétepeihe
development of empirical rules relating the observed absorption and emission properties of both,
the photochromic compounds and the corresponding isomeric betaines, to their structural
features. However, without a detailed molecular understgrafithe functional principles of the
photochromic DHI/betaine reaction and its thermal back reaciioneme 1.}, the ability to
design new systems with tailored optical and structural properties remained severely limited. My
main goals of this first clpger are: 1. Assigning of the electronic structures of DHI/Betaine
systems using both experimental and theoretical calculation methods, 2. Exploring the potential
application of the DHI/Betaine system in information storage device and photogating of the

channel porin MspA to modulate the flow of cations in biological systems.
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1.2 Photochromic Spiro-dihydroindolizine /betaine-system of Pyridine

The majority of this chapter is takemin the publisher with permissionShrestha, T. B.;
Melin, J.; Liu, Y.; Dolgounitcheva, O.; Zakrzewski, V. G.; Pokhrel, M. R.; Gogritchiani, E.;
Ortiz, J.V.; Turro, C.; Bossmann, S. HNew insights in the photochromépiro-
dihydroindolizine/betainsystem. Photochem Photobiol Sci 2008 7, 14491456.

1.2.1Introduction

Counter to most other photochromic systems, such as spiropyrans, spirooxazines,
chromenes, fulgides artlarylethene’ no uncharged resonance structure of the betaine
isomers is possible. Virtually all studieave assigned the negative charge to the bridging
carbon of the fluorenysystem (Bcisand B yans Scheme 1.2 This assignment was
originally inspired by the very broad absorption band in the visible region of the betaine
spectrum, which seemed tase from a high degree of delocalization and/or intramolecular
charge transfe?3Since the positions of the charges determine the location of the single and
double bonds of the betaines, they also determine their molecular structure (and therefore
geomeéric shape), as well as their absorption and emission of light and also their redox
properties. The occurrence @boidvs. transoidbetaine isomers is also of great interest,
because without this exact knowledge the Db betaine— DHI cycle cannot be noperly

understood.
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hv (//7
A\ _ 1.2.1c By,trans

1.2.1¢
1.2.1b" By,cis C' By,trans

Scheme 12: Reaction scheme fospirgf 9 , 1 6-(n@liziadft2 6 ;diBadboxylic acid,
dimethylester Th e A c | a s sstructures,lwhith aveérapestulated in numerous

mechanistic discussions, are Bis and By rans.

Before this study, thénermalback reaction, which is a datatory 1,5electrocyclization,
was regarded as the rdimiting step. However, we will present evidence for thans/cis
isomerizatiork ; to be ratedetermining in this chaptéScheme 1.3)Empirically it was assigned
thatk ; is bigger thark,: k,would be then the rate determining step.

COzMe

Q
\ &/~
— O
CO,Me k.
O CO,Me COzMe

12.1a 1.2.1b B,,cis 1.2.1c By trans

Scheme 13: Thermal back reaction (1,5-electrocyclization reaction ofspirof 9, 1 6-( 8 6 a H)

indolizine]-2 6 sdiBaéboxylic acid, dimethyl ester.
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It must be noted that moleculstnape, dielectriand redox properties are aldependant
on the population of theisoidvs. transoidbetaine isomex This is of importance when spiro

dihydroindolizines/betaines are used as moleculat switches or molecular machines.

1.2.2 Experimental

1.2.21 Chemical and Instruments

All chemicals were obtained from Acros Organics, unless noted otherwise. 400 MHz and
200 MHz Varian NMRspectrometer and a Nicolet Protégé 460IIRBpectrometer were used in
this study. would like tothank the Analytical Laboratory of Dr. Ruth Welti at KSU for
recording the mass spectra of compounds employing an Applied Biosysterd8@®Ptriple
guadrupole mass spectrometer with electrospray and APCI sources.

1.2.2.2Calculations

| would like to thank Prof. DrJoshep/. Ortiz, Dr. Junia Melin Dr. Olga
DolgounitchevandDr. Viatcheslav G. Zakrzewslduburn University, Alabama, for
performing the density function calculations thesecompounds.

All calculations were performed with the Gaussian03 suite of prodt&8kYP hybrid
functionalwas used for geometry optimizatibPwhich is a standard DFT method for studying
organic moleales ®° TheB3LYP functional was chosen in combination with th@165(d) basis
set, since it is a good compromise between accuracy and computational cost for the this type of
systems ' B3LYP/6-31G(d) optimizations'*and harmonic frequency analysivealed
minima forcis- andtrans-betaine andpiro- configurations. MP2/81G(d) optimizations were
performed as well. Subsequent singtEnt calculations with the-811G(d,p) basis set were
done at the geometries obtained.

1.2.2.3Kinetic *H NMR Experiments and Identification of the tran8etaine

Stock solutions of pyridinel(2.7) andspiro[2-cyclopropenel,9-[9H]fluorene} 2,3
dicarboxylic acid, 2,3imethyl este(1.2.6 in CDCl; (1 mmol each) were prepared and
stored in a water bath at 283 293K, 303K or 313K. 2.0 mL of each stock solution were
mixed using an Eppendorf pipette and then filled in a pyrex NMR titb&IMR

13



measurements were performed using a 400 MHz VaXisiiR-spectrometer. The precision

of its temperature units was =0 Integration of the characteristic methylester peaks of the
spirocyclopropenel(2.6) as a function of reaction time permitted the determination of the
kinetics and the Eyringctivation parameters.

1.2.2.4 SteadyState Absorption and Photolysis

Acetonitrilewas used as solvent. The irradiation wavelength is 355 nm. The laser
intensity was tuned from 1 mW to 150 mW by combination of neutral density filter and laser
output. The absorption spectra of the DHI/Betaine mixtar2.1/1.2.9) at different
irradiation times were recorded using a HP 8543A-MM spectrometer. During the

photolysis, the solution was constantly stirred.

1.2.2.5 LaseFlash Photolysis

Transient absorption spectra and lifetimes were measured on atholhmstrument
pumped by a frequeey tripled (355 nm) Specti@hysics GCRL50 Nd: YAG laser (fwhm 8
ns, 5 mJ per pulse unless indicated otherwise). The output from a 150W Xe arc lamp
(USHIO) powered by a PTI R320 power supply, pulsed with electronics buikhiouse,
was focused onto theample at 90° with respect to the laser beam. The white light
transmitted by the sample was collimated and focused onto the entrance slit of a Spex HR
single monochromator (1200 gr/mm) and was detected utilizing a Hamamatsu R928

photomultiplier tube ash processed by a Tektronics 400 MHz oscilloscope (TDS.538d

1.2.2.6 Synthesis @piro[9H-fluorene-9,1'(8'aH)-indolizine]-2',3'-dicarboxylic acid, dimethyl
ester (L.2.19 The synthesis had been previously reported in:

Shrestha, T. B.; Melin, J.; LitY,.; Dolgounitcheva, O.; Zakrzewski, V. G.; Pokhrel, M. R;
Gogritchiani, E.; Ortiz, J.V.; Turro, C.; Bossmann, S.New insights in the photochromic
spiro-dihydroindolizine/betainsystem. PhotochemPhotobiol Sci 2008 7, 14491456.

Fluorenone-9-hydrazone (1.2.2)
Synthetic procedurédydrazine hydrate (6.024g, 0.12 mol of\4) was added drepise
to a suspension offluorenone (20.0 g, 0.11 mol) in ethanol (20Q) atroom temperature

(RT). An exothermic reaction was observed, which subsided 85 min. The reaction mixture
14



washeated undereflux overnight and then allowed to cool down to RT. After 12 h, the
precipitate (yellow needles) was separated by filtration and recrystallized from anhydrous
ethanol. Yield: 15.5 g, 72.2%. The purityadmpound {.2.2) was confirmed by using TLC
(silica, mobile phaser-hexane/ethyl acetate 4Al/v, Rr = 0.14). Melting point 152 °C (reference

15: 152153 C)* IR 3max(KBr pellets) cm' 710, 773, 1198, 1449, 1577, 1600, 3060, 3201,3313,
3385 'H NMR (CDCl;, 200 MH32), t[ppm] 6.3 (s 2H,-NH2), 7.27.4 (m, 4H), 7.57.6 (dd J=

5.5 Hz,J = 2.2 Hz1H,), 7.67.7(2H m), 7.9(dJ = 7 Hz1H); *C NMR (CDCk 200MH?z) ii

[ppm] 119.7, 120.6, 120.9, 125.6, 127.8, 128.1, 128.6, 129.8, 130.2, 138, 138.6 149.7 145

O HoNoxH,0 O NH, MnO2/Na;S0, O 0@ O N=N O
PN et n sl gl
ethanol S5 diethyl ether _
Q O KOH/ethanol O N=N
72.2 %

95 %
1.2.1 122 1.2.3a 1.2.3b

=

1.24 oO—

o hv(Hg medium

—0
pressure)lamp @)

-«

diethyl ether
74.8 %

diethyl ether

o 100 %

126 125

Scheme 14: Reaction sequence from 9luorenone (1.21) to spirg[2-cyclo-propene-1,9'-
[9H]fluorene]-2,3-dicarboxylic acid, 2,3dimethyl ester(1.2.6)

9-Diazofluorenone (1.2.3a)

Synthetigorocedure A suspension 01.2.2(8.57g, 0.044 mol) in anhydrous diethyl ether
(100mL) wascooled to (°C using an ice bath. Then, a thorough mixture of manganese dioxide
(MnOg, 10.2g, 0.117 mol, Aldrich) and anhydrous sodium sulfate (2.91g, 0.020%isttdy
Scientific) was added in small amounts. The reaction mixture was allowed to warm up to RT

during 30 min. Then, a mixture of 1.0 mL of saturated KOH in water and 25 mL of anhydrous

15



ethanol was added at once and the reaction mixture stirred vigor@istg that it is important
to wait until the KOH/HO mixture has cooled down to RT after mixing to avoid ever
concentrating the KOHIhe mixture was stirred at RT for b5and filered The solid phase was
washed twice with 251L of anhydrous diethyl edr and then discarded. The combined liquid
phases were concentrated toneD and kept at 4C overnight. The precipitate (red needles) of
9- diazofluorenone was filtered off, washed twice with diethyl eth€€) and then dried in
high vacuum at RT. Yiel 8.11g, 95.0%. Melting point 90 °C (dec.) (refereh@e94-95°C)'°

IR 3max(KBr pellets) cnit 712, 743, 1229, 1326, 1372, 143%00,2069, 3032'H NMR (CDCk

400 MHz)t[ppm]7.28 7.38 (td,J = 7.3 and 1.5 H2H), 7.37 (td,) = 7.7 and 1.5 H2H), 7.5
(dt,J= 7.7 and 0.7 HZ2H), 7.9 (dtJ =7.7 and 0.7 HZ2H); *C NMR (CDCk 400 MH2) u
[ppm]119.5, 121.1, 124.7, 126.5, 131.7, 133.2

1,2,4,5tetrazine, 3,6dihydro-3,6-di-(spiro-1,9-[9H]fluorene] (1.2.3b)

SeperationThe filtrateafter separation df.2.3a contained a yellow compour{d.2.3b)
(45 mg, 0.5%), which waseparatethy descending column chromatography (&&thyl acetate).
Both, *H- and**C-NMR were very similar to compour(d.23a). ElectrosprayMS indicated that

this is the dimer of @liazofluorenone. Melting point 89 °C (dec.) 3Rax(KBr pellets) cnit 717,

748, 1425, 1650, 2059, 2331, 2356, 2842, 2924, 3B#RMR (CDCk 400 MHz)ti[ppm] 7.30
(td,J= 7.7 and 1.4 Hz, 2H), 7.37 (td= 7.7 and 1.4 HZ2H), 7.50 (dd,J = 7.7 and 1 Hz2H),
7.93 (df J=7.4 and 0.7 H22H); **C NMR (CDCl;, 200 MHz)l[ppm] 119.5 121.1 124.7, 126.5,
131.6, 133.1, 152.B1S: CygH16N4 m/z 387 (M)
Spiro[9H-fluorene-9,3"-[3H]pyrazole]-4',5'-dicarboxylic acid, dimethyl ester(1.2.5
Synthetic procedure\ solution of(1.2.3a) (5.07g, 0.026 mol) in 7L of anhydrous
diethyl @éher was cooled to @ using an ice bath. Then a solution dflitynedioic acid
dimethyl ester in 3L of anhydrous diethyl ether was added @vwape to the continuously
stirred solution. After all butynedioic acid dimethyl ester was added, the icle Wwas removed
and the reaction mixture was allowed to stir foh2Z he yellow reaction mixture was
concentrated to half of its original volume and kept & 4vernight. Yellow crystals were
obtained, separated from the mother liquor by filtration,raecdystallized from diethyl
ether/ethanol (1:1 v/v). Yield: 6.59 74.8% Melting point (dec.): 10108 °C (referenc&7:

114-117°C)"" IR 3max(KBr pellets) cni 748, 1147, 1250, 1316, 1434,1639, 1741, 2945, 2990,
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3062;'H NMR ti[ppm] (CDCl; 400 MH2) i3.5 (s,-CO,Me, 3H), 4.09 (s;CO:;Me, 3H), 6.83
(dt,J= 7.1and 0.8 H22H), 7.27 (tdJ = 7.5 and 1.1 HZ2H), 7.49 (tdJ= 7.5and 1.1 HZ2H),
7.8 (d,J = 7.3 Hz 2H); *C NMR (CDCl; 400 MHz)ui[ ppm] 53.2, 53.4, 66, 121.4, 124.06,
128.5, 130.7, 132.8, 143.8, 149, 160.5,,183 C;oH14N,0, m/z 335.2 and 357.1 (M+1 and
M+Na)

Spiro[2-cyclopropenel,9'-[9H]fluorene]-2,3-dicarboxylic acid, 2 3-dimethyl ester
(1.25)

Synthetic procedurén a photochemical bench reactcompound1.2.5 (3.9g, 0.012
mol) in 350mL of anhydrousliethyl ether was purged withyffor 30min and then irradiated
employing a mercury medium pressure lamp (Hanovia 16808A0360)). Nwas released
vigorously at the beginning of the irradiation. The formation of bubbles stopped after 2.5h. A
TLC check (SiQ, hexane/ethyl acetate, 3/1, v/v) confirmed ttahpoundl.2.5 had indeed
completely reacted. The yellow solutiasas then concentrated to one third of its original volume
and kept overnight aP@. Yellow needles of pure compou(d2.6 were obtained. Yield:
3.57g, 100% Melting point: 14749°C (dec.) (reference 18: 149 38R 3max(KBr pellets) cnt
737, 1050, 250, 1429, 1721, 1854, 2958073;*"H NMR (CDCl; 400 MH2) ti[ppm] 3.83 (s,
6H, 2-COMe), 7.26 (dJ = 7 Hz 2H), 7.34 (tdJ= 7.3 and 0.7 H2ZH), 7.4 (tdJ= 7.4 and
1.1Hz 2H), 7.8 (dJ = 7.3 Hz 2H); **C NMR (CDCl, 400 MH2) Ui[ppm] 53.3, 120.3, 12.07,
121,6, 127.3, 128.1, 141.7, 144.5,158/% CioH1404 307.1 and 329.2(M+1 and M+ Na)

Spirg9H-fluorene-9,1'(8'aH)-indolizine]-2',3'-dicarboxylic acid, dimethyl ester
(1.2.19

WD
| N\ diethyl ether . N
_— _—
Z 93% CO,Me
COZMe

1.2.1a

1.2.7

1.2.6

Scheme 15: Synthesis ofSpiro[9H-fluorene-9,1'(8'aH)-indolizine]-2',3'-dicarboxylic acid,
dimethyl ester (1.2.139
Synthetic procedur& he spirengl.2.9, (0.50g, 1.6 mmol) was dissolved in 5L of
anhydrous diethyéther(dried over Cakland distilled prior to se) at RT. A solution of pyridine
17



(dried over KOH and distilled prior to use) (0.1266L6 mmol) in 5.0mL of anhydrous diethyl

ether was added dregpise under vigorous stirring. The color of the mixture changed from light
yellow to deep blugreen uporaddition of pyridine indicating the formation of the betaine. The
reaction mixture was continuously stirred in the dark at RT for 20h-ddt@rol was used to

check for the presence of nogacted spirene (silica;imexane/ethyl acetate, 4/1, v/v). In tase

that unreacted spirene was found, pyridine in diethyl ether (see above) was added (rate: 1 drop/h)
and the reaction mixture was repeatedly checked by TLC until no more spirene was present. The
volume of the reaction was decreased to 25 percent usatgvap and the kept at€

overnight. Yellow crystals, which turn to green under irradiation and back to yellow in the dark,
were obtained. Traces of pyridine were removed in high vacuum. Yield: 574 mg, 93%. The

observed losses are caused by the cliggiibn procedure. Melting point: 13834 °C (reference
19: 132:133°C)"*? IR 3max(KBr pellets) cn 743, 1122, 1224, 1255, 1444, 1552, 1588, 1675,

1746, 2786, 2945, 30334 NMR (CDCk 400 MHz) ti[ppm] 3.25 (s3H), 3.98 (s3H), 4.4 (d,J

= 9.8 Hz 1H), 5.1 (t,J = 6.6 Hz 1H), 5.4 (s1H), 5.64i 5.69 (m 1H), 6.4 (dJ= 7.4, 1H), 7.2

(td, J= 7.4 and 1 Hz1H), 7.28i 7.39 (m 3H), 7.4 (d,J= 7.4 Hz 1H), 7.5 (1H d,) = 7.6 Hz),

7.7 (2H dd,J = 7.4 and 0.8 Hz)"*C NMR (CDCl, 400 MH?2) i [ppm] 51.1, 53.4, 68.8, 69.9,

104.8, 117.7, 119.8, 120.1, 123.4, 123.6, 124.6, 124.8, 127.2, 127.7, 128.2, 128.4, 141.8, 142.5,
160.5, 164.1 MS GH:oNOsm/z 384.3, 385.3, 386.2 (], M+, M+1)

1.2.3Results and Discussion

1.231AGr eener 0 spioR-tytlopreperel,9[9H] fluorene]-2,3-dicarboxylic acid,
2,3-dimethyl ester1.2.6 reported synthesis was modified

The goal was to synthesize the purest photochromic compounds possible to obtain
clear mechanistic results. This included avoiding any mercomyacnination of the
compounds. The first step was the classic synthesis of fluorelrxomenohydrazoné® The
hydrazong1.2.2) was then oxidized by using manganese dioxide (B)Aas shown in
Schemel 4. This procedure, which avoids the use of the emnmentally incorrect mercury
oxide (HgO),yielded 95% of Sdiazofluorenon€1.2.3a) It is noteworthy that the

dimerization byproduct of 9diazofluorenoneavas isolated1.2.3b)in very small yields
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(<1 %) by descending column chromatography. This ésftist study in which it has been
isolated. However, the formation of this product may result from the changes in the oxidation
procedureThe formation of this byproduct increased remarkably (to approxXt®»%) if
excessvata was present during oxidatio The classic 1,&lipolar cycloadditiorreaction

was used to convegtdiazafluorenone tepiro[9H-fluorene9,3-[3H]pyrazole}4',5-

dicarboxylic acid dimethyl d@sr (1.2.5. Photolysis of(1.2.5 in a benchreactor (medium

pressure Hdamp, emission ling &= 254nm and 3131m) led to(1.2.6 in quantitative

yield.

1.2.32 Kinetics of the spirodihydroindolizine (DHI) formation.

'H-NMR spectroscopy was used to study the kinetics of the electrocyclic addition of
pyridine (1.2.7) to spiro[2-cyclopropenel,9-[9H]fluorene}2,3-dicarboxylic acid, 2,3
dimethyl este1.2.6 in CDCls. The integration of the typical methylester peaKhf.6
and of pyridingl.2.77per mi tted the observatatiomsmsaof t he
function of time. The data othe consumption of2.6) was used taletermine the reaction
order of the addition reactiosurprisingly the result was a first order reaction in the
temperature range from 283 to 3Kk3although the addition reaction requires two reactants
(spiro[2-cyclopropenel,9-[9H]fluorene}2,3-dicarboxylic acid, 2,3limethyl esteand
pyridine), which were added in the same concentrafidn and*C-NMR, as well as MS,
have confirmed that the DHI is formed by the addition of one molecule pyridine to one
moleculeof (1.2.6 . In Schemel.6, the mechanistic paradigm developed by Durr and
coworkers is showhThe observed kinetics indicates thaimust be faster thark, = 2.23 x
10° s (at 293 K), thus making the latter ratetermining.
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Figure 1.4 right: The plot In(c/cg) vs tis perfectly linear (r > 0.99 at all four temperatures).
It indicates that the reaction is first order. left: The Eyring-plot is sufficiently linear (r =
09®2) to det’amnri”mpsS oH

The Eyring equation is given as eq 1,

_AH* (1)
InE _ZAf +AS#+I %

RT R h

Wherekr epr esents the rate constant “toef the re
ent hal py of & the enwvoaytof activationakElq il wapStedd c atpHal at e 3
46.8kJ mol*, “@S1.98 J mof K*and (at 30K ) “g@7.4kJ mol. The relatively low
enthalpy of activation and the entropy of activation being close to zero are in agreement with
the electrocyclic ringppening reaction from thstrained threenembered ring intermediate
to the betainé’

20



S0

1.2.9b By, trans

2 .

1.2.9b' By,trans

121

Scheme 16: Nucleophilic addition of pyridine (1.2.7) tospirg2-cyclopropenel,9*-
[9H]fluorene]-2,3-dicarboxylic acid, 2,3dimethyl ester (1.2.6): The reaction proceeds in
three steps: 1) Addition of pyridine to the highly strained cyclopropene intermediaté.2.8)
(1,5-electrocyclic) ring-opening to thetrans-betaine B yans. 1.2.9b) Isomerization to B gans
and B ¢sand 1,5electrocylic ring closure to the DHI (L.2.1a). E= -C(O)OCHs,

1.2.33 Betaine Structure Determined by NMR Spectroscopy

The kinetics of the addition of pyridin@.2.7) to spiro[2-cyclopropenel,9-
[9H]fluorene}2,3-dicarboxylic acid, Z3-dimethyl este(1.2.6 do not permitherecording of
pure betainéH- and*C-NMR-spectra(1.2.9, because at any time, either the starting
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materials and/or the DHIL.2.1a) were also present. Therefoatentionwas directedo the
methylester peaksf compoundg1.2.6), (1.2.1a)and(1.2.1c) ( Figure 1.5). Whereas the
methyl ester peaks ¢1.2.6) appear at the santel-NMR-frequency ¢=3.83 ppn), two

singlets can be discerned for the DHIZA.1a U = 3.25 and 3.98 ppm). At all times, there is
only ore set of signals for the betai(le2.7¢  8.29=and 3.88 ppm) discernible, indicating
that indeed only one betaine is stable betweenk?88d 313K. Using the*C-NMR-signals

and theACD/CNMR Predictor {*C NMR Prediction Softwaréj, it was determinel that the
transoidbetaine (B ang IS the only detectable isomer (or, rather, resonance structure) in the

temperature interval investigated.

O COOCH; 3,C00C —

H:
Betaine

N —
—
e S
e ——
e —

Figure 1.5 Methylester-peaks of the reaction mixture betveen spiro[2-cyclo-propene-1,9'-
[9H]fluorene]-2,3-dicarboxylic acid, 2,3dimethyl ester(1.2.6)and pyridine in CDCl ; at
T=20°C: left t=120s, middle: t=900 s, right: t=1,500 s. It is clearly discernible that the ester
peak or the starting material (1.2.6)decreases and one set of betaine methylester signals are
formed. Ring closure of the betaine leads to the appearance of one set of BEdsler signals
(1.2.9).

1.2.34 DFT Calculations
The computational methowas appliedfor the determination of geometry

configuration, electronic structures, and the relative stabilities of DHI andisoe,
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transoidisomers otbetainesThe DFT results, that have been obtained by the Ortiz's group
at Auburn University in Alabama, clearly indicate that the lstending lypothesis
concerning the most stable Lewis structures of the zwitterionic betaines, formed upon

photoexcitation of the photochromic dihydroindolizines, has to be corrected.

o T %
Jaé 4 ® ’ 9 ?j g
@ "J ):_: 4
2 ol 4

Figure 1.6 Interconversion of spitod and fbet adspinoe ®, I d-indoliziady
2 0 -diBadboxylic acid, dimethyl ester (R=C(O)OCH).

In looking for possible zwitterionic character of the betaine systems, all starting
geometries assumed single@z and GN,4 bonds and aauble GC; bond (Figure 1. 6for
numbering), as illustrated iBchemel.2for the operchain forms, B¢sand B trans
However, the optimized geometries in none of the cases have retained the suggested single
doublesingle bond character. On the conysasignificant delocalization can be deduced
from optimized bond length§.able 1.3 summarized the geometry analysis for these critical
bonds.

Table 1.3: Bond lengths @)

Betaine DHI

Trans Cis Spiro
CiC, | 1.38 1.38 1.53
C.Cs | 1.46 1.44 1.36
CsNy | 1.41 1.42 1.37
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It is noteworthy that in aktis/transconfigurations of the betaines, theGz bond length
is closer to a double tharstandard single CC bond length (which are 1.33 A and 1.57 A
respectiely). In contrast, the £C3 bonds have more single than double bond character, with
distances about 1.4%5. The GN, bonds are typically in the range of a single CN bond (1.40
1.42R). Thus, the classical zwitterionic picture of betaine is not consigtémthe ab-initio
results This was confirmed by performirggchargedistribution analysis of the {C,C3N,4 betaine
fragment.Condensed charges on each atom of this fragment, shovabiel.4 were estimated
by two reliable methods. The Me&ingh Kollman (MSK) population analysi§’ assigns the
chargessoasr eproduce the mol ecul ebs d&blaaTensorost at i ¢
(APT) method, the atomic charge is related todbreespondingensor of derivatives of the
dipole moment with respeta Cartesian coordinates of this at6hiNo partitioningof the basis
set is implicit in either scheme.
Table 1.4: Charge distribution in the C1;C,C3N4Cs fragment

MSK APT

I Betaine IpHi |Betaine IpHi

Trans Cis Spiro Trans Cis  Spiro
C;-0.13 -0.28 -0.22 0.04 -0.35 0.11
C,-0.07 -0.09 -0.22 0.16 0.47 -0.62
C3-0.96 -0.48 -0.28 -0.99 -0.96 0.62
N;0.73 0.26 0.08 0.76 0.41 -0.89
Cs-0.21 -0.04 0.70  -0.20 -0.07 0.26

Both analyses predictéhargest negative charge to be localized gar@ the largest
positive charge to be localized on fdr thecis- andtrans betaine configurations. Although
none of the classic Lewis structures showBahemel.2are able to describe the structure and
charge distribution correctly, Ris,transbetter describes the structure and charge distribution
from the calculations than BB,trans In accordanceith ourcalculation results, the terms

cisoidandtransoidwill be used hereafter.
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1.2.3.4.1RelativeStabilities of the DHI and its corresponding betaines.

The relative stabilities of isomergereestimated fromHeir total energies and
schematically presented Figure 1.7. Accordingour resultsthe stability order iscis <
trans< spiro. The energyifference betweenis-transbetaine isomers is small: 2.41
kcal/mol with B3LYP/631G(d) andl.197 kcal/mol foithe singlepoints calculated with-6
311(d,p) basis set. A larger difference is predicteccioandspiro energy gap. With the
small bases sethecis-spiro g E= 5.87 kcal/mol, whereas for the larger basis the energy
di ffer enxd® kcal/snol.pE
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Figure 1.7 Relative energies for R=C(O)OCH; (schematic drawing)

Overall, our alculations show that the energy gaps between open forms of betaine are
only slightly larger than the kinetic energy of the molecules at room temperature (1.5RT is
approximately 1 kcal/mol). These results also indicate that small but distinct driving force
for the thermal 1,%electrocyclizations of the betaines to $pmro-DHIs exist. However, we
did not attempt to calculate Arrhenipgirameters for the thermal cyclization at this early
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stage of our computation efforts. Instead, we have studied the atiphs of our findings

with respect to the interpretation of (photo)physical measurements.

1.2.35 Photophysical Measurements

To date, there is no commonly accepted paradigm that is able to describe all
mechanistic phenomena, which are observed stgdyimotochromic dihydro
indolizine/betaine systems. It is well known that impurities and decomposition products can
have a great i mpact on the measurementsodo res:t
betaines are oxygen sensitive. Thisvisa we knov about the photophysical properties of
the simplest DHI1.2.1):

The photoexcited singlet state of DHI undergoes aelgBtrocyclic ringopening
reaction to the betaine singlet excited stdt@.©"). Whereas the absorption maxima of DHIs
are typicallyin the UVA and blue spectral regions, betaines are highly colored and possess
unusually broad absorption spectra. The back reactieuiahodel DHI proceeds thermally.

Both DHI and betaines are weakly fluorescent. The identity of DHI and betaine
singld states has been confirmed by the use of singlet quenchers. There are small (approx. 3
nm) hypsochromic shifts observed for the position of the-Bitdrescence when the polarity
of the solvent is increased (e.g. from dichloromethane to acetonfftild)is is indicative of
a slightly more polar excited state than the ground state. The fluorescence occurring from
betaines can be more strongly influenced by a change in solvent due to its higher degree of
charge delocalizatioh?’?

All efforts to triplet-sensitize a photochromic ringpening or ringclosure reaction
failed.”®*°

Because the fluorescence occurring from the DHH<< 0.4ns) and the kinetics of

the photochemical 1;Blectrocyclization ¢r > 0.5ns) cannot occur from the same singlet
state, the c@xistence of at least two different singlet states that are relatively close in their
respective energies, but separated by a rather large activation barrier must be concluded. It is
also concluded thdioth are populated upon excitation with UV light. Otherwise, the rate

constant for cyclization would have to compete with the rate of fluoresérite
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1.2.35.1 Light Absorption Studies

The laser absorption spectroscopy stuaieseperformed at thelepartment of
Chemistry, Ohio State University by Dr. Yao Liu and Prof. Dr. Claudia@.urr
Time-resolved laser absorption spiro[9H-fluorene9,5'(4'aH}pyrrolo[1,2b]pyridazine}
6',7-dicarboxylic acid, dimethyl estend derived bigphotochromes indidad®* that the
excitation from the DHI to the betaine is a goleoton procesBased on a literature survey,
this has never been shown for the bagiro-dihydroindolizine molecule. The
photoinitiated formation of betaine from DHI and the subsequenindleregeneration of the

starting material can be written as equations 2 and 3.

DHI + nhy —55 Betaine (2)
Betaine—2— DHI (3)

The reaction rate can be described as eq. 4,

dBetaing thtai”t K [DHI]I - k[ Betaing )

Wherek; is the rate constant of the foand reactionk; is the rate constant of back
reaction, | represents the light intensity, n is the number of photons, and [Betaine] and [DHI]
represent the concentrations of the royen and ringclosed forms, respectively. In addition,
the relation [Betine] + [DHI] = G was used, where s the starting concentration of DHI,

resulting in eq 5.

d[Bethi”qe —KC,l - (k| + k,)[Betaing (%)

Solving the differential equation results in eq 6, which shows the relationship between

the concentration of the products and ittnadiation time.

[Betaing= @(1_ e*(k1|+k2)t) (6)
k,l +k,

In the case of DHI, the absorption spectrof the ringclosed form show absorption
peak at 387 nm. After laser irradiation, the 387 nm absorption peak decreases and new
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absorption bands at ~ 450 nm and 582 appearFigure 1.8 shows the absorbance at 582

nm at different irradiation times under different laser intensities. The color change of the
solution is faster with increasing laser intensity. At each laser power, the absorbance change
reaches a plateaafter long irradiation times. The value of the absorbance at 582 nm also

increases with the laser intensity.
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Figure 1.8 Change in the absorbance at 582 nm of DHI solution at different irradiation

time and under different laser intensities.

At each laser intensity, the absorbance reaches a plateau beyond a certain irradiation

time, which means thesaction can reach equilibriufherefore, equations 7 and 8 can be

written,
[Betaing, k.
C,—[Betaing, k, 7
[Betaing, |, , K (8)
In(ico—[Betain(}ae)_In(k2)+nln(l)

where [Betaing]is the concentration of the ringpen form at the equilibrium. To determine
the absorbance corresponding t§ the laser power was slowly increased up to 150 mW.
The value of the absorbance was monitored unatifurther changes were observed,

indicative that the plateau was reached. It should be noted that the electronic absorption
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spectrum of the solution measured before after the experiment was the same (once all the
Betaine was transformed into the DHI agaiimdicating that all the DHI was recovered

without decomposition of the sample.
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Figure 1.9 In([Betaine]d/(Co-[Betaine]e) vs.In(l)shows the plot of In([Betainel/(Co-
[Betaine]e) vs In(l). The slope for DHI is 0.99 (r=0.957), which clearly indicates that the

ring-open processes require one photon.

1.2.3.5.2Time-Resolved Absorption Spectroscopy of the Betaines

The transient absorption spectra measured following excitation Oxidl BHI in
acetonitrilewith a laser pulse (355 nm, fwhm ~ 8 ns) are showigure 1.10 collected
immediately and 30Qus after excitationThe spectra are characterized by a peak atr¥d0
and a broad absorption with maximum at 600 (immediately afteexcitation) and 585 nm
(after 300us). These maxima are known to correspond to befdir®1b. The changes in
the absorbance as a function of time decay monoexponentially with lifetime gi239440

nm.
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Figure 1.10 Transient absorption spectroscopyof the betaine(1.2.1b,c)

It is noteworthy that the ratio of the absorbance at 440 nm and 60889409 IS
greater immediately following the laser pulsertladter 300 ms, indicating that two different
species may be present in solution, with different concentrations at these two times. A possible
explanation for this observation is the coexistence ofifwdand thetransoidbetaine in this
time domain. Sice it was already established %y NMR that on the minute timescale only the
transoid betaine isomer is presentpitay be concluded that ticesoid species decays witlie-
time (U ¥ 239 us to regenerate DHI. Based on the spectra shoWwigime 1.1Q it appears that
thecisoidspecies, representing most of the sampte=d1, absorbs more strongly at 440 nm than
thetransoidisomer.It should also be notetiat the absorption signals at 440 and 585600
nm do not completely return to zero after 9§ with ~5% absorbance from the initialA
remaining. Assumingimilar molarextinction coefficients for theisoidandtransoidspecies at
440 nm, it may be concluded that both ¢isoid andtransoidbetaine are being formed in the
photochemicaglectrocyclic ring opening reaction, resulting in production ~@&idand 5%
transoidspecies. Whereas teesoid betane quickly reactsvia electrocyclization back the DHI,
thetransoidbetaine appears to bemetastable. Therefore, the optical absatptroh ms can be
attributed totransoidbetaine. Thédife-time of the electrocyclization process at 293 K is 239 + 10
us.Our findingsare supported by an earlier result obtaibegd D T Kossamyii dhere

betaines with fixedtisoidgeometry show rapidack reactions in the nanosecomddiwindow.

1.2.3.5.3The Kinetics of the Thermal Back Reaction

Table 1.5summarizes the relevant photophysical parameters of DHI and hethiee
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spectral features dfansoidbetaine are observed following photolysis of a DHP(19
solution with laser light (355 nm) for 3 min, and are shown in the spectrum at t EiQure

1.11 It is widely accepted that the fluorescence of DHI occtomfan $ state®?®

Table 1.5: Photophysical Data for DHI 1.2.1and transoid Betaine (L.)**’

DHI Betaine

amax[NM] 1g & @m[NM] dem  [Tem  Omax asm[NmM]
] [nm]
384 4.02 460 0.024 8.1 586 492

After this initial spectrum, the changes to the absorption were monitored as a function
of time while the sample was kept in the dark at 293 K. It is evident ffaure 1.11that
spectral changes correspond to the regeneration of(DRIla) from betaing1.2.19
through its thermal electrocyclization. @H;CN at 293K, the unimolecular thermadack
reaction has a rate constant of 4.90 ¥ 8, which is in excellent agreement with the
literature® Note that this value correspondskioin Schemel.8. The Eyringplot derived
from these data is also shownkigure 1.11 From the plot shown ifigure 1.11, the

activation parameters were calculated ta\b = 106 J mof, AS" = -256 JK *mol?, and

AG" = 76,900 J mot(298 K) (Schemel .8).
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Figure 1.11: left: Changes to the UV/Vis spectrum of Btaine (t = 0) as a function of time
regenerating DHI at 293K. Note that the conversion from DHI to betaine is ~ 40 %,
therefore the spectrum at t = 0 has contributions from DHI in the region from 300 nm to
480 nm. right: Eyring-plot derived from data obtained in the temperature interval 2831
313K.

1.2.4Conclusions
The results presented here permit the development of a new paradigm describing the
photochemical reactivity of the DHI/Betaine system. Upon photoexcitation of DHI an
adiabatic photoreactiooccurs. The excited stateaction finds the lowest point of the
potentiate ner gy s ur f ac es,i nwkhhAschie isadhe tase iransanya
photoreaction¥, the deactivation leads to a mound, which is the grestate activation

barrier between theisoid and thetransoidbetaine.
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Scheme 17: Simplified photochemical reaction scheme for the DHI/Betaine system
showing the generation otisoidand transoid betaine following excitation of DHI. The
thermal back reactionis fast for cisoid betaine, while that for thetransoid species is slower
owing to a large activation barrier to isomerization.

The exact position of the point where the deactivation funnel hits the mound
determines, which fraction of the molecules becanseidandtransoidBetaines. Whereas
the cisoid betaine reacts within several hundred microseconds (depending on the
temperature) to the DHI, thteansoidbetaine is stable for seconds to hours. The Eyring
activation parameters thhtive been attributed tthe electrocyclic ring closure in basically
all mechanistic papers dealing with the DHI/Betaine system are in realitlyefor

transoidcisoidisomerization of thdetaine!
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Scheme 18: The thermal back reaction is slow for theransoid — cisoidisomerization.

Once thecisoidbetaine is formed, 1,5electrocyclization to the betaine is relatively fast.
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1.3 Photochromic Spirodihydroindolizine/BetaineSystem (11): Spiro[9H-
fluorene-9,5'(4'aH)-pyrrolo[1,2-b]pyridazine]-6',7'-dicarboxylic acid, 6',7'-

dimethyl ester

1.3.1lIntroduction

Following the pioneering wrk of Diirr and coworkers, numerous photochromic
dihydroindolizines (DHI§* and the related photochromapiro-tetrahydreindolizines (THIY,
dihydropyrazolopyridinesand 1H-benzo[c]pyrazolo [1;&]cinnoline§ have been synthesized.
In spite of the muitude of new and exciting chemical structures, a quantitative understanding of
the dependence of the photophysical properties of DHIs and their corresponding isomeric
betanes on the chemical structurisonly slowly emerging. Recently,the Bossmann grgu
reported the results from the studies of the simplest DHI/besystem $piro [9,1 6 ( 86 a H)
indolizine}2 6 ;diBatboxylicaci d, di mer hyl nes D&}/ B)aapglyinge o (1
stateof-the-art density functional theory (DFT) calculations wntbination with stationary and
time-resolved absorption measurements which is discussed in earlier subat@pter

Since their discovery in 1979the electronic structures of the photochrorsjtiro-
dihydroindolizine forms and especially the correspondaegaines (Bs), formed by reverse
electrocyclization from photoexcitedS)-states, have been under discussion. Betaines undergo
thermal back reaction to their correspondisgjro-DHI-isomers via 1,%lectrocyclization?
According to our previous findilg, t he <char gestian ntefbe aff py rdied iorcea
bond lengths are neither typical singt®r typical double bonds, but-lretweerf However, as
depicted inScheme 1.9, t he most classic redenanmnmedst r wht
resenble our findings from DF¥alculations most closely, arg 8 and B yansand not Bgsand

B rans@s discussed in virtually all mechanistic publications on this subject.

Correctly calculating the chargbstribution in betaines is of importancer four
understanding of their structure, reactivity, and stability, because, counter to most other
photochromic systems, such as spiropyrans, spirooxazines, chromenes, fulgides and
diarylethene$ no uncharged resonance structures of the beisomeer is pssible. Our

understanding of the mechanisms of the occurrencasoid vs.transoid betaine isomers is
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equally important, because without this knowledge the BHbetaine— DHI cycle cannot be

properly understood.

Bl,trans

By.cis By trans
Scheme 19: Reaction scheme for the most simple DBI/betairgystems: X=CH,
spird 9, 1 6-(hdoliziadit2 6 sdiBadboxylic acid, dimethyl ester, number, X=N,
spiro9H-fluorene-9,5'(4'aH)-pyrrolo[1,2-b]pyridazine] -6',7'-dicarboxylic acid, 6',7'-
dimethyl ester, number The betainestructures, which were postulated in numerous

mechanistic discussions (e.g. 2,4,5), are B and By rans.

The most important finding of this recent stfigyas that the electrocyclic back reaction
of the betaines to the DHI is not ratdeatenining, as previously thought, but instead the kinetics
are dictated by theis-transisomerization of the betaine, which features a grestate barrier.
After the photochemical ring opening thé DHI 0.
excited statereaction proceeds to the lowest point of théeptialenergy surface, which acts
as sa nik hAslthésds the case in many photoreactinshe deactivation leads to a
Amoundo whi c h-statesactitatioa bagier detwedn thisoid and the transoid
betaine. The exact position of the point where the deactivation funnel hits the mound

determines, which fraction of the molecules becamseid andtransoidbetaines.
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Scheme 110: Simplified photochemical reaction scheme for the DHI/Betaine system
showing the generation otisoidand transoid betaine following excitation of DHI. The
thermal back reaction is fast forcisoid betaine, while that for thetransoid species is slower
owing to a large activation barier to isomerization. A thermal barrier *° exists between the

cisoidand transoidbetaine conformations.

In the research reported hetehave selectedpiro[9H-fluorene9,5'(4'aH)pyrrolo[1,2
b]pyridazine}6', 7-dicarboxylic acid, 6',7dimethyl ester( fip y r iDHd Z ibree F'V2He o, ( 2
studying the influence of the additional >sptrogen present in th€4'aH)pyrrolo[1,2
b]pyridazinesubunit. This compound was chosen so that the influences of any substituents as a
part of the heterocycle or aromasigstem would be eliminate@his wasthen compared to the
results for this DHI with the previously-avestigated simplest DHdtructurespirof 9, 1 6-( 8 6 a H)
indolizine}2 & ;diBadboxylic acid, dimethyl estet1P"'/1%) Scheme 19). The studies reported
here comprise A) the investigation of the kinetics and mechanism of the addition of pyridazine to
spiro[2-cyclopropenél,9-[9H]fluorene}2,3-dicarboxylic acid, 2,3limethyl ester B) stateof-

the-art density functional theory (DFT) calculations of the DH#liree pair (2°7'/2°) to
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determine their geometries and charge distributions, C) switatty and timeesolved
photophysical experiments of the DHI/betaine 2fif"/25). D) It wasalso confirmed, usintH-
NMR, that the predictions from the DFT calculasoabout the structure of the betaines were
correct. This study s h@Wsandtith eirespondieg bétanig®y i d a z i |
follow the mechanistic paradigm describedSaoheme 110. This isan important step towards
the tailored design of funtional DHI/betaine systems.

This research was carried out with collaboration VAtbf. Dr. JoshepV. Ortiz, Auburn
University, AL andClaudia Turrd, Ohio State University, OH

1.3.2 Experimental

1.3.2.1 Chemical and Instruments

All chemicals were olained from Acros Organics, unless noted otherwise. 400 MHz and
200 MHz Varian NMRspectrometer and a Nicolet Protégé 460IRBpectrometer were used in
this study. | would like to thank the Analytical Laboratory of Dr. Ruth Welti at KSU for
recording thenass spectra of compounds employing an Applied Biosystemd @ triple

guadrupole mass spectrometer with electrospray and APCI sources.

1.3.2.2 DFT Calculations

All calculations were performed with the Gaus§i@rsuite of program$®> B3LYP/6-
31G(d) opimizationgd®**and harmonic frequency analysis revealed minimaierand trans-
betaine andspiro- configurations. MP2/81G(d) optimizations were performed as well.
Subsequent singlgoint calculationswith the 6311G(d,p) basis set were done at geemetries

obtained.
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1.3.2.3 Synthesis apiro[9H-fluorene-9,5'(4'aH)-pyrrolo[1,2-b]pyridazine}6’,7'-dicarboxylic
acid, 6',7-dimethyl ester(1.3.1a ("))

O COMe  diethyl ether/ dark
N RT, 24 h
C I ' 4
~N
o CO,Me
13.2

133

Y

Scheme 111: Synthesis ofspirog[9H-fluorene-9,5'(4'aH)-pyrrolo[1,2-b]pyridazine]-6',7'-
dicarboxylic acid, 6',7-dimethyl ester (1.3.1a (2"))*°

Synthetic procedurespirg2-cyclopropenel,9-[9H]fluorene}2,3-dicarboxylic acid, 2,3
dimethyl ester1.3.3(0.5 g,1.6 mmol) was disolved in 50mL of dry diethyl ether and 116L
(0.1384, 1.6 mmol) of pyridazine in 5mL of dry diethyl ether was added drop wisely in the
solution. The mixture was kept stirring for overnight at RT under argon atmosphere and dark.
The reaction was monited by TLC. The reaction was completed on next day (24 hours) and the
solution was concentrated up to half via rotary evaporation. The concentrated solution was kept
in refrigerator for overnight which gave yellow crystalline compoir&ilaspiro[9H-fluorene
9,5'(4'aH)pyrrolo[1,2b]pyridazine}6’, 7-dicarboxylic acid, 6',7dimethyl esteand separated by
filtration. Theyield of reaction is quantitative as monitored by TLC and NNRR.0.2 TLC
Silica, 4/1 (n-hexanéEtOAc, viv). mp 142143 °C IR (KBr) wavenumbers ci 737, 1122
1188, 1255, 1439, 1593, 1696, 1751, 2950, 36HBNMR (CDCk, 400 MH2) Ui [ppm] 3.3 (s,
3H), 4 (s, 3H), 4.9 (dt) = 9.9 and 2.2 Hz, 1H), 5.2 = 2.6 Hz, 1H), 5.6 (dt) = 9 and 0.7 Hz,
1H), 6.9 (ddJ = 3.3 and 1.5 Hz, 1H), 7.2 @= 7.3Hz, 1H), 7.87.4 (m,3H), 7.46 (d) = 7.1Hz,
1H), 7.55 (dJ = 7.3, 1H), 7.7 (dJ = 7.1 Hz, 2H);**C NMR (CDCk 400 MH2 [ppm] 51.35,

53.54, 63.66, 65.68, 106.30, 118.61, 120.06, 120.40, 123.73, 124.89, 126.21, 127.38, 128.05,
128.48, 128.81, 138.66, 140.68, 141.10, 141.77 146.71, 149.65, 162.02 163.61; Mass, ESI
Co3H18N204 calculatel m/z 386.12 found 387.3(M+1) and 409.2 (M+Na)
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1.3.2.4Kinetic *H NMR Experiments and Identification of the tran8etaine

Stock solutions of pyridazinel 3.2 and spiro[2-cyclopropenél,9-[9H]fluorene}2,3
dicarboxylic acid, 2,3limethyl estef1.3.3) in CDCl (1 mmol each) were prepared and stored in
a water bath at 283K, 293K, 303K or 313K. &l of each stock solution were mixed using an
Eppendorfipette and then filled in a pyrex NMR tubel-NMR measurements were performed
using a 400 MHz Vaan-NMR-spectrometer. The precision of its temperature units waskt0.5
Integration of the characteristic methylester peaks of the spirocycloprah8c® &s a function
of reaction time permitted the determination of the kinetics and the Eycingaton

parameters’

1.3.2.5 Steadystate Absorption and Photolysis

Acetonitrile was used as solvent. The irradiation wavelength was 355 nm. The laser
intensity was tuned from 1 mW to 150 mW by combination of neutral density filter and laser
output. The absgption spectra of the DHI/betaine systeri{22°*""§ at the different irradiation
time were recorded using a HP 8543A Wis spectrometer. During the photolysis, the solution

was constantly stirred.

1.3.2.6Laser Flash Photolysis

Transient absorptiospectra and lifetimes were measured on a houié instrument
pumped by a frequency tripled (355 nm) Spe&thgsics GCRL50 Nd: YAG laser (fwhm 8 ns,
5 mJ per pulse unless indicated otherwise). The output from a 150W Xe arc lamp (USHIO)
powered by a PTPS220 power supply, pulsed with electronics buithiouse, was focused onto
the sample at 90° with respect to the laser beam. The white light transmitted by the sample was
collimated and focused onto the entrance slit of a Spex2BiRingle monochromatqa200
gr/mm) and was detected utilizing a Hamamatsu R928 photomultiplier tube and processed by a
Tektronics 400 MHz oscilloscope (TDS 386)°
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1.3.3Results and Discussion

1.3.3.1Kinetics of the spirodihydroindolizine (DHI) formation.

'H-NMR spectrecopy was used to study the kinetics of the electrocyclic addition of
pyridazine (1.3.2) to spirg2-cyclopropenel,9-[9H]fluorene}2,3-dicarboxylic acid, 2,3
dimethyl este1.2.3)in CDCl. The integration of the typical methylester peaklof(3 and d
pyridazine(1.3.2)was used to measure the concentrations of the reactants as a function of time.
We wsed our data on the consumption(bf2.3)to determine the reaction order of the addition
reaction. The general reaction scheme of the nucleophiliti@ddeaction is shown ischeme
1.11. The addition of pyridazine(1.32) to spirg2-cyclopropenel,9-[9H]fluorene}2,3-
dicarboxylic acid 2,3limethyl ester 1.2.3 is a bimolecular reaction, as the plot of the inverse
concentration of 1.2.3 vs time indicates Figure 1.12. This finding is in contrasto the
addition of pyridine to 1.2.3®, which did result in a pseudo first order reactikn>k,) in the
temperature range from 283 to 313 K, although the two reactdn®s3((and pyridine)) were
adced in the same concentration. For the addition of pyridazine, which is reportek;hisre,
larger thark,, thus making the first step of the reaction rate determining (at 283=K1.17+0.2
x 10°[IMsY)).
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Figure 1.12: Right: The plot of ¢ vs.t is linear (r > 0.995 at all four temperatures). It
indicates that the reaction is second order. The rate constants k [| #'] can be obtained
from the negative linear slopes. keft: The Eyring-plot of the unimolecular rate constants,
which have been obtained from the bimolecular rate constants k [| Ms?] by
multiplication with the concentration of compound (1.3.2) (c = 1.0 x TOM) is sufficiently

linear (r = 0.995) to detemi n e”amHl *. S

The Eyring equation is given as eq 1,

T

k) —-AH* AS" Kk (1)
In = + +1In
RT R h

Where k represents the rate constant of the reaction, T is the temperstiir¢he
enthalpy of activationAS’ the entropyof activation,k, the Boltzmann constant (1.3806504 x
102%in JK™) andh the Planck constant (6.626068 x*ton® kg s%).°

Eql was used Hf-052832 10 mat' g’ 288+ J mot' K* and (at B0

K) oqi5” = 69+4 kJ mol*. The very low enthalpy of activation in combination with the rather

44



large entropy of activation are in agreement with the nucleophilic addition of aromatic
heterocycle pyridazinel(3.2 to spirg2-cyclopropaée-1,9-[9H]fluorene}2,3-dicarboxylic acid
2,3-dimethyl esterX.2.3.

> 1.3.5b

1.3.5b' By trans

Scheme 112 Nucleophilic addition of pyridazine (1.3.2) tospirg2-cyclopropenel,9*-
[9H]fluorene]-2,3-dicarboxylic acid, 2,3dimethyl ester (1.3.3): The reaction proceeds in
three steps: 1) Addition of pyridine to the highly strained cyclopropene intermediate 2)
(1,5-electrocyclic) ring-opening to thetrans-betaine By yans (2°, 1.3.5b). 3) Isomerization to

B1 yrans @nd By ¢is and 1,5electrocylic ring closure to the DHI (2, 1.3.1a).
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1.3.3.2 Analysis of the'H-NMR spectra during the nucleophilic addition of heterocyclic bases
to spiro[2cyclopropenel,9*-[9H]fluorene]-2,3-dicar-boxylic acid, 2,3dimethyl ester (1.3)

The kinetic findings have been corroborated by the analysis of HhRMR spectra
during the addition of pyridine and pyridazine tepiro[2-cyclopropen€l,9-[9H]fluorene}2,3
dicarboxylic acid, 2,3limethyl estef1.2.3. Stacked'H NMR spectrdn were recorded at 308
(Figures 1.13and1.14).

The kinetics of the addition of pyridine &pirg[2-cyclopropenel,9-[9H]fluorene}2,3
dicarboxylic acid, 2,2limethyl ester(1.2.3)do not permitdiscerning the spectrum of the pure
betaine due to overlapm peaks with the DHI. However, both methyl ester peaksl.@3
appear at the sanfél-NMR-frequency § = 3.83 ppn), two singlets can be discerned for the
fipyr-Deil &8)(UE 3.25 and 3.98 ppm). At all times, there is only one set of signals for
t he f pbyertiadiPfged3.29 and 3.88 ppm) discernible, indicating that indeed only one
betaineis stable between 288 and 313K (Figure 1.13. This betaine had been assigned to
B1 yrans(Schemel.12) 8

It is noteworthy that the addition of pyridine gpiro[2-cyclopropenel,9-[9H]fluorene}
2,3-dicarboxylic acid, 2,&limethyl estel(1.2.3)was conpleted afterl3 min. at 30X, whereas
the addition of pyridazine took several hours to completidmns is in agreement with the
observed kinetics: pseudiost order for the addition of pyridindy{= 2.23 x 10’ s* (at 283 K))
and bimolecular for thedalition of pyridazinek, = 1.17+0.2 x 10° [l M s]), (Scheme 1.2).
A mechanistic reason for the much faster reactivity of pyridine compared to pyridazine can be
found in the electron densities of thé-sybridized aromatic ringitrogen atoms: according to
Gaussian 03an atomic net charge €9.088is calculated for pyridine, whereas the neighboring
nitrogen in pyridazine bear significantly smaller negative partial char@e32( and0.025) A
successful nucleophilic attackki @ heterocyclic base on compountl.Z.3 requires a high
electron density in the lone pair of the nitrogen, which is a part of an aromatic heterocyclic ring.
The atomic net charge is a simple measure for a relative comparison of these electron daensities i

pyridine and pyridazine. The former is a much better nucleophile and, thekefarel notk; is
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ratedetermining. The latter is an inferior nucleophile. Therefore, the addition processkifself (

is ratedetermining.
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Figure 1.13 *H-NMR spectra of the reaction mixture betweerspiro[2-cyclo-propene-1,9*-
[9H]fluorene]-2,3-dicarboxylic acid, 2,3dimethyl ester(1.2.3)and pyridine in CDClzat T
=303K, t =1,4,7,13 min. in increasing orde
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Figure 1.14 'H-NMR spectra of the reaction mixture betweerspirg2-cyclo-propene-1,9-
[9H]fluorene]-2,3-dicarboxylic acid, 2,3dimethyl ester(1.2.3)and pyridazine (1.3.2) in CDCl; at
T =303K, t =1,10,45, 95nin. and 15h. in increasing order.

It is noteworthy that virtually no (betaifentermediate is visible in thBH-NMR during
the progress of the addition reaction of pyridazine to compadu2d3(under these experimeit

conditions. This demonstrates nicelyttha<< k.

1.3.3.3DFT Calculations

This reportdiscusses the application of computational methods for the determination of
the exact electronic structures and the relative stabilities of the DHIs amisthg transoid
isomers of the corresponding betainBse DFT calculation results clearly indicate that the long
standing hypothesis concerning the most stable Lewis structures of the zwitterionic betaines,
which are formed upon photoexcitation of the photostic dihydroindolizines, has to be

corrected.
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Figure 1.15 1 nt er c o nvspiros i aamd off b dit af $spince ® , I ®-ihdoliziad)
2 0 -diBadboxylic acid, dimethyl ester (E=C(O)OCH) (1.3.1).

In looking for possible zwitterionic character of the betaine systems, all starting
geometries assumed singledz and GN4 bonds and a double,C; bond for the operchain
forms (see Bcisand B ans in Schemel.9). However, the optimized geometries in aaof the
cases have retained the suggested sigliblesingle bond charactéf:*® On the contrary,

significant delocalization can be deduced from optimized bond ledithigssed in chaptér2

1.3.3.4 Photophysical Measurements

According to our reaion paradigni'®, the conrotatory ringpening reaction o$piro-
dihydroindolizines to their isomeric betaines is an adiabatic photoreaction. Whereas the
absorption maxima of DHIs are typically in the UVA and blue spectral regions, betaines are
highly colbred and possess unusually broad absorption spectra, in spite of the fact that this
absorption arises from a singlet state. The disrotatory back reaction proceeds thermally from the
cisoid betaine (Bs in Schemel1.9) to the DHI. This reaction proceedsuah faster than the
thermal isomerization between tlransoid (B trans) @and thecisoid (B1 cis) betaineisomer, which

appears to be the ralieniting step for the backeaction.

Table 1.6: Photophysical Data for DHI (') and transoid Betaine (2°)

DHI TransoidBetainé®
abs l0ge® | @am | Uem | @m | @max | @m | loge 0 em
[nm] [nm] [nm] [nm] [nm]

389 3.92 462 | 0.0017 | 460 | 514 | 484 .29 0.0038
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1.3.34.1Steadyst at e Fl uorescenkkl &f)( 2 he fApyridazi
It is known from the literatue t hat t kDeH | i}"is2iedkly fluoreseertt.
Excitation and fluorescence spectvare recordedh a temperature interval between 28&nd
323K. It is noteworthy thathe observed systematic shifts of both the excitation and emission
maximahappen as a function of temperature (B8&ex = 345nm, aey = 465nm; 293K: aex =
342nm, aem = 468nm; 303K: 8ex = 341nm, a=y = 466nm; 313K: a=x = 340nm, aem = 473
nm; 323K: ax = 337nm, a=v = 477nm). The maximum of excitation is blueshifted, whereas
the maximum of emission is resthifted (Figure 1.16. This may be indicative of more than one
fluorescent state of the DHI and the existence of a small thermal activation barrier between at

least two states.

1.210° — — —

| | ex 283K
ex J03K
ex 323K
em 283K
em 303K
em 323K

110° |-

810° |

610° |

410° ||

210° |

o £l I 1 L 1 I ™
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Figure 1.16 Excitation and fluorescence spectra of 2" (5.0 x 10° M in acetonitrile) at T = 283,
303 and 32X.

Note that the fluorescence occurring from the DRI 0.4ns) and the kinetics of the
photochemical 1®lectrocyclization & > 0.5ns) cannot occur from the same singlet $tate.
Otherwise, the rate constant for cyclization would have to compete with the rate of fluorescence.
Therefore, the state thagacts under electrocyclic rirgpening must be separated by a rather

large activation barrier from the fluorescent states.
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1.3.3.4.2Time-Resolved Absorption Spectroscopy of the Betaines

The transient absorption spectra measured following excitation @0 DHI in
acetonitrile with a laser pulse (355 nm, fwhm ~ 8 ns) are shoviigure 1.17. Spectra were
collected immediately and 3Q( after excitationThe spectra are characterized by a peak at 460
nm and a broad absorption with maximum in the rangB4&f to 580nm immediately after
excitation. After 30Q1s, the peak at 468m is still discernible (although it has considerably
decayed. The broad peak has become even broader (500 to 580 nm) with an emerging maximum
at 510 nm, which corresponds to tinensoidform of the betaine (514m, Figure 1.17). The
changes in the absorbance as a function of time decay monoexponentially with lifetimguef 254
at 460 nm and 22@s at 600 nm.

0.030
0.025 + —— t=0ps
—8— t=300 us
0.020
0.015
g 0.010 + g
0.005
0.000
J
-0.02 : : : :
-0.005 : : : : -10e-8 20e4 40e4 60e-4 8.0e-4 1.
300 400 500 600 700 800

Time/s
Wavelength / nm

Figure 1.17 Transient absorptions pectroscopy oliett @iehdpyr2dazine

It is noteworthy that the ratio of the absorbance at 460 nm and 60@phRso60g IS
greater immediately following the laser pulse than after 3§0indicating that two different
species ray be present in solution, with different concentrations at these two times. A possible
explanation for this observation is the coexistence otib@d and thetransoid betaine in this
time domair® On the minute timescale only tiensoid betaine isomeis present. Onlygisoid
betaine possesses the right geometry for the disrotatory back reaction and dectlys2bi#this
to regenerate the DHI. Based on the spestrawn inFigure 1.17, it appearghat thecisoid
species, representing most of the sample at t = 0, absorbs more strongly at 460 nm than the
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transoidisomer. It should also be noted that the absorgignals at 460 nm and 600 nm do not
completely return to zero after 900 ms, with ~5% absorbance from the ipitiE@maining We
attribute this finding to the residuthnsoid betaine that does not decay within the window of
observation. The lifé¢ime d the electrocyclization process from tbisoid betaine to the DHI at
293 K is 254+ 10 ys, whereas the liftame of the back reaction from theansoidbetaine tahe
DHI is 216t5 s (Figure 1.17).

The photophysical b ebHhetaier rsystenf 2't2h & vefiypy r i d a
similar to the previously r epor-DH¥ktaipersystero c h e mi
(1°"'/1%) (chapterl.?), indicating that an additional riagjtrogen in the neighboring position to
the attached nitraan does not &r the photochemical reactivity completelyurthermore, the
presence of two ringitrogens significantly decreases the reactivity of the betaine with triplet
oxygen®®Wees i mat e that-behaifipyri daappeoxi mately 5
t he A pbyerti adii meeo . It shoul d b espirof2-cycleppeniEliDa t t he
[9H]fluorene}2,3-dicarboxylic acid, 2,3limethyl ester(1.3.3 with pyrimidine and pyrazine

does not lead to stable and photochrospico-dihydroindolizines.

1.33.4.3 The Kinetics of the Thermal Back Reaction

Table 1.6 summarizes theelevant photophysical parameters of DHI and betaine. The
spectral features dfansoidbetaine are observed following photolysis of a DBH) solution
with laser light (355 nmjor 3 min, and are shown in the spectrum atQt in Figure 1.17. The
changes to the absorption were monitored as a function of time while the sample was kept in the
dark at 283 K. The observed spectral changes correspond to the thermal back reaction from
betaine 2°) to DHI (2°™). The unimolecular thermal back reaction in acetonitrile atk?8as a
rate constant of 1.98 x &, which is in excellent agreement with the literattifdote that this

value corresponds tqQ in Schemel.13.
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Scheme 113: The thermal back reaction is slow forthetransoi ci soi d i someri z a

The Eyringplot derived from these data is also shownFigure 1.18. The thermal
activation parameters were calculated ta\bé& = 839+14 J mat, AS” = -303+12 X ™'mol?, and
AG" = 89,600 J meét (at 293K). A positive activatio enthalpy and negative activation entropy
indicate the reaction from thi&ansoid betaine towards the DHI passes through an ordered
transition state. However, our tianesolved data indicate that not the DHI but ¢is®id betaine
is formed in this thermaransoidcisoid isomerization reaction. The Eyrifgarameters thave
have determined are for the hindered rotation between both betaines and not for the disrotatory
1,5-electrocyclization. The latter reaction occurs fromdiseid betaine to the DHI. \IWereas the
transoidcisoidi somer i zati on readteit@anm nfeor htalse anpyrfiedaz
K, the electrocyclic reaction from thasoid betaine to the DHI has a lifetime of 254. This

means it occurs approximately one million tinfiester!
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Figure 1.18 left: Changesto the UV/Vis spectrum of Betaine (t = 0) as a function of time
regenerating DHI at 283K in acetonirile. Note that the conversion from DHI to betaine is ~ 60 %,
therefore the spectrum at t = 0 has contributions from DHI in the region from 300 nm to 460 nm.
The presence ofwo isosbestic points 8356 nm and 409 nm indicates a clean photochemical

transition. right: Eyring-plot derived from data obtained in the temperatureinterval 283 - 313K.

1.3.4Conclusions

The experimental results obtained in this study permit the conclusion that the
Apyr i-DH gspirg3H-fluorene9,5'(4'aH}pyrrolo[1,2b]pyridazine}6’, 7-dicarboxylic acid,

2°"y and itscisoid and transoid betaines 2°) react according to the new

6',7-dimethyl ester
paradigm describing the photochemical reactivity of the DHI/Betaine system that has been
developed studying thBHI a18%¢ (Schememdd).% Updnpyr i di
photoexcitation of DHI an adbatic photoreaction occurs. The excited stasetion finds the

lowest point of the pentiate ner gy sur f ac &, nwkiiidkdeldeactcation leaas a
to a fimoundo, wstate achivationsbartieh betwegm ttiawid ahd thetransoid

betaine'® The position of the funnel in the case of the DHI/betaine system studied here is very
similar the previously investigated system. Consequently, approximately 95 percasoidf

betaine and 5 percent @fansoid betaine are formed here aliv The 1,5electrocyclic ring

closure to the DHI occurs from thoesoid betaine with a lifetime of 254s at 293K. In sharp
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contrast, the lifetime of thé&ransoid betaine is 216 .slt reacts in a thermatisoidtransoid
isomerization reaction to thesoid betaine, which then proceeds to the DHI. It is of importance
for the mechanistic discussion of photochromic spirodihydroindolizine/betaine systems that the
Eyring activation parameters that have been attributed to the electrocyclic ring closure in

bascally all mechanistic papers are in reality for ttemsoidcisoidisomerization oftie betaine!
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1.4 Laser Femtosecond Absorptiospectroscopyof Spirodihydroind olizines

1.4.1 Laser sulPicosecondAbsorption Spectroscopy

Laser femtosecond absorption spectroscopy studisgi{f 9 , 1 o-ihd®lzineH2) 6 ; 3 6
di carboxylic acid, -DdHIniebtehtyil''l? esdtseifoPH-{lubreng r i di ne
9,5'(4'aH)pyrrolo[1,2-b]pyridazine}6’, 7-dicarboxylic acid, 6',7imethyl ester(2°"/2®)were
performed by Dr. Yao Liu in the research laboratories of Dr. Claudia Turro, Department of
Chemistry, Ohio State University, Columbus Ohio. Femtosecond measurements permit the
observation of the very first events, which take place after the absorption of a photon, which
requires approximately 1 x 0 s to complete. The femtosecond absorption spectra were
recorded by an instrument, which is described in detail in the literg8okeme 1.14°

Syntheses of these two DHlIs are described in chafand1.3.

1.4.2 Femtosecond Broadband WVis Transient Absorption Spectrometer.

The laser system consists of a short pulse titassapphire oscillator (Coherent, Mira)
generating 30fs pulses at 800 nm that seeds a high energy titasapphire regenerative
amplifier (Coherent/Positive Light, Legend HE USP). The regenerative amplifier produces 2.5
mJ, 40 fs pulses at 1 kHz. The main part of the beam is used to generate a pummahlse t
from 240 to 800 nm. A small portion of the fundamental is used for white light generation in the
range 326700 nm by focusing a small portion of the fundamental output (800 nnuJ).bto a
1 mm thick Cakplate.
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Scheme 114: Femtosecond broadband UWis transient absorption spectrometer (this

figure is taken with permission from the supplemental information of reference 1)

A 50 mm lens collimates the white light continuum beam, which therepaBsough an
iris to select the central, uniform region of the beam profile. The white light continuum is split
into two parts, probe and reference, of nearly equal intensity by using reflection from the front
(probe) and back (reference) surfaces ofrané thick Cal; plate. Both beams pass through the
sample, but only the probe overlaps with the pump beam in the sample. The detection system
consists of an imaging polychromator (Triax 550 Jobin Yvon, equipped with holographiggrati
operating in 25800 mm, 150 gr/mm) and thermoelectrically cooled, back illuminated CCD
camera ($mphony Jobin Yvon, chip 204812 pixels). Transient absorption spectra are
recorded at different pumprobe delay times using an optical delay line consisting of computer
controlled, motorized translation stage mounted with a retroreflector. The entire set of pump
probe delay positions (cycle) is repeated at least three times, to observe data reproducibility from
cycle to cycle. Spectra are recorded using hdemeeloped software, niten in Labview 7.0,
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which also controls the optical delay line, shutters, ;Gakation, and CCD acquisition. The
instrument response fwhm is approximately 300 fs. All experiments are performed at room

temperature (29K).

1.4.3 Selection of Photochrom Spiro-Dihydroindolizine/Betaine Systems

Contrary to the approach chosen in the recent literature, in which a DHI/betaine featuring
a methylcarboxylatsubstituent has been studie@™'(/3®, Figure 1.19) by femtosecond
absorption and infrared spectrosggpveh ave again investigated the
syst &°a®) ( as well asy sthaBivaf) pfgcausea therr photechemical
reactivities are not changed by the electronic and/or steric influence of substituents. The main
resultfrom reference 2 is that an electronically excited transient sti)er(as been observed.
This is agreement with the novel paradigm for the photochemical DHI/betaine reactivity that has
been published by our research group in 200Be second very important finding was thizft
also deactivates to the grousthte DHI. This finding is in agreement with the previously
determined quantum yields for betaiimemation, which are in all cases distinctly smaller than
1.0* The electronically excited transient staiBAX deactivates through a
Amoundod (thermal act i v a tcisadandbharansdidéesonersofthdi ch s

betaine®> We will revisit this paradigm afir discussing our experimental findings.
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Figure 1.19 DHI/betaine i systems studied here &": spirof 9 , 1 6-{ndoliziaght2 6 ; 3 0

di carboxyl i c-Dadd ioQ"; spi9hy-tudrehe-3)544'aH)-pyrrolo[1,2-
b]pyridazine]-6',7'-dicarboxylic acid, 6',7-d i met hy | est-BH| @jdinghei dazi ne
literature 3°™ (trimethyl -1 6-$piro[9H-fluorene-9,5'(4'aH)-pyrrolo[1,2-b]pyridazine] -

236t ricarboxyl at e, -pyrideeinelDHINdar boxyl at e

1.44Spi r o[ 9 ,-indoligirgp2adbHdiBadboxylic acid: Early Photochemical
Events

After photoexcitation by one photdrf 310 nm wavelength, a very broad UV/Vis
absorption band between 4@én and 600nm rises leading to a maximum of absorption after
0.60ps (amax = 455 nm). This band is neither consistent with the absorption spectraciéadite
or thetransoidbetaine, which occur at a much later time s¢8liéis noteworthy that in the high
energy region of the spectrum big changes in absorption arevablke whereasve annot
discern such changes in the mahd lowenergy regions. This finding is consistent with the
postulation of several states in a photoexcited DHI: After the absorption ofghtfdn 6= 310
nm), at least two singlet states exigtie is reactive and the other (or quite possibly, several
others) deactivate(s) under emission of a photon (fluorescemdefe that the fluorescence
occurring from the DHI@> 400 ps) and the kinetics of the photochemicalelegtrocyclization
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((k = 70-80 ps, see below) cannot occur from the same singlet state, because theuaiesedo
not match. Otherwise, the rate constant for cyclization would have to compete with the rate of
fluorescence. Therefore, the state that reacts under electrocyghapening must be separated
by a rather large activation barrier from the fluorescent state.

After the maximum intensity of the UV/\4absorption band has been reached after 0.6
ps, its absorbance decreases and a consecuthghifeds observed: 0.pS, anax = 440 nm; 0.9
PS, amax = 445 nm; 1.20s, omax =455 nm). The absorptiespectra at 1.ps, 1.4ps, and 1.¢s are
nearly identical in the wavelength region between 400 nm and 600 nm. In agreement with
reference 2we interpret these spectral shiftsdaintensity changes as vibrational deactivation of
the transient sta@’. After 1.2 ps, the vibrational deactivation Bf is completed and the system
remains in that state for up tgp2 Figure 1.20) before it tirther reacts. Note that the maximum
of the -Diklyd i alb ;mer pti onogtlc curs 027 . 382 nme(lvery
ps and 0.4ps no distinct bleach in the spectral region between 380 nm and 400 nm can be
discerned, indicating that the DHI/betaisygstem is on the reaction trajectory towBfdbut not
there yet. It is our mechanistic assumption tive¢ arelooking at a transition that can be
described by the Eyring theory of reacting statttss noteworthy that the negative intensity of
the DHFmaximum remains constant in a time range betweep®#hd 2 ps. This is a strong

indication that during thaime period no backeactionfrom B” to the DHI can be observed.

This is a strong argument for the assignmenlBéfas a possible intermediate and not as a

transtion state?
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Figure 1.20 UV/Vis-absorption spectra of thespirgf 9 , 1 O0-{ndoliziaet2 6 ; 3 6
di carboxyl i c-Ddd i/ d,etfap ynrel/E)ijrmeetonirie, afx £ 310nm,

observation window:07 1.60 ps.

1.45Spi r o] 9;intldlizin€-2 & {dipadboxylic acid: Deactivation 01BA and
Formation of a Mixture of Cisoid and Transoid Betaine

Whereas the UV/Visbsorption spectra obtained after a delay of @s2to 2ps are
essentially identical, distinct spectra changes occur betwesraBd 15@s (Figure 1.21). The
spectrum recorded after 158 is essentially identical with the mixture of approx. 95% of the
cisoid betaine and 5% of th&gzansoid betaine that can be fourat much larger delay times.
Figure 1.22shows the results froms spectroscopy (described in detail in chapter 1.2 and 1.3).
Note that virtually no decay occurs in the observation window between Ouandt 2s known
from our previ oudneBHIu/db eetsaionfe tshyes tfepnor it hat
from thecisoidbetaine to the DHI has a lifetime of 289 (at 293K). Accordingly, thetransoid
betaine requires several hundred seconds for its isomerization ¢isdittbetaine(U= 311 s at
283 K).

Apparently,we ae looking at the deactivation Bf, which leads to a mixture of two
reaction products, theisoid and transoid betaine. This reaction behavior can be classically
described as deactivation througliid unnel 0, which | eads onto

barrier) between theisoid andtransoidbetaine®®
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A second deactivation pathway also exists, which leads back to the DHI, as the decrease
of the bleach between 380 nm and 400 nm indicates. Tdig is in agreement with the
behavior of théi me t h y | ¢ @yridavineDH|/lzetaireis y s t 2MHEP)).4
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Figure 1.21 UV/Vis-absorption spectra of thespirgf 9 , 1 O0-{ndoliziaet2 6 ; 3 6
dicarboxylicaci d, fpHlIr/i e tnai n B"/18)ynadetenitride, afx £ 310 nm,

observation window: 2i 150 ps.
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Figure 1.22 UV/Vis-absorption spectra and kinetic traces (red: 44@m, blue: 600 nm) of
the: spiro[ 9, 1 6-(ndoliziaeft? 6 ;d3 @ ar boxy !l i c-DHd i/ d,et fap ynrei Gdiyrsd e

(1°"'/1®) in acetonitrile, a=x = 310 nm, observation window: 0 2 ps.
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l45Reacti on Ki net iDHEbetaifel S yhset @y r i di ne

Figure 1.23 shows the transient abs@t i ons at 440 nm and 540
DHIl/betainei sy st emo i n depende nrenehaobeen seleaed, bechuseyitist i me
near the absorption maxima Bf and thecisoid betaine. 540 nm is near the second maximum of
the growingcisoidandtransoidbetaine absorption. The kinetics observed at@nd 540m
are essentially the same: Immediately after laser excitatierobsere a very rapid growtk =
0.5 ps. This is the lifetime for the transition from the excited sindtestate of the DHI toB”,
The second lifetim&} = 1.2 ps is for the vibrational deactivation Bf to its lowest vibrational
level. The third lifetime(3 = 75.8 ps is for the deactivation &throu gh the Atunne
formation of thecisoidtransoidbetaine (approx. 95%/5%). As already stated, the lifetime for the
reaction of thecisoid betaine to the DHI i€l = 239 us at 293K. The lifetime for the thermal
transoid betaine tocisoid betaine conversion i§ = 311 s at 28X). It is obvious that all

lifetimes that are longer than 0§ cannot be accurately measured with the femtosecond setup

used here.
0.10
0.08 -
.(440 nm
0.06 i‘... ®.e’ . * . )
0.04 -
' 540 nm
0.00
-0.02 . . ; ; .
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Figure 1.23 UV/Vis-absorption intensity of thespirgf 9 , 1 6-{ndoliziadhtd 65 3 6
di carboxyl i c-Dad i/ d,etfap ynrel/B)ijreeetenirde, afx £ 310 nm)vs

delay time.
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1.4.6 Spiro[9H-fluorene-9,5'(4'aH)-pyrrolo[1,2-b]pyridazine}6',7'-dicarboxylic acid,
6',7'-dimethyl ester

The early event-®DHl/betaine styhset ety atecery similareo
t he i pDHibetdinensey s t e"W/Aa®)(Figure 1.24. The UV/Vis-absorptionspectra
recorded 0.Ds, 0.4ps and 0.6s after excitation a#= 310 nm show the very rapit] & 0.5 ps)
population of the corresponding transient electronic Bfaté/e assume thas” is in an upper
vibrational state, as this was the case in the previously stifi#d® - system. Interestingly, this
state deactivates Jeixponentially to a mixture otisoid and transoid betaine. Again, the
distribution is approximately 95%isoid and 5%transoid The corresponding lifetimes akk=
21.8 ps andd = 70.9 ps. Because of thabsence of distinct spectral featurese cannot
distinguish between a bifurcated pathway, which leads principally to the same mixture of
products (probably with varying degreescafoidvs transoidbetaines) or a stepwise reaction. It
is noteworthy thewe did not observe an intermittent halt of the reaction whedyistg the
Apyr i-DHl/betames y st e m, i n cont DHIbdtaingssy st @mo .Aplytr i di
mechanistic interpretation of this finding that there is no vibrational state in therfeystem,
which would per mit Arestingo for a very shor
means that the @Afunnel 8P whemas it may beifurcatatl intha t h e

2PH12B_system.
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Figure 1.24 UV/Vis-absorption spectra ofspiro9H-fluorene-9,5'(4'aH)-pyrrolo[1,2-
b]pyridazine]-6',7'-dicarboxylic acid, 6',7-dimethyl ester, fi p y r-DHli/beainen e
sy s t e’VaP) irf aetonitrile, ax = 310 nm, observation window: 0 1.60 ps.
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Another possible explanation for the occurrence of@xponential decay fronB” to the
cisoidtransoid betaine mixture may be the existence of more than two (meta)stable betaines. If
the rotation along the £N, axis (Scheme 1.%) leads to more than two relative minima, then
their relative population will change when the total energy of Hi&2#-system is decreasing
during deactivation. Note that the UV/Vabsorption spectrum of eadletaineisomer will be
different, because the chardestribution in a betaine is the determining factor for the occurrence

of the (very broad) absorption band.

other minima ?

B1,transoid

Scheme 115: Cisoid and transoidrotamers of the investigatedbetaine. Are there other
relative minima occurring during the rotation along the C3-N axis?

Wewere unabl e to det er mi fDell/betambseytshteermoi na tdhier

reaction pathway fronB” to the DHI exists, because thbsorption of the betainé between
380 nm and 410 nm is larger than of the Dha¢= 389 nm, bg U= 3.92) and the molar

absorption coefficientsf B* , cisoid and transoid betaine, as well as potentially formed other

rotamers, are not known.
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Figure 1.25 UV/Vis-absorption spectra ofspiro9H-fluorene-9,5'(4'aH)-pyrrolo[1,2-
b]pyridazine]-6',7'-dicarboxylic acid, 6',7'-dimethyl ester, A p y r-DHl/bemminen e
sy s t e’WaP) irf aetonitrile, ax = 310 nm, observation window: 2 150 ps.
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Figure 1.26 UV/Vis-absorption intensity of thespiro9H-fluorene-9,5'(4'aH)-pyrrolo[1,2-
b]pyridazine]-6',7'-dicarboxylic acid, 6',7-dimethyl ester, fi p y r-DHl/beainen e
sy s t e’aP) irf aetonitrile, ax = 310 nm)vs delaytime.

The kinetic information has been obtained by fitting the signak at 450 nm. The

biggest observed changes in the tinasolved spectra occur at or near that wavelength. The
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signal at 4 = 600 nm is wher¢he greatest changes were observed in the observation window
between 0 and 2:s. However, in the femtosecond to p&econd range, the observed spectral

changes were minor.

1.4.7Are There Other Experimental Indications for the Exigtee of More Than Two
Bet ai nes i n -DHiBetaifeSyrsit ceamedi?n e
I n contr ast -DOHbbetdinksey st peSiYaT), dgihicheno distinct spectral

changes were observed during the first two microseconds afterebagttion Figure 1.22),
remak abl e changes have beenDHibetainesyt =tdeieh) (t2he
(Figure 1.27). At A = 440nm virtually no spectral changes were observed (after thetarad
of the employed laser system, see chapt®r At A = 500 nm a signal increase with a transient
rise-time of 220 ns was detected, wheread at 650 nm a signal decrease featuring a lifetime of
291 ns was recorded. The corresponding absorption spectra, which wededgquointby-point
differ greatly at t = 0 ns and t = 200 ns. Whereas the absorption band between 440 nm and 480
nm, which is typical for theisoid betaine, but of a lesser intensity in thensoidDHI®, does not
change significantly, large spectral cgas were observed in the spectral range between 480 nm
and 800 nm. After a delay of 200 ns an increase in absorption was measured between 480 nm
and 580 nm and a decrease was found in the region betweemb&bd 800nm. It is our
hypothesis that these esgiral changes are caused by the existence of more than two betaine
isomers (other thaaisoid or transoid, which have sufficiently small thermal activation barriers
that they permit rapid interconversion processes. The relative fractions of these-isetaiers
change on their pathway through the ftate,nnel 0.

only a mixture otisoidandtransoidbetaine isomers can be found.
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Figure 1.27 UV/Vis-absorption spectra and kinetic traces (blue: 440hm, green: 500nm,

red: 650nm) of the: spiro[9H-fluorene-9,5'(4'aH)-pyrrolo[1,2-b]pyridazine]-6',7'-

dicarboxylic acid, 6',7-dimethylester, fipyr-DHdbazbaeai nB"/2)ynst emo (2

acetonitrile, a=x = 310 nm, observation window: G 2 us.

1.4.8Conclusions

Upon photoexcitation -oahd pyridazinddoHd tsho,, tahdea a b p
photoreactions occur. The excited stagactions find the lowest point of thetpntialtenergy
surface, which as as & f u n. Bahl fumnels appear to be at least bifurcated. In the case of the
i pyr Didifbatames y s t P'M), dne pathway leads back to the DHI'('), whereas the
other leads to a mixture ofsoidandtransoidb et ai ne i s o meareireDHI/lfetaine t he A
system2”/2®) | at | east two pathways through the #f
mixture of cisoid and transoid betaine isomers, but they appear to require different reaction
times. There may be a third pathway, whiehds in analogy tal?""/1®) directly to the ground
state DHI, but the absorption properties2Bf' and2® do not permit is observation by UV/Vis
absorption spectroscopy.

In the case of the pyridilB H | , the Afunnel 06 may feature
very small activation barrier. Deactivation t
groundstate activation barrier between ttisoid and thetransoidbetaine. The exact position of
the point wher e the de ac datevmanes which fractiom rofethe hi t s
molecules becomeisoidandtransoidb et ai nes . Focert afi pnyeroi,d anzoirnee t han
may exist We assme that they are separated by low thermal barriers, as this can be expected for

rotamers. Whereas tloesoid betaines react within several hundred microseconds (depending on
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the temperature) to the DHI, thensoid betaines are stable for several minutgéshematic

explanation is given in chapt&r2andl.3.

Sn—c—
Sy -3
Sy
hv hv
<1ns
AGH
B1 cisoid
>50 us B1 transoid
Sp
DHI

Scheme 116: Simplified photochemical reaction scheme for the DHI/Betaine system
showing the generation otisoidand transoidbetaine following excitation of DHI and the
formation of a transient state B".> The thermal back reaction is fast forcisoid betaine,
while that for the transoidspecies is slower owing to a large activation barrier to
isomerization. A thermal barrier® exists between theisoidand transoid betaine

conformation
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1.5A Light -Induced Photochromic Nanoswitch Capale of Non-Destructive
Readout via Fluorescence Emission: Clusters. SingleMolecule Excitation of

Dihydroindolizines.

Most contents of this part are taken with permission from the published Ppaperas
HartmannTej. B. ShresthaStefan H. Bossmann, Gstian Hubner, Alois Renn and Heinz Drr
Photochem. Photobiol. ScR009 8, 11721178.My contributions to this paper are the synthesis

of photochromic compound and the development of the mechanistic paradigm.

1.5.1 Introduction

Information storage usgnphotochromic compounds has received a lot of attention in
recent yeard.* Most of the breakthroughs, such as-8mory systenislogical element§ ’,
and highly efficient (room temperature) data stofatfenave been achieved using the
spiropyrane/mercyanine systems, because these systemssyetigetically available.

Only a limited number of photochromic molecules of the tYp#(A) — betaine(B)are
known in which the fluorescence of the photoproduct B can be selectively exithedtw
triggering the backeactionBY A.***®Whereas is able to switch\ — B anday initiates the
reverse reactioB — A, the photoproduct B can be selectively excite@msnabling its non
destructive fluoreseee readout.

This chapter describeainew application of a photochromic system comprised of a
styrylquinolykdihydroindolizine(Scheme 117)in a PMMA matrix'° The photochromic
reaction fromA (DHI) to B (betaine) is thermally and pheteversible inthéi s i ngl e mode 0.
non-destructive readut of the fluorescence occurringfr@di s possi bl e in the 0
When embedded in PMMA, the systén Bshows cluster and single molecule fluorescence.
The study reported here was conducted in collaboration with Prof. Dr. Heinz Dirr and Dr.
Thomas Hartmann (University of Saarland) and with Prof. Dr. Urs Wild andlBis Renn
from the Eidgendssische dlenische Hochschule (ETH) in Zirich.

As described in chapted.2 and 1.3, the combination of DFEalculations, NMR and
UV/Vis-kinetics and microsecond laser absorption spectroscopy led to the reassignment of the

most likely positions of the doubland sngle bonds in the betaines and, consequently, also the

72



positions of the negative and positive charJeBhis new mechanistic paradigm is shown in
Scheme 117.*°

\j

1.5.2 Betaine
1.5.1 DHI

Scheme 117: Photochromismif dimethyl-1 6 , di@ydra-9 &rgns2-[ 4 6 6 N, N
dimethylphenyl)-ethenyl]-spiro[9-H-fluorene-9 , -fiyiolo -[1,2-a]quinoline]-2 6-, 3
dicarboxylate ((DHI (1.5.1)).%°

Light microscopy permits nemvasive imaging of synthetic materials and samples of
biological origin with singlemolecule (singlgphotorremission) sensitivity, but diffraction
limits the spatial resolution to approx. 200 nm when using visible light for excitation.
Recently, the method of fluorescence photoactivation localization microscopyeeas b
developed, which permits nanometesolution while using optical excitatidhThis method
makes use of the enhanced fluorescence anisotropy of fluorophores, which are embedded in a
high viscosity matriX?**Fluorescent DHI/betaine systems can bedufor achieving this
desirable, very high resolution in future optical memory devibescribed here are tHigst
singlemolecule experiments that indicate the efficacy of this photochromic system when
embedded in PMMA films§chemel.18).*°
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Scheme 118: A system for longterm stable information storage and readout.*®

1.5.2 Experimental

1.5.2.1Chemicals andnstrumentation

UV/Vis spectra: FTUV Diodearray HP 6543, IR: Beckman Spectrometer, IR 4230,
NMR: 400 MHz and 200MHz Varian NMRspectrometerfFlash spectrometer: 12V (50W)
halogen lamp (Osram), puliength; 10 ms, METZ 32-4, Time resolved spectroscopy: Nd
YAG Laser, B. M. industries, time resolution: 30 ps (full width half maximum), lamp: pulsed
Xe-high pressureamp, Applied Photophysics and Apple microcomputer, Fluorescence
spectrometer; 3000, Hitachi LTD/SLMAminco 8000 C*, Force field microscopy: AFM
Nanoscope Il (Digital Instruments), Tunnel microscopy: JSM 6400-REM, resolution 1.5
nm) with energy disgrsive microanalyzer for detection ofays, Single molecule spectroscopy:
computer aided djzal confocal raster microscope with avalanphetodiodepoint-detector;

irradiation by means of a frequendgubled Nd/YAG Laser, B. M. industries.
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1.52.2 SynthesiDimethylt1l 6 , diAydra9 drgns-2-[ 4 6 adinethylphenyl)-ethenyl}
spiro[9-H-fluorene-9 , -fiyfrolo-[1,2-a]quinoline]-2 6-dicarboxylate ((DHI @.5.1))

Benzenamine, N,Ndimethyt4-[(1E)-2-(4-quinolinyl)ethenyl}) (1.4.9

Synthetic procedure4-(N,N-dimethylamino)enzaldehyd€0.569 g, 3.82 mmol, Acros
Organic) and lipidine (500L, 3.82 mmol) was dissolved in a 50 mL 2 necked flask under
argon. 25 mL of dry methanol was added by means of a syringe. Then solid sodium methoxide
(206 mg, 3.82 mnlpwas added at once. The reaction mixture was heated under reflux for 24
hours. After the completion of reaction (Tig@ntrol), the solvent was removed using a rotavap
and the product was purified by descending silica gel column chromatography usitig/fl:1 e
acetatai-hexane as eluent. A brown crystalline compound was obtained (400 mg, 1.45 mmol,
38% yield)."H NMR (400 MHz, CDCJ) i [ p2096(s, 6H, NCHs), 6.68(d,J = 8.4 Hz, 2H),
7.21 (d,J=13. 1 Hz, 1H), 7.46 (dl = 8.4 Hz, 2H), 7.52 (m, 3H), 7.65 &= 7.2 Hz, 1H), 8.05
(d,J=8.4 Hz, 1H), 8.18 (d] = 8.4 Hz, 1H), 8.78, (d] = 5.4 Hz, 1H);"*C NMR (CDCk, 400
MHz ) U [ppm]40.51, 112.40, 116.36, 117.82, 121.00, 123.727, 124,92, 126.31, 126.62, 128.64,
129.31, 130.13, 131.54, 135.49, 143.95, 148.88, 150.29, 151.02

MeONa/MeOH
N, reflux 24 hours —
_—
Nig 38%

152 15.3

Scheme 119: Synthesis of dmethyl-1 6 , di@ydra-9 &rgns-2-[ 4 6 Gdinethylphenyl)-
ethenyl}-spirg9-H-fluorene-9 , -fiydrolo -[1,2-a]quinoline]-2 6-dicarboxylate ((DHI (1.5.1).
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Dimethytl 6 , MdiGydre9 6 ( t-2[ adndsédinethylphenylethenyl}spiro[9-H-
fluorene-9 , -fiydolo-[1,2-a]quinoline]-2 6-dicarboxylate ((DHI (.5.1)).

Synthetic procedurdimethyl-cyclopropenefluorenedicarboxylatel.5.5(0.029 g,
0.091 mmolY° was dissolved in 50 mL of anhydrous diethyl ether. To this mixture, dimethyl
styryl-quinoline(CAS: Benzenamine, N,Mimethyt-4-[(1E)-2-(4-quinolinyl)ethenyj-)?* (25 mg
0.091 mmolwas added as a quickly dissolving solid. The mixture was stirred in the dark and
under argon for 48 h at RT. Reaction progress was monitored by thin layer chromatography
(SIG/CH.CIy, Rr ((DHI (1.5.1)) = 0.21). After the completion of the addition reaction, the
solvent was removed in vacuum at RT. The yellowish reaction mixture was separated by
descending column chromatography in the dark (eluemtCGHstationary phase: silica gel).
The reactiorproductwas further purified by recrystallization from diethyl ether. Yield: 42 mg
(0.0724 mmol, 79.57 % vield)f yellow crystalsmp: 167°C; IR: v cm* 725, 820, 1015, 1100,
1155, 1210, 1265, 1445, 1495, 1590, 1685,12835,, 2980, 301,B055 *H NMR (CDCls;, 400
MHz) & [ppm] 2.94 (s, 6H), 3.23 (s, 3HCO:Me), 4.04 (s, 3H;COMe), 5.01 (s, 1H), 5.49, (s,
1H), 6.37 (dJ = 15.9 Hz, 1H) 6.58 (d] = 16 Hz, 1H), 6.62 (d] = 8.5 Hz, 2H);7.02 (t,J= 7.4
Hz, 1H), 7.08(d,) = 7.4 Hz, 1H), 7.1&.22 (m, 4H), 7.3 .43 (m,4H) 7.467.47 (d,J= 7.4 Hz,
1H), 7.62 (dJ = 7.4 Hz, 1H), 7.73 (t) = 6.5 Hz);**C NMR (CDCl5 400 M H2) & [ppm] 40.64,
51.14, 8.71, 63.06, 69.82,09.24 112.50, 115.44, 119.88, 120.11, 120.14, 120.44, 123.31,
124.08, 125.41, 125.44, 125.95, 126.51, 127.50, 127.84, 127.96, 128.22, 128.52, 128.86, 132.46,
134.40, 136.14, 140.54, 141.82, 144.18, 148.64, 148.83, 150.50, 164.42, 164.
MS: (120 eV, Cl, CH): m/z (%) = 581 (7.4) (M+1), 580 (52.3) (M), 273 (3.7)
Elemental AnalysisCsgH3z2N2O,, calc. C 78.60 H 5.55 N 4.82; found C 78.51 H 5.51 N 4.73
UV/Vis:
DHI (1.51) c=1.65 x 10" M, T = 283K
in PMMA: Amax (log€): 262 nm (4.72), 354 nm (4.12)
in CH.Cly: Amax (log €): 265 nm (4.87), 355 nm (4.22)
in EtOH: Amax (log €): 269 nm (4.94), 354 nm (4.18)
Note that the solvent effects on the dWsorption of the DH(1.51) are minimal.
betaine(1.52) CoHi + betaine)= C=1.65 X 10" M, photostationary state at 283K: approx. 45 %
PMMA: Amax(log €): 620nm (4.32)
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CH.Cly: Amax(log €): 473nm (4.21) 540 nm (4.22), 745 (3.97)
EtOH: Amax (10g €): 465nm (4.16),527 nm (4.32), 730 (3.94)

The absorption coefficigs (M* cm™) were calculated based on the conversion efficiency
when reaching the photostationary state. The (1) does not show any absorption beyond
460nm (Figure 1.28.*°

A 25
——DHI
—— Betaine (CH2CI2)
2 —— Betaine sEtOH)
1.5
1
0.5
0

300 400 500 600 700 800 900 1000nm

Figure 1.28 UV/Vis-Absorption Spectra of DHI (1, black line)in CH,Cl, ¢ =1.65 x 10'M, T =283
K and mixtures of DHI (1.5.1) and betaine (1.5.2)in PMMA, CH ,Cl, and EtOH. The
photostationary state at T= 283K consists of approx. 55+3% DHland 45+3% betaine!®

1.52.3 Prep@ration of the PMMA films

0.058 g of DHI(1.51) (1.0 x 184 M) was dissolved in a solution of 3.0 g
polymethylmethacrylate (Aldrich, Mw 110,000; PDI=1.35) in 1061L anhydrous CELCl; in
the dark. The DHI&PMMA containing Cl, was then poured into a ctgdlization dish. The
height of the liquid should be approxmdn prior to evaporation of the solvent at 30th the
dark. This evaporation process takes up tb.IPhus forming a transparent polymeric film, in
which the DHI(1.51) is incorporated andrimobilized. Gentle heating up to 3kallows
detaching the PMMA foil from the glass vessel. The average film thickness was approx. 1 mm.

The same technique was applied for the preparation of PMMA films containing 1.8M b9
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DHI (1.51), except thathis concentration was achieved by dilution of a stock solution of 1.0 x
10%M DHI (1.51) in CH,CH,.

Interpolation of the E(30) values of MMA and PMMAThe E(30) values for various
solvents shown in were obtained from the literaftifthe data for theletermination of the
Er(30) values for MMA and PMMA were obtained from the Ph. D. thesis of Dr. Frahn, who has
measuredinax Of the solvatochromic dy&naphthalenecarbonitrile, 4-[[1-[4-(2,5-dihydro-2,5
dioxo-1H-pyrrol-1-yl)phenyl}-4-piperidinylidene]methyl}in various medi&® Figure 1.29shows
the linear correlations that were obtained from ploté.Qf and the corresponding excited state

energies in EWs Er(30) empiricalparameters of solvent polarityj?°

A (max) E (max)
650 . . 3.2
3

600

2.8

PMMA

500 2.4

. MMA
450 / PMMA ,
400 1.8

30 32 34 36 38 40 42 30 32 34 36 38 40 42

E+(30) E+(30)

Figure 1.29 Anax and the corresponding excited state energies in EV vs;E0)

1.5.2.4Determination of he Quantum Efficiencies
Rhodamine 6G was used as a reference for the determination of the qyitisA{ >

The radiant flux of the icidentlight was determined by usingferrioxalateactinometér.
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1.5.3 Result and Discussion

1.5.3.1 UV/VisSpectra

The UV/Vis-absorption of the novel dimethid , P &3tyryl-
quinolizidinyldihydroinddizine (DHI (1.51)) was studied in CkCl, (ET(30)=40.7 kcal mol
1)** ethano(E+(30) = 51.9 kcal moi1)* and in thin PMMA (E(30) = 32.7 kcal moll) films.
Thesolvatochromism of styryuinolyl functionalized DHI has been reported prior this stidy.
The ET(30) of PMMA has been derived from the dafzorted in ref26 as described in the
experimentalsection. Excitation with UMight (<< 400nm) converts the DH{1.51) into the
highly colored letaine(1.52). The photochemical ring opening of the Didithe ketaines is a
conrotatory 1,5 electrocirc reaction, whereas the thermal rolgsing occurs in the disrotatory
mode?®3#3* The back reaction can be achieved photochemically as well, however, this reaction
is mechanistically not fully understood as of today. For the @QFI1) (amaxin CH,Cl,= 355
nm) photochromism has been clearly established by the reversible lightinduced coneggsion (
< 400nm) to the violet btaine(1.52) (CH,Cly: amax1 = 473NM, 8max2 =540NM, amaxz = 745nm).
In ethanolamax remains unchanged at 365, but thehree absorption maxima of thetaine
(1.52) have shifted t@max1 = 465nM, 8naxe = 527nm andemaxz= 730nm. These data are in
excellent agreement with the results of the analogous bisisopropyl ester DHI reported in an
earlier paper from the Diirr grodpChanging the solvent from dichloromethane to ethanol
causes hypsochromic shifts of the Mixima of the btaine(1.52) of 8 nm @max1), 13nm
(amax2), and 15 nmanaxg). This solvatochromic effect is in agreement with previous observations
on DHI/betaire system&! They were ascribed tg-* transitions in the visible region and
chargetransfer transitions in the red and néRregions®’ The ketaine(1.52) features a
thermal cyclzation halflife time U,= 72 + 4 ms in CkCl, andU,= 93 = 5 ms irethanol at 298
K. Again, this is in very good qualitative agreement with previous re<its

The DHI(1.51) in PMMA thin films showsamax= 354nm and can be converted wiy
< 400 nm into the bluedtaine(1.52) (PMMA: amax= 620nm). The photositionary stat® of
the DHI(1.51) betaine(1.52) system has been determined previously to be 60%.%4) and
40% of(1.52) at 298K.3® (PMMA: amax: = 482NM, Bmax2 = 555NM, 8maxa= 762nm)

In accordance with numeropsevious findings, the thermbétaine(1.52) Y DHI

(1.51) transitiondoes not proceed according to ficstler kinetics in a PMMA matriX* As it
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can be discerned froffigure 1.30'°, the observed decay in thetaine absorption at 620 nm can
be approximately described as aelzporential process. The rate constants for the faster process
isk, =-4.2+0.2 x 1¢ s* (U= 16,500 s (approx. 416)) and for the slower proceks= - 2.4+0.5

x 10°s* (U,= 288,800 s (80.3h)) at 298K.

In (A/A,)

- InA/AO

-0.05

-0.1

-0.2
0 2000 4000 6000 8000 110*

t[s]

Figure 1.30 Bi-exponential fit of the first-order plot of the absorption data obtained from
DHI (1.5.1)in PMMA as a function of time atT = 298K .*°

1.5.3.2 Fluorescence Studies

Most of the DHIs previously studied exhibit very weak fluorescence at temperature
(¢ ~ 1 x 10%, occurring froman upper statghat is not responsible for the observed
photochromisn?®*® The corresponding colored betaines exhibit usually even weaker
fluorescence, which is often at the borderline of detectiooceth temperature. However, at K7
both the DHI and betaine feature strongly fluorescent bands.

The maximum of the excitation spectrum of DEL51) in PMMA is Agx = 381 nm,
whereas fluorescence from this (most likely) upper excited stater (§igher) ocurs atigy =
455 nm. It is noteworthy for the understanding of the Jabloedsgram of the DHbetaine
system that virtually all DHIs possess fluorescent upper excited states that are not strongly

coupled with the Sexcited state from which the lgiedrocyclization reaction to the betaine
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occurs’®*¥4%1t is noteworthy that the DH(1.51) fluorescence from within the PMMA matrix
has a remarkably high quantum yield of emissida;(= 1.1 x 109, which is 100 times bigger
than of all known DHls talate?® The tetaine (1.52) 2) in PMMA possesses the maximum of
its excitation spectrum d=x = 587 nm. The maximum of the corresponding strong fluorescence
(&x= 2.5 x 107) can be detected dgy = 645nm. It is also noteworthy that the Né&bsorption
at 4 = 745 nm does not lead to a discernible fluorescence band. Accordingrténdings,
excitation of the btaine(1.52) at 587 nm does not lead to a detectable photochemical back
reaction. Therefore, this fluorescent band appears to be idealfficsrescence reaout of the
betaine, which can be achieved without erasing the information that had been deposited by the
photochromicreactionDHI (1.51) Y betaine(1.52). To the best of our knowledge, this is the
first example of a DHbetaine system, kere both constitutional isomers are strongly
fluorescent. What are the mechanistic reasons for this remarkable fluorescence enhancement of
both the DHI(1.51) and thebetaineg(1.5.2)?

a) The phenomenon of strong fluorescence can be explained byshe pr&e e o-f a fpL
pul | $Ysetdimethydaminophenyl group acts as an intramolecular electiomor D
giving rise to the higher fluorescence quantum efficiencies of the(DBlL), compared to other
DHis. This effect is eve more pronounced in thetaine(1.52). Here, the dimethylamino
phenyl group and the quinolinium ion constitute a perfect organicuisbystem.
Consequently, thBuorescence efficiency of the betaifie52) is further increased! b) e
confinement by PMMA causes a dramatiss of mobility. It is easilgliscernible that the
apparent firsbrder rate costant for the thermal reactioetaine(1.52) Y DHI (1.51) increases
by a factor of approx. 230,000 when the medium is changedligard CH,Cl, to a PMMA
film. It is safe to assume that the molecular motion of the @FH1) / betaine(1.52) system is
greatly reduced, thus decreasing internalveosion and increasing fluorescence. This argument
is supported by the low temperature emission spectrurK)@7 DHI (1.51) in an ethanol
matrix, which is very similar to the fluorescence in PMMA. A summary of the photophysical
data is provided ifable 1.9.*°
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Table 1.7. Comparison of the relevant absorption and emission data, Stokeshifts A4,
singlet energies E(S1), and fluorescence quantum yielggs of DHI (1.5.1) and betaine
(1.5.2) in PMMA, methylene chloride and ethanol glasg?

Matrix Amax ADS. | Amax EX. | Amax Em. | Stokes E(S) oF
T [K] [nm] [nm] [nm] shift A [nm] | [kJ mol™]
PMMA,
298K
DHI (31.51) 354 381 455 74 286 1.1x107
Betaine 620 587 645 58 2.5x10°
(1.5.2)%
CH.Cl,
298K
DHI (1.5.1) 355 386 585 199 247 2.3x10°
Betaine 473 <10*
(1.5.2)% 539

745
EtOH 77K c 367 451 84 292.5 c

& Spectra of btaine(1.52) are always a superposition lmftaine(1.52) (40%) and DHI(1.51) (60%)

at 298K. The absorption and excitation bands > 489 are, however, discerned unambiguously due to
the absence of DHI absorption.

® This excitation band induces fluorescerat 6451m.

¢ has not been studied

1.53.3 A Single Mode Optical Switch
The photochemical switching of and the photduced baciswitching
hy

DHI (1.51)
a) Polychromatic irradiatioret< 400nm) of DHI (1.51) generated the bluestaine

Betaine(1.52) in PMMA was demonstrated lilge following steps:

(2.52), which was fluorescens{= 645nm). After 20 min. of irradiation the photostationary
st at e temperatufappndk.A0 percent ofetaine(1.52)) was reached and no further
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increase of the betairffeiorescence was observed. The distribution of D&lbetaine in the
photostationary state is strongly temperatlependent®>°

b) The ketaine(1.52) in PMMA was irradiated by means afNd:YAG laser (second
harmonic,ax =532nm). At this wavelength, the pleinduced back reaction of thetaine
(1.52) to the DHI(1.51) takes place and consequently, the Betélng?2) fluorescenced:=
645nm) decreased-{gure 1.31). After 20 min. of irradiation ag=x = 532nm, only traces of

Betaine(1.52) could be discerned.

readout

2‘5 [ T T T 3I T T i
#~_ emission 645 nm
N . rf‘ “‘\
20 | excitation / \ -
580 nm /
- 15 f P \
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Figure 1.31 Excitation and fluorescence spectra dbetaine(1.5.2)in PMMA at 298 K.
Irradiation with a 532 nm laser beam causes the photimduced bad reaction betaine
(1.5.2)Y DHI (1.5.1).Therefore, the emission intensity obetaine (1.5.2)decreases.

hvI /N (a)

A BRov. single-mode
A/ hv, /A,
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(a+b) dual-mode

A A
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Figure 1.32 Single-mode: & triggers the DHI (A) Y betaine (Brev.) transformation. ay
causeghe photoinduced back reaction letaine Y DHI. Dual-mode: Y 1 triggers the DHI

( A) Bet¥ine (B®") transformation. B"". is stabilized by a PMMA matrix (optionally at 77
K) preventing the thermal back reaction to the DHI (A).8s can be employed to readout the

stored information (via fluorescence of the stabilized étaine (C'*)).*°

The thin film of DHI(1.51) in PMMA can be used as a re#édwrite system. Writing is
achieved applying the third harmonic of the Nd:YAG lasekat= 355nm. Reading is achied
by exciting the btaine(1.52) with a=x = 580nm and monitoring the fluorescencesat 645
nm. It is of importance that excitationa = 580nm can be performed with low intensity,
compared to UV/Vigneasurements, because the fluorescence detection is up to a factor of 1,000
more sensitive than UV/Vi& This contributes remarkabto the stabilization of thedtaine
(1.52) against photodecomposition reactions. The quantum efficiency of photobleaching
comprising all destructive photochemical reactions that occur by irradthgrigetaine in
PMMA at room temperature was estimatedi tg= 0.001%

Lowering the temperature of the thin film of DAL51) in PMMA to 77K has two
effects: a) The étaine(1.52) is protected against virtually any (thermal or photochemical)
decomposition reactions, b) Because of the lower temperatarigattion of the betaine in the
photostationary statedneases to (almost) 100°%

The practical consequence of lowering the temperature koigTha we have created a
truly destructiorfree reaeout process! The information can be erased bygugsible laser light
(@x =532nm). It would also slowly decay thermally at room temperatdosvever, at 77 K,

the halflife time of the thermal 1;8lectrocyclization reaction is practically infinite. The

. . . h :
switching process (DHI&» lbetaine, betine —%» 3 fluorescence relkout, ketaine

h Vo

2DHI) was repeated six times to demonstrate the feasibility of this approach to
information storagé€Figure 1.32.

The image of a runner (0.5 cm) wasorded in the DHI((.51), ¢ = 1.0x 10° M) in
PMMA film by using a 3551m Nd:YAG laser beam. The runner appears as a blue figure in the
colorless film. When exciting with green laser light (532 Nd:YAG, 1 mW), the red fluorescence

of the runner occur@igure 1.33. The orange background results from an orange-pasg
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filter, > 540nm, to exclude light from the excitation source and stray light. Apparently, the
fluorescence readut ata== 654nm usinge=x = 532nm is competing withhte photeinduced

h . , : . o
2~ DHI. However, the intensity requirddr erasing the betaine in

back reaction étaine
thePMMA film is at least a factor of 1,000 higher, thuoaling multiple readouts at this
wavelength When using higher intensitie$ a=x = 532nm, the runner was completely erased.

Six coloration/decoloration cycles of this image were recorded without the apparent loss of
fluorescence intensity ofebaine(1.52). The image of the runner in PMMA is discernible for
more than % at roomtemperature. Itan be stored indefinitely at 77 K.N&h raising the
temperature to 32R, the image was erased aften,3at 33X after 1h. These heating

experiments have been carried out in an argon atmosphere to avoid oxidation reactions of the
DHI and betaine.

Figure 1.33 Left: VIS-absor pti on spectr unflDoljin PIMMAeaftérr unner o
writingwitha 355nm | aser beam. Right : FIl uorescence sp

excitation at 532nm.*°

1.53.4 A Mechanistic Paradigm
On the basis of a recently introduced new paradigm, which was developedrfarghe
simple DHI gpirg 9 , 1 6-hddlzineH?) 6 ;diBadboxylic acid, dimethyl ester), the
photochemical and thermal reactivity of the systeml [k61) Y betaine(1.52) can be
understood as follows: Upon photoexcitation of DHI va# 400 nm b g an adiabatic
photoreaction occurs. The excited stagaction finds the lowest point of the potentakergy
surface, which act stheaaseiramafiyphotwredctidiishe deactivaon t hi s
|l eads t o a fimoun estate activatipncharriefGsbetveere theisoidand rihe
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transoid betaine?° The exact position of the point where the deactivation funnel hits the mound
determinesvhich fraction of the moleculesilvbecomecisoidandtransoid betaines.

In the case of DH(1.51), a fluorescent upper excited state can be populated, which does
not efficiently deactivate into S1 by internal conversion. Apparently, the exact pasifign
with respect to Bsoig and Bransoig@re not known to date and may strongly depend on the
chemical structure of the DHI. As shownRigure 1.34B, cisoidandtransoidpertain to the
relative positions of the methyl ester groups at the bond bet@ses@md G, which is, according
to DFT calculations performed by the Orgjroup, stronger than a single, but weaker than a
double bond® According to this mechanistic paradigm, the-&l&ctrocyclization from the DHI
to the betaine occurs from thg gy state. The groundtate activation barrieps# determines the
temperaturalependence of theyBisoia Y 3cBidinterconversion. It is known théhe thermal
back reaction of &étaine(1.52) in solvent is complete after <500ms, indicating a very low barrier
qG# and a very fast interconversion of&q and Bransois However, if the medium is changed to
PMMA, qﬁ# increases and, therefore;Boiqis presenfor several hours! Téhobserved
changes of the UW/is absorption spectraigure 1.28) can be attributed to the existerafe
(mainly) thecisoidform of betaine(1.52) in CH,Cl, and ethanol, whereas in PMMA the
transoidisomer is predominantly present. The occurrence of at leaséxpbnential decay
patern of ketaine(1.52) in PMMA can be explained by a variety of different polymer
enviraonments around the betaine, which hinderdiseid/transoidsomerizaion more or less.
Finally, if betaine(1.52) is excited withes = 580nm, then betainrfluorescence, but no pheto
induced back reaction to DK1.51) is observed. According to our paradigime excited state
energy of $(betaine) is lower than of 8 However, excitation witl= 532nm, which is higher
in energy tan BApermits the population of a higher singletts of etaine(1.52). In this case,

photoinduced isomerization occurs, as well as betaine fluorescenceifrom S
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Figure 1.34 A: Simplified photochemicalreactionsof the DHI/betaine system showing the

So
DHI

generation ofcisoidand transoid betaine following excitation of DHI. The thermal back
reaction is fast forcisoidbetaine, while that for thetransoid species is slower owing to a
large activation barrier to isomerization (f: fluorescence). Further explanations are

provided in the text. B: cisoid-transoidisomerization of betaine (1.5.2)°

1.5.3.5 Cluster or Single Molecule Spectra
A confocal firastero microscolhpelwdE@Mempl oy e
in PMMA at room temperature. The second harmoaig< 532nm) of a Nd:YAG laser was
focused through a micylens (objective) to a 300 nm spot, permitting the spatially-dedihed
excitation of the films. Fluorescent light was collected via the same lens, separated from the
ingoing light by a dichroiti mirror and detected by a singdaoton sensitive avalanche
photodiode. Stray light was suppressed by using a notch filter.-Rotzators measured the
fluorescence of the probe in fith x 62um squaressex =532nm, 100,000 pulses per second).
A line scan experiment was performed to measure-tliependent fluorescence. Prior
this experiment, DH(1.51) in PMMA was converted to theeskaine(1.52) by irradiation with a
300W Hg lamp, which provided sufficient intensityeat 400nm. During the linesan
experiment, the PMMA film containing a mixture of DHL51) and ketaine(1.52) was first
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scanned in thg and then in thg direction by using the collimated 582n laser beam. The red
bars offigure 1.35correspond to the times when tight from the Hglamp was applied again.
To measure the time dependence of the fluorescence occurring from single malecules
betaine(1.52), one line is repeatedly scanned in x&xis. Fluorescence can be discerned as
bright yellow trace on the blue backgrouiitie x-coordinate represents the location on the
probe and thg-axis the time. The 532 nm lasaduced both fluorescence daéthine(1.52) and
back switching to DH({1.51). Recoloring withe=> 400 nm regenerategtaine(1.52). After
recoloration, ner fluorescence traces, as well as fluorescence blifkiag be discerned. The
discrete disappearance of a fluorescence signal is a clear indication of single molecule
fluorescence. The very high dilution (c < 1.0 x’10) of betaine(1.52) in PMMA pernits the
fluorescence of isolated fluorophors. A second type of fluorescence disappears continuously,
which is a clear indication of fluoreswee occurring from clusters oétaine(1.52). The process
of fluorescence and fading oétaine(1.52) has beemepeated ten times showing macro
reversible, but not necessarily namversible behavior. Typical results from the linescan

experiments are shown gures 1.35and 1.36.

1) Molecular fluorescence
blinking of the betaine 2
after irradiation with a laser
pulse (A = 532 nm)

I
» 2) fading of
- fluorescence caused by
< bleaching 2 and thus
& recreating DHI 1
x.
»

uv-light ‘on”
(A > 400 nm)

Figure 1.35 Linescan experimentto measure timedependent fluorescence: A confocal

fi r a s mierasappe was employed to scan films of DHI(c= 1.0x 10°M) in PMMA at
room temperature (62um x 62um square,aex =532nm, 100,000 pulses per second). The
fluorescence intensity increases in the order black/blue/yellow/whitg.
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Figure 1.36: Spatially resolved fluorescence intensity (20, 8m x 20.8um, the same
experimental conditions asFigure 1.36apply). Note that the left image has to be turned

10C to the left to achieve superpositiort®

1.5.4 Conclusion

A new photochromic styryguinolyl DHI (1.51) /(betaine(1.52) systemwas
synthesizedin which bothconstitutional isomers show remarkably strong fluorescence. The
DHI (1.51) undergoes 4,5-electrocyclic reaction todtaine(1.52) upon irradiation with UVA
light (< 400 nm). When stabded in a PMMA matrix, the bluestaine(1.52) is stable for
hours at room temperaturecaimdefinitely stable 877K against the thermal back reaction to the
DHI (1.51). However, irradiation of é&taine(1.52) with &= 532nm pemits the photdanduced
back switching process to DK1.51). The ketaine(1.52) permits its destructicfree readout at
&= 645nm when excited witlk=580nm. This system has enabled the realization of a prototype
for an information recording and sége system. Furthermore, the occurrence of simultaneous
cluster and singlenolecule fluorescence from a photochromic spirodihydroindolizine (DHI) has
been observed for the first time.
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1.6 Photogating MspA Porine Channel With

Spirodihydroindolizine(DHI)

This research has been conducted in collaboration with Prof. Dr. Michael Niederweis and
Mikhail Pavlenok at the University of Alabama at Birminghas well as with Prof. Dr. John

Tomich in the Department of Biochemistry at Kansas State University.
1.6.1 Introduction

1.6.1.1MspA Protein Channel

MspA is a very stable horaoctameric membrane protein, locatedhaouter membrane
of Mycobacterium snmegnatis™? Each monomer has 184 amino acids and these monomers form
2 consecutive beta barrels: the stem barrel (vestibule) and the basébiisph is a funnel
like structure having a single central chanfigilure 1.37*2 The height of thigorin is 9.6 nm.
The exterior diameter of the channel protein varies from 8.8 nm to 4.9 nm: the external diameter
of the vestibule is 8.8 nm and of the base barrel is 4.9 nm. Similarly, the pore diameter of the
porin varies from 1 nm to 4.8 nm, depending on thatjwm within the funnel. This porin has a
constriction zone (fbottleneckoao) of 1 nm of
aspartates in D90 and D91 positidriEhe exterior surface of MspA is hydrophobic, whereas the
interior surface of thgorin is hydrophilic: Mycobacterium smegmatises this protein channel

to transport hydrophilic nutrients and to discharge hydrophilic metabblites.
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Figure 1.37 A: MspA from Mycobaderium smegmatis(the arrow indicates the constriction
zone),B: top view of MspA, C: Electron microgram of MspA (taken without permission

from reference 20,21):2

1.6.1.2Photo-Gated lon Channels

Over several decades, many efforts have been directeddoti@ goal of generating
artificial light-responsive ion channels by modifying naturally occurring protein chahfbkse
systems have in common that they have to be supported by a natural or artificial membrane in
order to function properly. Examplé&s the incorporation of azobenzederivatives as optical
gates are the Nicotinic Acetylcholine Receptor (nAChR, pentameric transmembrane cation
channely*® Gramicidin A (pentadecapeptide, dimer when gorening)’, the family of
Synthetic Photoisomerable Azobenzene Regulated ¢ghannels (SPARK, tetrameric ion
channels}® the lonotropic Glutamate Receptor (homo heterotetramers in vivbjaind U-
Hemolsyin® The main differences between the Mspased switchable channels that are in
development iour groups and the SPARKynthetic photoisomerizabdzobenzeneegulated
K*) channels'*2are: a) MspA is the bigger pore, of superior stability and suitable for
applications under extreme conditions (up to AD@r in organic solvents). b) MspA caa b
used without membrane support. c) The optical switch of MspA is located inside the pore,
whereas the SPARK switch is outside. d) MspA is not catpecific, but can be used for a
variety of cations, including Hand C&". €) MspA is not suitable for thexcitation of neurons,
but suitablefor the reconstitution within (mammalian) cell membranes. It can be used to reverse
gradients (H, Na', K*, C&") across cell membranes. ComparetHdemolysin, MspA
possesses a harrower constriction zone (2.6s1th0 nm) and a distinctly higher stability

(Figure 1.38. Polar and notpolar residues are depicted in green and in yellow, respectively
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and te channel lining is shown in black. Blaekt conformation changes during the optical

switching proceséFigure 1.38).11°

o-Hemolysin MspA

hydrophilic
vestibule

hydrophobic
p-barrels

constriction
zone

Figure 1.38 Comparison between ehemolysin (azobezeneswitch, according to ref™) and
MspA (structure from ref. 1) featuring (DHI/ betaine) optical gates at or near their

constriction zones.

The use of a photochromic compound of the spiropyran/merocytyaes optical gate
can be found in the chemically modified Mschannels (mechanosensitive channel of large
conductance)*** A spiropyranederivative was chemically linked to a cysteimutant of MscL.
Irradiation with UVArlight (360-370nm) caused ringpening to the significantly more polar
merocyanine formi The latter can be switched back when excited with3@®nm or reacts
thermally via an Arrhenius/Eyring kinetic. Whereas araemes @l O0.7 nm, on O3 D) show
pronounced changes in length and geom&tbut only minor changes in their dipole moments,
spiropyranes undergignificantpolarity changes, but almost no changes in geometry0.2
nm, com 015 D)>1"¥|n contrast to azobenzenes, spirodihydroindolizines (DHIs) cannot only be
switched by using visible lighbutthey also show big changes in their dipole moments and their
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geometries when reacting to the corresponding betaines (Bs) @ip @0.8 nm, gm 014
D).®®'9As already emphasized, MspA is of superior stability to all known protein channels and
can readily reconstitute in varioeavironment$® Thecovalent linkage of a series of
photochromic spirodihydroindolizines to the constriction zone offers thenéalye of finguning
both the iorconductivity and the gating time.

Ideally, photegated channels should have the following specifications: a) Their diameter
and lengthshould be in the low nanometer range. b) The channel must be chemically and
thermallystable and resistant to denaturation. ¢) The channel should function without any
Suppor t stangalbomechanngleil) f or appl i cations on surface
easily reconstitute in cell membranes for applications in living cells. e) Theehgating must
be reversible. Both transitions must be trigg
states should be detectable by emission spectroscopy without inducing another switch. g) The
molecule used as optical switch should be staldecapable of multiple cyclesf activation and
deactivation.

Themycobacteriaporin MspA (porin A fromMycobacterium smegmalis especially
suited as a channel, because it fulfills all requirements listed abalye’{a' Photochromic
spirodihydroinddizines (DHIs) meet the required photophysical and photochemical properties
(e-f) for the optical gat€>?® Both components can be combined by linking the tethered DHIs to

suitable positions in MspA.

The aim of this research was to demonstrate thatginedihydroindolizine/betaine

system can be successfully used for the optical gating of the mycobacterial channel porin MspA.

1.62 Experimental

1.62.1 Chemicals, Instrumentation
All chemicals were obtained from Acros Orgareecsl Sigma Aldrichunles noted
otherwise All solvents were used without distilled unless noted otherwi3@ MHz and200
MHz Varian NMRspectrometera Nicolet Protégé 460 FIR SpectrometeandThermo
Scientific Nicolet 380 FAIR (neat sampleDr Aakerdy Lab KSYwere used itthis sudy. |
would like to thank the Analytical Laboratory of Dr. Ruth Welti at KSU for recording the mass
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spectra of our compound employing an Applied Biosystems48B0 triple quadrupole mass
spectrometer with electrospray and APCI sources. Lipigédikxperiments were performed in a
homebuilt bilayer apparatus iDr. Niederweis Lab in Department of MicrobiolgdyAB

Alabama.
1.62.2 Synthesis of Photochromic Compound

1.62.2.1 Synthesis of Spiro[9Hluorene-9,1'(8'aH)-indolizine]-2',3'-dicarboxylic acid,
7'-(4-pyridinyl)-, dimethyl esterX.6.3

O COzMe
— — ’4 CH2C|2/ RT dark
+ >
) S

CO,Me %
16.1

1.6.2

Scheme 120: Synthesis ofSpiro9H-fluorene-9,1'(8'aH)-indolizine]-2',3'-dicarboxylic acid,
7'-(4-pyridinyl) -, dimethyl ester (1.6.3

Synthet Procedure Spird9H-fluorene9,1'(8'aH)indolizine}2',3-dicarboxylic acid, #
(4-pyridinyl)-, dimethyl estefl..6.3(molecular formula gH2,N>0,): Spirocyclopropend..6.2
(0.5g, 1.6 mmol) in 5mL diethyl ether was added dropwise to-4ipyridine (025 g,1.6 mmol,
ACROS Organic) in 3oL of dry diethyl ether under continuous stirring. The reaction mixture
was kept stirring overnight at RT under dark condition. Then the reaction mixture was kept in the
refrigerator to yield a dark solid powder, whiobntained the photochromic product. The filtrate
was evaporated and purified by descending column chromatography (stationary phase: SiO
mobile phase ethylacetate). The reaction product from the addition of two molecules of
Spirocyc/!l o phpgigire was obdtamed4irstdainly 332 mg (0.497 mmodf [7',7"-
Bispirg9H-fluorene9,1'(8'aH}indolizine]]-2',2"™,3',3"“tetracarboxylic acid, tetramethyl ester
were found TLC silica R = 0.5,n-hexane/ethylacetate, 1/1, y¥/vThe second fractiowas the
photochromic reaction produtt6.3 which crystallized after the removal of the solvent in
vacuum as yellowish brown precipitate 0.1360.296 mmol, 18.5%R; = 0.22 100%EtOAc
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as a mobile phase in sili@dd.C. mp 100 °@R (KBr) Wavenumbers cth737, 1137, 1239, 1424,
1547, 1593, 1695, 1746, 2842, 2945, 3BX60 (shoulder)H NMR (CDCl; 200 MH2) U

[ppm] 3.2 (s, 3H), 4 (s, 3H), 4.7 (m, 1H), 5.4 (dd; 7.7 and 1.6 Hz, 1H), 5.58 (@~ 2.2 Hz

1H), 6.6 (d,J = 7.7 Hz, 1H), 6.9 (dd] = 4.4 ad 1.4 Hz2H), 7.18 (tdJ=8.5and 1.5

Hz,1H),7.35 (td,J= 7.4 and 1.5 Hz, 2H), 7.47 (@= 7.7 Hz, 1H), 7.57 (d, 7.3 Hz, 1H), 7.7 (dd,
J=7and 0.7 Hz 2H), 8.4 (dd= 4.4 and 1.4 Hz, 2H}’C (CDCl; 200 MH2) ti[ppm]51.34,

53.58, 64.5, 69.9, 104, 115.9, 120.05, 120.30, 120.38, 123.71, 124.64, 127.38 127.96, 128.48,
128.79, 134.03, 140.55, 141.92, 141.99, 146.05, 147.02, 150.03, 162.13, 163.78; Mass
Co9H2oN204, m/z masgalculated462.150btained 461.3, 462.3, and 461.3(-4 M and M+1)
alsoM™ Na mass 479.4(+23)

1.62.2.2Spiro[9H-fluorene-9,1'(8'aH)-indolizine]-2',3'-dicarboxylic acid, 7:( N-

methyt4-(4'-pyridyl))-, dimethyl ester (1.6)

N-Methyl-4-(4'-pyridyl)pyridinium iodide 1.6.4

Synthetic Procedured.80 g of 4, 4 Npipgridineylr6.il 0y0051nmol4 98% 6
anhydrous ACROS Organic) and 04Q of methyl iodide (0.0064 mol 99% ACROS Organic)
were mixed in 40nL of dry DCM in a 100mL RB flask and reflux for 2 hoursadapted from
Feng et. al method® After 2 hours, a yellow precipitate occurred and the mixture was cooled
down to room temperature. The yellow precipitate was separated by filtration, washed twice with
ethyl acetate and then was dried in high vacuum (yield of step 1: 0.401g). Take filtas
refluxed again for 15 hours. A yellow precipitate formed again. It was filtered, washed and dried
as described (yield of step 2: 0.886 g). Total ymhk 1.287g (84%).mp 255 °C;IR (KBr)
wavenumber cih 713, 811, 1194, 1222, 1333, 1416., 15402, 1652, 3025, 342séhoulder.
may be moisturefH NMR (400 MHppm] 4B {@,.8B)) 8 (d)) = 5.6 Hz, 2H), 8.5
(d,J=6.4 Hz, 2H), 8.8 (d) = 5.6 Hz, 2H), 9 (dJ = 6.4 Hz, 2H):*C NMR (400 MHz, DMSO)
U[ppm] 48.2, 122.5, 125.6, 141.5, 1461%1.7, 152.2;
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O COzMe
H3C_| ’
S O,Me
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1.6.5
Scheme 121: Spiro9H-fluorene-9,1'(8'aH)-indolizine]-2',3'-dicarboxylic acid, 7*-( N-
methyl-4-(4'-pyridyl)) -, dimethyl ester (1.6.5)

Spiro[9H-fluorene-9,1'(8'aH)-indolizine]-2',3'-dicarboxylic acid, 7'-(N-methyl-4-(4'-
pyridyl)) -, dimethyl ester1.65.

Synthetic Procedurd-Methyl-4-(4-pyridyl)pyridinium iodide1.6.4(0.016 g, 0.052
mol) and the spirocyclopropendes.2(0.015 g, 0.05nol) were mixed in 10 mL of dry
dichlororrethane in a 50 mL RB flask. The mixture was stirred for 15 hours at room temperature
in the dark. After 15 hours of stirring, the solvent was removed and subjected to descending
column chromatography (stationary phase:,pi@t first 400 mL of DCM was pa®d through
the column to remove unreacted spirocyclopropene. Then eluent was changed to 5% methanol in
DCM to obtainspiro[9H-fluorene9,1'(8'aH)indolizine}-2',3dicarboxylic acid, #(N-methyt4-
(4-pyridyl))-, dimethyl estemethylated DHIL.65 23 mg (0.043 mmol, 86%ield). mp: 275 °C
(D); IR (KBr) wave numbers cih748, 1137, 1224, 1378, 1438639, 1741, 2847, 2918446
(shoulder, may be moisturféH NMR (CDCk 2 0 0 M Hppm]B.2 (&, 3H), 3.9 (s, 3H), 4.4
(s, 3H), 4.8 (s, 1H), 5.4 @= 7.7Hz, 1H), 5.5 (dJ = 2.2 Hz, 1H), 6.68 (d] = 7.7 Hz, 1H), ¥
7.5 (m, 8H), 7.7 (d) = 7.7 Hz, 2H), 8.9 (dJ = 6.6 Hz, 2H);**C (CDCk,200 MH2) [pipm]
49.02, 51.5, 53.8, 64.4, 69.7, 101.06, 120.4, 120.8, 121.1, 123.7, 123.8, 124.2, 127.7,128.31,
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128.3%, 128.9, 129.3,132.01, 140.6, 141, 141.8, 145, 145.4, 145.7, 146.1, 161.6M$%3.4;
CsoH25N2041 M/z calculated 604.43, found 477.300-(M

1.62.23 Spiro[9H-fluorene-9,1'(8'aH)-indolizing]-2',3'-dicarboxylic acid, 7:( N-(1H-
Pyrrole-2,5-dione, X(3-bromopropyl))}4-(4'-pyridyl))-, dimethyl ested.6.7

N-(3-bromopropyl)malemide-( N- (3-bromopropyl-(1H-Pyrrole 2,5dione,))1.6.8, (1-
(3 N-(1H-Pyrrole-2,5-dione)) 4(4-pyridyl)pyridinium bromidel.6.6compounds are generously
provided by Mausam Kalita

Spiro[9H-fluorene-9,1'(8'aH)-indolizine]-2',3'-dicarboxylic acid, 7'-( N-(1H-Pyrrole-
2,5-dione, 1(3-bromopropyl))-4-(4'-pyridyl)) -, dimethyl ester 1.6.7

Synthetic Procedur&0 mg (0.05 mmol) of-13-bromopropyl))4-(4'-
pyridyl)pyridinium bromidel.6.6and 20 mg (0.064nmol) of spirocyclopropeng.6.2was
dissolved in acetonitrile and stirred overnight (15 h) in the dark at room temperature. The
reaction mixture was filtered and the solvent was removed in vaduMR. of the crude mixture
was taken,"H NMR (CD;CN, 400M H z )[ppri] 2.2 (quintet, 2Hinvisible in CD;CN, but
visible in DMSO) 3.25 (s, 3H), 3.5 @,= 6 Hz, 2H), 4.1 (s, 3H), 4.8 @= 6.5 Hz, 2H), 4.9 (s,
1H), 5.43 (dJ=7.7 Hz, 1H), 5.6 (d] = 3.6 Hz, 1H), 6.69 (s, 2H), 6.74@= 7.7Hz, 1H), 7.2
7.8 (M, 10 H), 9.2 (d) = 7 Hz, 2H) **C NMR (CDsCN,2 0 0 M Fppn)] 31126, 35.20, 52.08,
54.72, 59.62, 65.80, 70.53, 102.37, 118.69, 121.34, 121.80, 122.51, 125.11, 125.33, 127.28,
128.60, 129.21, 129.32, 129.87, 130.19,132.89, 13542009, 143.20, 145.67, 147.68, 154.92,
164.26, 172.58ass: GgH3z0BrN3Og m/z calculated679.13found 680.4M+1) and 600.4M-Br).
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N/ CH5CN/ RT dark
1.6.6

Scheme 122: Spiro9H-fluorene-9,1'(8'aH)-indolizine]-2',3'-dicarboxylic acid, 7*-( N-(1H-
Pyrrole-2,5-dione, 1(3-bromopropyl))-4-(4'-pyridyl)) -, dimethyl ester1.6.7

1.62.2.4 4((E)-2-(pyridinium-4-yl)vinyl)quinolyl spirodihydroindolizinesDHI

N
| N
N =
| S acetic anhydride
N _ reflux 24 h Vi
. —_— >
N/ 53 % AN
H ™o _
N
1.6.8 1.6.9 1.6.10

Scheme 123: (E)-2-(pyridinium -4-yl)vinyl)quinol

(E)-2-(pyridinium -4-yl)vinyl)quinol 1.6.10

Synthetic Procedurd:ipidine 1.6.8(0.5 mL, 3.82 mmol ) and-4
carboxyldehydeyridine 1.6.9 (0.359 mL, 3.82 mmol) were dissolved in 10 mL of acetic
anhydridein a50 mL RB flask. The reaction mixture was refluxed. The reaction progress was
monitoredby TLC. After two days starting materials was almost over and the reaction mixture
was cooled down to RT. The dark brown colored reaction mixturearasentratedo dryness
via rotary evaporationThe compound 3 was purified by Si€lumn chromatography. Ethyl
acetate was used followed by 5% methanol in ethyl acetate to elygethetl.6.10. Single
spotted fractions (23) were mixed, evaporated and recrystallizeéethyl acetate in hexane to
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yield brown crystal, compourt6.10(0.470 g 2.01 mmol 536 yield). *"H NMR (CDCk, 400
MHz) [ppm], 8.16 8.209 (t, J= 7.8 Hz, 2H), 8.008.05 (d,J = 16.2 Hz, 1H), 7.74.80 (t,J =
6.8 Hz, 1H), 7.647.66 (t,J = 6.8 Hz, 1H), 7.647.62 (d,J=4.5 Hz, 1H), 7.49.50 (d,J=4.5
Hz, 2H),7.267.28 (d,J = 16.2 Hz, 1H), 8.683.69 ( d,J = 4.5 Hz, 2H), 8.95 8.96(d,J=4.5
Hz, 1H) **C NMR (CDCk 400 MH2) [ppm] 117.76 121.45, 123.42, 126.3627.15, 127.80,
129.81, 130.37, 132.68, 142.01, 143.89, 148.77, 150.30, 1B0BE;6H12N, m/z [M + 1] 233

0
\

N

+
o) L6.10 Br O CO,Me
|<<<N/\/\Br _ CHClL ’4
51 % O O,Me
O 1611 16%

CH2C|2/ RT dark

1.6.12

1.6.13

Scheme 1.24: 4-((E)-2-(pyridinium -4-yl)vinyl)quinolyl spirodihydroindolizinesDHI
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4-((E)-2-(1 @ 3NB(1H-Pyrrole-2,5dione))pyridinium -4-yl)vinyl)quinolyl bromide
1.6.12

Synthetic ProcedureN-(3-bromopropyl) maleimidé.6.11(40 mg, 0.172 mmol)
(generously provided by Mausam KalitaJompoundl.6.10(38 mg, 0.174 mmol) were
dissolvedn 3 mL of dichloromethane in a 10 mL of RB flask. The reaction mixture was refluxed
for overnight. The light brown precipitate, formed in nday was filtered and washed with cold
dichloromethane to give compoufid 12 as browrsolids(40 mg, 0.088nmol, 51%yield) *H
NMR (DMSO, 400 MHz)i[ppm] 2.21 (t,J = 7.4 Hz, 2H),3.51 (1) = 6.4 Hz, 2H), 4.57 (t]=
7.6 Hz, 2H), 7.08 (s, 2H), 7.4, J= 7.02 Hz, 2H), 7.83.88 (m, 3H), 7.997.98 (d,J = 4.6 Hz,
1H), 8.028.02 (d,J=4.5 Hz, 1H), 8.11 (d] = 8.2 Hz, 1H), 8.54 ( d] = 6.6 Hz, 2H), ), 8.63 (
d,J=8.3 Hz, 1H), 8.80 ( d] = 16.2 Hz, 1H), 9.08 (d} = 6.6 Hz, 2H);"*C NMR (DMSO, 400
MHz) [ppm] 30.55, 34.67, 58.34, 118.55, 124.84, 125.71, 126.24, 127.92, 130.24, 130.60,
135.21, 135.36, 135.38, 140.83, 145.43, 148.91, 151.005, 152.55,;IME.&33H,0N3z0, Br
calculated 450.33 found 370.300 {B4)

((E)-2-(pyridinium -4-yl)vinyl)quinolyl spirodihydroindolizinesDHI

Synthetic ProcedureZompoundl.612 (23 mg,0.049 mmol) and spirocyclopropene
1.62 (15 mg,0.049 mmol) werglissolved in 5 mL oDMSO andstirred overnight (24 h) in the
dark at room temperature. After the completion o€tiea DMSO was removed in high vacuum
at 50°C. NMRs were recorded asude'H NMR (DMSO-dg, 400MH? U [ ppm] 2. 11 (
J=7.6, 2H), 3.18 (s, 3K13.5 (t, imbedded in water pick),A (s, 3H), 4.45 (1) = 7.4 Hz, 2H)
5.24 (s,1 H), 5.707 (s, 1H), 6.88 (d, 12.5 Hz, 1H), 776 (m, 4 H), 7.2Z.54 (m, 9 H, 7.74
(m, 2H, 7.90 (dJ = 7.7Hz, 2H), 812 (d,J= 6.2, 2H), 8.87 (d) = 6.2, 2H) MS C42H34BrN30s
Calculated 756.64, found 676.300{B4)

1.62.3 Photo-gating of wt MspA/DHI complexes in lipid bilayer experiments

Lipid bilayer experiments were performed in a seléde lipid bilayer apparatas
described® These experimentsere carried out in artificial membranes made from diphytanoyl
phosphatidyicholine in 0.5 M KCI/5 mM HEPES at pH 72BCurrent traces were recorded
using an applied voltage of 10 mV and an amplification factor bbg®oth, a chart recorder on

paper and by a data acquisition computer at a sampling rate of 10bélbhaseline current was
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recorded with diphytanoyl phosphatiegthloride membrane without any channel protein.

Unmodified wildtype MspA (50 ng) was added apositive controlThe preformedMspA-
DHI-complex(500 ng) wasxdded to the electrolyte and current traces were recorded a) without
l'ight and b) during pol ychr oma t-45€nmiFibarlatd i at i on
180, DoilanJenner Industries equipped with a water filter and a 45@urtoff filter). Theblack

arrows indicate either the addition of protein or the beginning or the end of irradiation. It should

be noted that the current traces in parelB, C andE (Figure 1.39 are complete current traces

taken from the same experimefhe employedurrent data acquisition software (Testpoint

macro) needs to be modified to allow higher sampling frequencies up to 100,000 Hz and a digital
recording of the DHinduced photeswitch of MspA. One experiment consisted of five

consecutive recordings of approxirigt10 min each.

1.6.3Results and Discussion

Photochromism of th8pird9H-fluorene9,1'(8'aH)indolizine}-2',3-dicarboxylic acid,
7"-( N-methyl4-(4"-pyridyl))-, dimethyl ester (methylated DHL)65 is given inSchemel.23.
Upon irradiation of UMig h't  ( 2450=nm)itBn@ergoes a ring opening reaction to yield the
isomericcisoidandtransoidBetaines. ThéransoidBetaine, if it is formed in the rather narrow
MspA channel, undergoes ring closing to the DHI viadiseidisomer.However the réevant
lifetime for the channelriggering process is most likely for the disrotatory-&l&ctrocyclization
from thecisoidbetaine to the DHI. From lasabsorption experiments, which were conducted in
the group of Prof. Dr. Claudia Turro at Ohio Statevdrsity in Columbus/OHwe knav that
this lifetime is of the order of 3 at 293K. This time window is apparently sufficient to trigger

the flow of ions through the lipid bilayer membrane via the channel protein MspA.
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1.6.5b
1.6.5a

Scheme 125: Photochromism of theSpiro[9H-fluorene-9,1'(8'aH)-indolizine]-2',3'-
dicarboxylic acid, 7'-( N-methyl-4-(4'-pyridyl)) -, dimethyl ester.

The current tracen the lipid bilayer experimentdid not show any deviation from the
baseline indicating that the lipid membrane was stable and all components in the system were
free of channeforming activity Figure 1.39A). No channel activity was recorddeigure
1.3B) with the MspADHI complex withot irradiation, but the channeling activity increased
significantly within minutes after theontinuous irraditon with polychromatic lightg= 2307
450 nm) had beguihosespikes, observedfter irradiationwere caused by shelived channel
openingq1.39C and D). These spikes were faster tHeEhms, becaushey were not recorded
by a data acquisition computer operating at a sampling frequency of 100 Hz. Very few or no
spikes were observed after the light was turnedroffure 1.3%). As a positivecontrol for the
guality of the membrane, 50 ng of fresh MspA was added to the same membrane. After
incubation time of a few minutes a rapid insertion of stable MspA pores into the membrane was
observedFigure 1.39). G. Analysis of conductance steps df MspA in 0.5 M KCI as shown
in panelF. A total of 65 putative insertions in two membranes were analyzefinalysis of
current spikes as shown@andD in 0.5 M KCI. A total of 75 spikes in three membranes were

analyzed.
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Figure 1.39 Analysis of the photegating of MspA-DHI complexes in lipid bilayer experiments.

Three experiments with the same results were perfo(figdre 1.39D). These results
demonstrate thdtinding of the DHI to MspA conlptely blocks the channebince this was not

due to the absence of MspA protein from the membrane as shdwguie 1.39C andD, we
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have concluded that the DHI binds in the channel interior of MspA. Secondly, irradiation at the
wavelengths, which spea#lly trigger the isomerization of the DHI to the betaine, induced

rapid and transient channel openings of the MspA/DHI complex. This demonstrated Didt the
is photoactive inside MspA and the phatduced switch temporarily opens the MspA pore

While the main singleehannel conductance of MspA was approximately 3 nS in 0.5 M KCI
(Figure 1.39G), the main conductance of the lighiggered channel openings of the MspA/DHI
complex under the same conditions was 0.2m@ue 1.3H). Only very few full chanel

openings were observellis likely that the positively charged DHI binds to the highly

negatively charged constriction zone inside the MspA pores

To improve the stability of the MspA/DHI compleRHIs were modified with a
maleimidelinker 1.6.7. The thiol group of the cysteiraodified MspA will be able to bind with
covalently maleimiddgethered DHIs insidthe MspA poreStyrylquinline DHI with a
maleimide linker was also synthesize@.13. In addition, confocal microscopy, as well as
Atomic Fore Microscopy will be able to locate the position of the DHI inside the MspA protein
channelFurthermore, triggering the channel activity of MspA will undoubtedly prove this
concept. Unfortunately, technical difficulties arose in the group of Prof. DdeNieis at UAB

that have prevented me from finishing these experiments. However, they will be continued.

Figure 1.40 Maleimide linked DHIs
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1.6.4 Conclusion

The flow of ions through an otherwise impermeable lipid bilayer membrane of
diphytanoyl phosphatidytholine can be controlled by light. This can be achieved by
reconstituting the mycobacteridiannel porirtMspA, which forms a supramolecular complex
with a photochromic DHI/Betainsystem, within the membrane (DHI: spirodihydroindolizine).
This system undergoes the DHI to Betaine isomerization when irradiated with UV or blue light
and acts as a nezular gate. In the absence of UV/blireadiation, the photochromic
compound is in its closed and uncharged form, which is able to close the constriction zone
(bottleneck) of MspA. Therefore, there is no flow of ions observable. Irradiation of UV/blue
light causes the DHI to isomerize into the betaine (open zwitterionic form). Spikes in the
resulting current are the indication of electrolyte flow though the MspA chdniselikely that
the positively charged DHI binds to the highly negatively chargedtcction zone insidthe

MspA pores, which is made of a dowieg of eight aspartates each.
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CHAPTER 2 - Synthesis of Coelenterazine

2.1 Introduction

Photodynamic therapy (PDT) has been successful in treatingypmxic tumors, which
were conveniently located to permit high de®f incident lightTo date, the U. S. Food and
Drug Administration (FDA) has approved the phetmsitizing agent called porfimer sodium
(Photofrin®), for use in PDT for the treatment of esophageal camzer small cell lung cancer
andof precancereu | esi ons i n patients with Barrettéos
esophageal canceHowever the main obstacle topaevalent application of PDT is not the
enrichment of photodynamic drugs within tumors, but the availability of light souraes t
provide sufficiently high doses in the appropriate excitation windows for fpbotonic and
bi/multiphotonic excitation. Numerous strategies for enhanced irradiation of tumors that are
located within the human or mammalian body are discussed inetatuite’Among these
approaches is the use of highergy lasers instead of lamipsser diodes fiber-optical devices
for the insitu irradiation of the interstitiumthe use of gold nanoshells and nanocages as high
absorption& scattering materialand bi and multiphoton excitation of suitable
chromophored Whereas lasdight sources can certainly be regarded as an improvement in
comparison to lamps, their very narrow bandwidth excitation requires the use of an appropriate
lasersource for virtudl each PDT agent. Band multiphoton absorption offers the advantage
of spatially resolved irradiation and higher selectivity than mgimatonic excitation, especially
when femtosecond pulses are u8kldwever, the light intensities required for the simneous
absorption of two or several photons are very hard to achieve when treating tumors within the
human/mammalian body, because the-tarad three photon absorption crasstions are too

low.®Therefore, generation of light deep inside tisisueeryimportant for PDT

The recent advances in h&zience and bioengineering permit the transfection, cellular
expression, and reéime imaging of lightemitting proteins, such Renilla luciferase (Ruc),
bacterial luciferase (Lux), firefly luciferase (Lgreen fluorescent protein (GFP), or RBEP
fusion proteif All of these marker proteins, which generate their fluorescence
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(bioluminescence) by chemical proce&shave been successfully employed for tumor detection.
These marker proteins can be useditu-photodynamic therapjor treatment of tumor deep
inside the tissue by usirappropriate bioluminescent substrate.

Coelenterazine ,-4-hydroxybenzyl)6- (4-hydroxyphenyl8-(phenylmethyl)imidazo
[1,2-a]pyrazinr3(7H)-one, is a bioluminescent compal found in different marine organism
Aequorea victoriajellyfish®*° Renilla reniformissea pansy*?andWatasenia scintillans
squid>*% This bioluminescent compound forms blue fluorescence protein (BFP) in the presence
of molecular oxygen in jeffish which emits blue light with aid of calcium iof!. Like other
chemoluminescent compounds (luciferins), coelentrazine emits blug kght 480nm)in the
presence of an enzymBénilla luciferasgoutside the biological systewithout ATP.*> The
molecular basis of thehemoluminescence of coelenterazine is shovcheme2.1.2° Since no
excitation light is required, there is no bgotund fluorescence and, consequently, a much
improved signal to noise ratio in imaging experiments. Furthermore, light of blue wavelength is
better suited to excite potent photodynamic agents, such as porphyrins and
ruthenium(ll)polypyridyl-complexes. Imust be noted that blue light froranilla luminescence
has a very low penetration in human tissu€ (hm), so that external irradiation in
photodynamic treatment is very difficult. Therefore, our chemoluminescent system has a

significant advantage, bagcse it allows irsitu-photodynamic therapy.
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Scheme 21: Chemoluminescence of Coelenterazin®

The total synthesis of this bioluminescent compound was first reported by Inoui@ et al
1975, Since then many methods for the synthesis ofctetazine have evolvetf?
Although coelenterazine is commercially availalilés very expensive and not loitgrm stable.
Therefore, my goal was to modify the existing methods for the synthesiglehterazine to

provide it highly pure and in large quantities (gram scale) from inexpensive starting materials.
2.2 Experimental

2.2.1Chemicals and Instrumentation
All chemicals were obtained from Acros Orgaricsl Sigma Aldrichunless noted
othewise.Tetrahydrofuran (THF) was distilled over sodium in presence of benzophenone in
argon atmosphere. N;8imethyl acetamide (DMA) was distilled over calcium hydride in an
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argon atmosphere. All other solvents were used without distillation unless ciheoted400
MHz and200 MHz Varian NMRspectrometefThermo Scientific Nicolet 380 FIR (neat
sample thanks to Prof. Dr Aakerdy, Department of Chemistry at K8ere used in this study.
would like tothank the Analytical Laboratory of Dr. Ruth Wedti KSU for recording the mass
spectra of our compound employing an Applied Biosystems48B0 triple quadrupole mass

spectrometer with electrospray and APCI sources.

2.2.2 Synthesi®f Coelenterazine
2.2.21 3,5dibromo-2-aminopyrazine (molecular formulaC;H3Br,N3).

Synthetic procedure,5-dibromac2-aminopyrazin€.3 was synthesized by modifying
the bromination procedure of aminopyrazii€irst, aminopyrazin€.2(1.00 g, 10.5 mmol,1.0
eq) was completely dissolved in 75 mL dichloromethane (DCM) irrgonalushed 500 mL RB
flask, and then Mbromosuccinimide (NBS) (4.683 g, 26.3 mmol, 2.5 eq) was added at once. The
reaction mixture was stirred for 2 hours at room temperature (RT). The reaction was completed
within 2 hours, which was confirmed by TLC. &#ion mixture was poured in 500 mL of 5%
NaCOs; and extracted with dichloromethane (3* 100 mL) and washed with water (3* 100 mL).
The organic layer was dried using sodium sulfate and concentiaterlary evaporation.
Finally the dibromeaminopyrazinavas purified by descending silica gel column
chromatography with 1:2 ethyl acetate: hexane as eluent. A pale yellow needle shaped crystalline
compound was obtainegtd3 (1.555 g, 6.17 mmol, 62% yield¥; value of the compound on SIO
thin layer chromatogghy (TLC) using 2:1 hexane: ethylacetate as mobile phase is 0.46. Melting
point (MP) of the compound is 1461 6 A C. | R (neat'p358ao0d,n0donber (g
1096,1133,1314, 1450, 1506, 1548, 1620, 3150, 3168, 3280,'B4N8IR (CDCk 400 MHz)
U[ppm] 5.105 (b's, 2H, NE#8.04 (s, 1H, AH); ®*CNMR (CDCE4 00 M Hz) & [ pp m]
124.15, 143.38, 152.11; MSH3Br,Ns m/z calculated 250, foun#51.1(M")
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Scheme 22: 3-benzyl5-(4-tert -butyldimethylsilyloxyphenyl) -2-pyrazineamine2.8)

2.2.2.2 3-Benzyt5-bromo-2-amino-pyrazine2.6.

Synthetic procedurefhe Huo modification of théNegishi coupling reaction was adapted
for this reactiorf’ Zn dust(1140 mg, 8.71 mmol , 3.5 eq.) and216 mg, 5% of Zn) were given
in a dry 25 mL twe necked round bottom flask under argon atmosphere. 5 mL of anhydrous
dimethylacetamide (DMA), freshly distilled over calcium hydride, was added by using a syringe.
The mixture was stirred at RT until theolam color of } disappeared. Then freshly distilled
benzyl bromide (1526 mg, 4.46 mmol, 2.5 eq) was added by using a syringe and the reaction
mixture was stirred at 80 °C for 3 hours. After insertion of Zn, the reaction mixture was cooled to
RT and the sysension of dibromoaminopyrazie3 (900 mg, 3.571 mmol, 1 eq.) and
PdCL(PPh), (126 mg, 0.178 mmol, 5% of pyrazine) in 6 mL of DMA was added. The reaction
mixture was continuously stirred for 5.5 hours. Then the mixture was poured in 25 mL of water
andextracted with ethyl acetate (3*25 mL). The organic fractions were combined and dried over
anhydrous sodium sulfate and then concentrated on a rotary evaporator. Co2p¢88d mg,
1.4 mmol, 88 % yieldlprown viscous oil was purified by silica gel desdieg column
chromatography using 2/fi;hexane/etylacetate(v/v) as an eluent. TLC (silicabile phasen-
hexane/ethyl aceta®1 v/iv, R =0.35). IR (neat)wa v e n u mb €'633,(923) 1072,c1118,
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1220, 1388, 1423, 1604, 2921, 3023, 3060, 3203, 3317; 3438MR (CDCk, 400 MHz) U
[ppm] 4.065(s, 2H, CH) 4.449 (br s, 2H, NE)), 7.1987.317 (m, 5H, AH), 8.012 (s, 1H, Ar

H); ®*CNMR (CDCk, 200 Mmi]).11126.428,127.503128.592, 129.304, 135.837,
141.909, 142.635, 152.253, M5;H10BrN3; m/z calculated 264, found64 (M+), 265 (M+ 1)

2.2.2.3 3-Benzy}5-(4-tert-butyldimethylsilyloxyphenyh2-pyrazineamine?.8).*

Synthetic procedurerhis procedwue is a modification of the Buchwald variant of a
Negishitype cross coupling reaction between aryl halfdés25 mL roundbottom flask was
dried overnight at 158C, allowed to cool down to RT under argon atmosphere and then filled
with (4-bromopphenoxy-tert-butyldimethylsilane2.7 (1.984 g, 6.908 mmol, 2.2 eq) and 12 mL
tetrahydrofuran (THF) (distilled over sodium in presence of benzophenone). A septum was used
to block the influx of air. The mixture was cooled-78 °C, thenn-butyl-lithium from a 28
molar solution in hexane (3.03 mL, 8.792 mmol, 2.8 eq) was addeduisey means of a
syringe. The resulting solution was stirredz8°C for one hour. ZnGI(1.283mg, 9.42 mmol in
10 mL THF, 3 eq) was added via syringe through the septum. Agairgdbtion mixture was
stirred for 0.5 hours a78°C. Then the reaction mixture was allowed to warm up to RT and the
solution was further stirred for one additional hour at RT. A suspension of (FPdRE), (110
mg, 0.157 mmol5% mol ) and pyrazin2.6 (830 mg, 3.14 mmol, 1edgh 10 mL of THF was
added and stirred at RT. The reaction progress was monitofEd®disilica, mobile phasai-
hexane/ethyl aceta®l v/v, R valuesfor starting material, product and-pyoduct(s) are 0.4,
0.29 and 0.55 rgectively). There was some starting material discernible after five hours of
reaction, but after 15 hours there was no more starting material. There was a minor fraction of
by-pr oduct, which was identified as ndRef product
0.29 silica, mobile phasen-hexane/ethyl aceta1l v/A), butthe main fraction consisted of the
product(Rs = 0.55 silica, mobile phasen-hexane/ethyl aceta®1 v/v). The reaction mixture
was poured into 50 mL of water, extracted withyeticetate (3*50 mL) and dried over
anhydrous sodium sulfate. After drying the organic fraction, ethyl acetate was removed by using
a rotary evaporator. The prodi8, yellow solid (897 mg, 2.294 mmol, 73 %), was purified by
descending silica gel colunthromatography by using 2/1 hexane/ethylacetate. IR (neat)
wavenumb &728,834,)918¢c14770, 1237, 1251, 1454, 1519, 1609, 2851, 2933, 3145,

3284, 3485'HNMR (CDCk, 400 MHz) U [ p pm]oo5@s, Oidrt-batg), 6 H, 2
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4.17 (s, 2H, Ch), 4.37 (br s 2H, Nb), 6.92 (d,J= 8.59 Hz 2H), 7.25.32( m, 5H), 7.81, (dI=
8.59 Hz, 2H), 8.32 (s, 1H, A); 1°C NMR (CDCh, 400 MHz)i [ p-p.m18.48, 25.9, 41.4,
120.7,127.1,127.2, 128.7,129.1, 130.8,137,137.1,140.6, 142.9, 151.6, 15&2HWSI;0Si|
m/z calculated 291.58, four@p1.8 (M), 392.8 (M+1)

2.2.2.4 (4-bromo-phenoxy)tert-butyl-dimethytsilane @.7)

Synthetic proceduret-bromophenoR.9 (2g, 11.56 mmol, 1eq) andEBMAP(0.141 g,
1.156 mmol) were dissolved in 30 mL DCM in a 180 roundbottom flask at 0 °C. After 15
min imidazole (1.18 g 17.34 mmol, 1.5 eq) and TBBDMIS2.613 g, 17.34 mmol, and 1.5 eq)
were added and stirred at 0 °C for one additional hour. DCM was removed by using a rotary
evaporator and the resulting solidsadissolved irR5 mL of diethyl ether. The diethyl ether
solution was first washed with concentrated ammonium solution (2*50 mL), followed by water
(2* 50 mL), and finally brine solution (2*50 mL). Diethyl ether was remowviedotary
evaporation to leaveompound.7 behind, which was obtained as a colorless liquid (3.293 g,
11.46 mmol, 99% vyield)."H NMR (CDCk, 400MHz) U [ppm] O0.16 (s, 6H),
(d,J=88.78, 2H), 7.29 (dl = 8.78 Hz, 2H)*C NMR (CDCk4 0 0 MH z ) -4.26]18plh m]
25.85,113.83,, 122.13,132.51,155.07

Br TBDMSCI Br
4-DMAP/imidazol/DCM \©\
OH > OTBDMS

99%
2.9 2.7

Scheme 23: tert-butyldimethylsilyl( TBDMS) protection of bromophenol
2.2.2.5 4-benzyloxybenzylalcohoP(12)

Synthetic procedure2.0 g (16.11 mmol) of-4hydroxybenzyl alcoha2.10and 11.132 g
(80.5 mmol, 5 eq) of anhydrous potassium carbonate were dissolved ind@ RMF in a 100
mL roundbottom flask. The suspension of the mixture was purged with argon and stirred for 30
minutes at room temperature. Then 6.886 g (40.02 mmol, 2.5 eq) of benzyl bromide was added
by means of a syringe to the suspension and stiore24f hours at RT. Then reaction mixture
was filtered through celite and the celite cake was washed with 50 mL of diethyl ether. The

filtered solution was washed with water (3 * 30 mL), followed by concentrated brine solution (2
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*25 mL). The diethyl ethesolution was dried over anhydrous sodium sulfate and the solvent

was evaporated by using a rotary evaporator and then further in @alcigtim This

experimental procedusgelded a white solid 3.12 g (BB mmol,96 % vyield) of purel-
benzyloxybenzylalcabl 2.12. R; value of the compound is 0.75, 1/1 ethyl acetade¢xane, v/v

as mobile phase in pre coated $ifin layer chromatography (TLCMP 73-75°C IR (neat)
wavenumber cfh612,694, 739, 810, 994, 1237, 1380, 1509, 1585, 1605, 1723, 1171, 2864
2913, 3051, 3060, 332 NMR (CDCk, 400 MHz)i [ p p m] J=%.86H,(2H)d5,08 (s,

2H), 6.98 (d,J = 8.7 Hz, 2H), 7.30( d] = 8.7 Hz, 2H), 7.4%.37 (m 5H):*C NMR (CDCE 400

MHz ) 4 [ppm] 65.28, 70.28, 115.20, 127.67,

Cl N Cl
T
—
OH Y Cl
OH Br Cl
K,COg, DMF, 24h DMF, CH,Cl,, 12h
+ '
96 % 80%
OH OBn OBn
2.10 2.11 2.12 513
Q BnO
)S/OEt Mg, THF 0
213 + E©O e oRt
OEt 70 %
214 2.15 OFt
10% Pd/C,H,
RT, 12h
100%
HO
O
OEt
2.16 OEt

Scheme 24: Synthesis of 2Propanone, 1,1diethoxy-3-(4-benyloxyphenyl) (2.16)
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2.2.2.6 4-Benzyloxybenzylchloride2(13)

Synthetic proceduresurprisingly, the chlorination of benzyl alcohol turned out to be
very problematic. The best experimental approach is describedrherehlorination of benzyl
alcohol2.12was efficiently carried out by employing the cyanuric chlo2d&G
trichloro[1,3,5]triazing andN,N-dimethyl formamide completion method (CTC/DIF).?°
0.369 g (1.997 mmol) of cyanuric chloride was dissolved in 1.0 mL of dry DMF in-ad¢sked
50 mL roundbottom flask,. The solution was stirred at room temperature under argon
atmosphere. After 30 minutes of stirring at RT, the white solid ofyhauric chloride/ DMF
complex was formed. Then 0.40 g (1.997 mmoR.4P (4-benzyloxybenzylalcohdlsolution in
10 mL dichloromethane was added at once by means of a syringe to the white solid. The mixture
was then stirred at room temperature. Reagifogress was monitored Gy.C (silica, mobile
phasen-hexane/ethyl acetat#(0/1 v/v, R values for starting material, product are 0.09 and 0.63
respectively) The chlorination of benzyl alcohol was completed after 4 hours. After the
completion of the reaion the reaction mixture was diluted to 20 mL by DCM. The white turbid
suspension was filtered through celite, followed by washing the celite cake with 20 mL DCM.
The solvent of the filtered solution was remowgalrotary evaporation. This procedurelgied a
white solid. The white solid was subjected to descending &Dmn chromatography by using
10 % ethylacetate in hexane and yielded a fluffy white $oi80.31g (1.417 mmol, 70.95 %)
MP7476°C. | R (neat) W &08e60u7dlh 84004 1171¢ 141, 1380, 1512,
1580, 1609, 2868, 696, 2933, 302M;NMR (CDCk4 00 MHz ) U [ppm] 4.57
2H), 6.96 (d,J = 8.7 Hz, 2H), 7.32 (dl = 8.7 Hz, 2H), 7.4%.37 (m 5H);"*C NMR
(CDCL400 ™M Hz ) O [ ppm]27.87612829,1288B4 132.80, 136197,5. 2 9,
159.108.

2.2.2.7 2-Propanone, 1,idiethoxy3-(4-benyloxyphenyh (2.15)

Synthetic proceduréfhis method is modified form @fdamczyls method?® 236 mg
(10.289 mmol, 2.5 eq.) of magnesium was suspended in 3 finksbly distilled tetrahydrofuran
(THF) in an argon flushed 50 mL twoecked roundottom flask. Dibromoethane (0.10 mL)
was added to activate the magnesium. After 20 minutes of activation, a solution of 0.90 g (4.115

mmol) of2.13in THF was added andistd at RT for 30 minutes. Then reaction mixture was
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further refluxed for one hour to complete the reaction. The pale yellow Grignard reagent was
allowed to cool to RT and then kept on an ice bath. Then 906 mg (5.143 mmol, 1.25 eq) of
ethyldiethoxyacetat.14was dissolved in 10 mLHF in a separate 50 mL rounottom flask

under argon atmosphere and cooled#8 °C. The Grignard reagent was transferred-eise

into the cooled flask during 10 minutes. The reaction mixture was then stirred for I1s5atiour

78 °C. Then reaction was quenched by 50 mL water and further diluted by 100 mL of
ethylacetate. The ethylacetate layer was washed with water (2*50 mL), followed by saturated
brine solution (2*50 mL). The organic layer was dried over anhydrous saiiliate and the

solvent was evaporated by rotary evaporation. The viscous Grignard product was further purified
by descending Sig&olumn chromatography 10% ethyl acetate-imeexene(v/v) as aeluent.

This procedure yielded 0.95 g (2.49 mmol, 70 % yiefdheoily colorless compound.15.Rs
=0.4(TLC, silica, mobile phasen-hexane/ethyl acetaté¥1 v/v) ‘H NMR (CDCL4 00 MHz ) U
[ppm] 1.25 (tJ = 7.3 Hz, 6H) 3.57 (m, 2H), 3.69 (m, 2H), 3.84(s, 2H), 4.64(s, 1H), 5.05( s, 2H),
6.94 (d,J = 8.4 Hz, 2H) 7.14 (dJ = 8.4 Hz, 2H), 7.4%.35 (m 5H);*C NMR (CDC 400 MHz

) u [ppm] 15.35 42.99, 63.53, 70.17, 115. 5,
137.21, 157.94, 203.73,

2.2.2.8 2-Propanone, 1,idiethoxy3-(4-hydroxyphenyl)(2.16)

Synthéic procedure:The deprotection of the benzyl group of compogrikbwas
carried out by r@uction using hydrogen onpalladiunicarbon catalyst. 0.90(ghmol 4.115)of
compound2.15was dissolved in 50 mL of methanol in a 100 mL reboettom flask. 100 mof
10% palladium on carbon was added. At first the resulting suspension was put under vacuum and
then hydrogen gas was passed into the RB flask from a balloon of hydrogen gas. The reaction
mixture was stirred for 24 hours under hydrogen atmosphe (silica, mobile phasen-
hexane/ethyl acetai¢10 v/v, R; values for starting material, prodweere0.4 and 0.16
respectivelywas used to confirm the completeness of the deproteatithe benzyl group. The
black suspension was filtered and the solverst kgaoved by using a rotary evaporator. The
deprotected produ@ 16was further purified by Si@column chromatography using 50 %
ethylacetate in hexane, yielding 0.570 mg (2.392 mmol, 58 %) colorlea®itH NMR
(CDCl3, 400 VMHz ) U [ p p=v]03 Hz, 6HB3(55 (,m, 2H), 3.71( m, 2H), 3.82 (s, 2H),

4.64 (s, 1H), 5.11 (br s, 1H), 6.77 (s 8.59 Hz, 2H), 7.07 (dl = 8.59 Hz, 2H):*C NMR
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(CDCl3,400MHz) U0 [ ppm] 15 .162, 118.6b, 125386, 13H.34, 1631
204.06,MS, m/z gH150, calculated 238.28, found 261.3 (M + Na)

2.2.2.8 CoelenterazineZ.1)

0]
H,N N\ HO N/ N

| _ aqg. HCI, Dioxane | |

N reflux, 8h
216 * - N
OTBDMS  65% H
OH
2.8 2.1

Coelenterazine

Scheme 25: Final condensation step of synthesis of coelenterazine

Synthetic procedurefhefinal condensation step was adapted from a published

method'*#*2.16 200mg (0.839 mg) of compound was dissolved in 4.0 mL of degassed 1,4

dioxane Ny, Ar, freezepumpand thawy ina 50 mL twenecked flask. Then 0.60 mL of conc.

HCI (38%) was dissolvenh 2.0 mL of dioxane and added into the flask. Finally, a solution of
2.8 (328 mg 0.891 mmol) in 4.0 mL of dioxane was added into the mixture, which was then

refluxed for 8 hours under argon atmosphere. After 8 hours of reflux, a dark brown solution was

obtained, which was allowed to cool down to room temperature. The solvent was then removed

by rotary evaporation. The resulting dark brown solid was subjected to descendingISitn
chromatography using 10 % methanol in dichloromethane as eluent, yigkliogelenterazine
(0.543 mmol, 65%)R; = 0.42(TLC silica, mobile phasedichloromethanenethanol 10/1, v/v),
IR (neat) wavenumber ¢h631, 695, 834, 1031, 1099, 1170, 1233, 1339,1368, 14508,
1552, 1610, 2851, 2917, 3056, 3178 NMR (CD:OD-d)ti [ ppm] 4. 06 (s,
6.68 (d,J = 8.58 Hz, 2H), 6.86 (dl = 8.59 Hz, 2H), 7.14 (dl = 8.39 Hz, 2H), 7.1&.22(m, 2H),
7.297.25 (m, 2H), 7.38 (d] = 7.41 Hz, 2H), 7.48 (d1= 8.78 Hz, 2H), 7.62(s, 1HWS: m/z
Co6H21N303 calculated 423.15ound 424.3 (M + H), 446.3 (M + Na)
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2.3 Discussion
Reddy et al. had synthesized coelenterazine by the following sequence of reactions,
which are summarized in Sche®and2.82 Overall yield of this approach was (48%), if
calculated the yield othe basis of 34libro-2-aminopyrazine only. However, the disadvantages
of this approach were expensive starting materials, costly catalysts. Since coelenterazine is only
metastable in aqueous buffers, it is of great importance that the substance Qttieamise,
impurities are able to catalyze the decomposition of coelenterazine, thus reducing is lifetime in

PBS (phosphatbuffered saline) from 72 h to less than 1 h. (Basel, Shrestha, Bossmann, Troyer,
unpublished results.)

7.17

(PhCH,),PdCl,
(Ph),P(CHy)4P(Ph),
ethanol, aq. Na,CO4
toluene reflux 7 h

3,5-dibromopyrazin-2-amine

HN N
H,N___N | O
X PhCH,MgCl,ZnCl, P TBDMSO@B
| (PhsP),PdCl,, 54 h RT N Br oH
Br N Br
7.6

7.3

ag.HCI/ 1,4-dioxane reflux 5 h Coelenterazine

HoN N TBDMSO
- @
N EtO
OEt
OTBDMS 7.18
7.8

Scheme26: Reddyds synthetic®scheme of coelentera
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o ] TBDMSO Br
H, Zn I2 5%
\[ ] NBS I j\ 1nbutyII|th|um ZnCl,
~
Br” N~ Br Pd(CIZ)(PPhg)z 2.Pd(Cl)(PPhs), >
2.3

OEt
2.16
OEt
HCI, Dioxane, reflux
OTBDMS > Coelenterazine 2.1

Scheme 27: Improved synthesis of coelenterazine

Thestartingmaterial of the modified methad aminopyrazineThesequence of
reactionds summarized irscheme2.7 andScheme2.9. The first reaction wastaredwith
aminopyrazin€.2, because it isheapethan 3,5dibroma2-aminopyrazin€.3 and the
bromination of aminopyrazin22with 2. 5 eqNBS is an easy reaction with an excellent yield
(Scheme2.3).% In addition, side product obtained during the bromination reaction is
monobromo aminopyrazizne which can subsequently converted into dibromoaminopyrazine.
The next change concerned the intrctiibn of the zinc atom. Instead of the zincation of
the previously formed Grignard reagent, phenyl magnesium chloride, with ftm@he Negishi
coupling reactiofScheme2.6) , di rect =zinc insertion approach
methodScheme2.7.?’ Zn was inserted directly into the Br bond of benzyl bromide to make
the alkylzinc reagent, followed by a Negishi crassipling reaction using
bistriphenylphosphinepalladium(ll)chloride catalyst. This coupling reaction produced a very
high yield: morghan 80 mol% of product, which was isolated after column chromatography, in
addition to some bisoupling product (less than 10 mol%). There was no evidence of
homocoupling indicating that the Zn insertion was quantitative even when commercial zinc
powder(not activated zinc) was used. 5 mol % 0ives used to activate the zinc surfage&an

create a reactive zinc surface by oxidizing Zn int6"zmd reduce itself to.f" I can further
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facilitate the oxidative zinc insertion by converting benzyl hid@mnto more reactive benzyl
iodide.

The next step was another crassipling reaction to obtain compouBd. Adamczyket
al. have used the SuzdMiyaura coupling reaction, using a different Pd catalyst with an
expensive ligand 1;Bis(diphenylphosphindutane, which shown given iBcheme2.62° The
main aim was to make the same Negishi camgpling reaction using the same palladium
catalyst, but avoiding the boramompound. Direct insertion of zinc in aryl bromide using the
zinc powder did not workThis is understandable, because the substrate is an aryl halide but a
benzyl halide or alkyl halide (as they have been described in the liter@wag)on
intermediate is stabilized in the benzylic position and a little stabilized by the inductivis effec
in alkyl halides, but not in aromatic halides, where it has an angle 90 degree with respect to the
aromdic ring system (= no overlap). This problem was solved Bingc hwal dés and Mi |
approab to zincationScheme2.7.28 First, TBDMS protected bronphienol was treated with
n-butyl lithium to create the phenyl lithium organometallic compound in situ. Second, the
phenyl lithium compound was treated with anhydrous zinc chloride to create the phenyl zinc
chloride. Finally, this aryl zinc chloride wasosscoupled with the aryl bromid26 (containing

the pyrazine moiety)usingbistriphenylphosphinepalladium(ll)chloride.

OH al
4-DMAP, Imidazol '\C/ISCCII EtzN
TBDMSCI, CHZCIZ 2Cly
OH OTBDMS OTBDMS
2.11 919 520
1. Mg, THF
TBDMSO 2. ethyldiethoxyacetate
o)
EtO -
OEt
2.21

Scheme 28.Reddy 6 s appr éepgahond, Ildieeky-8-&-t-
butyldimethylsiloxy pheny)- 2.21*
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Cl N Cl
\
jﬂf N i
OH OH Wé OEt
Cl  EtO
Cl 2.14

BnCl, K2CO3 OEt
. DMF, CH,Cl,
> Mg, THF
—_—
OH OBn
OBn
2.11 2.12
2.13
BnO
0 10% PdiCH, 1O 0
OFEt RT, 12h OEt
Et
215 © 216 OFt

Scheme 29: Improved synthesis of2-Propanone, 1,1diethoxy-3-(4-benyloxyphenyl) 2.16

The other component, which is required for the final condensstisgnto form
coelenterazine, is an acetal protected carbonyl comp@ug).¢2 TBDMS protection of 4
hydroxybenzyl alcohol 2.11 was not a problem, but the halogenation of the protected benzyl
alcohol appeared to be very problematic: The bromo compowedyisinstable as mentioned in
the literature™® and the chloro compound is volatile and hard to Both, chlorination by using
methanesulfonyl chlorideM{sCl) and bromination by using CBPPHh, did not work in this case,
even though both are publisherthods®2° In the first case, | did not get any product, and in
the second case there was product, but the bromo compound decomposed very fast during work
up and purificatiort® | also tried a chlorination reaction by using conc. HCI and thionyl aiéori
but both of them were found to be useless for this reaction, because -&reatdrioroorganic
compound could not be obtained. The cyanuric chloride/DMF(CTC/BMBjnplex was found
to be very helpful for this chlorination, but the yield of this tescwas low (15 %) and the
chloro compound was still very volatilEhanging the protection group ofydroxy benzyl
alcohol form TBDMS to the benzyl group came out very succesSthgme2.9). Benyzl
protection has some advantages: both benzyl proteatid deprotection were quantitative and
easy to carry out, the benzyl protected compound is solid and easy to dry and benzyl ether is
stable during chlorination reaction. Furthermore, chlorinatigmtwénzyloxy benzyl alcohol
2.12by CTC/DMF was very gad even when performed in the gram séale.addition, the

benzyl chloride2.13is easy to dry, which is required for subsequent Grignard reaction, because
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this compound is a solid and has a much lower vapor pressure. The benzyl group was removed
via catlytic hydrogenation before the final condensation step, because the phenolic group is not

a problem in acidic condensation reactions.

2.4 Conclusion

A new method of synthesis of coelenterazine has been developed. This synthetic route is
able to delive extremely pure coelenterazine on the gram scale. It uses inexpensive starting
materials and catalysts. Aminopyrazine is used as a building block for introducing the pyrazine
moiety of coelenterazine. Negistype coupling reactions are used to couple different
aromatic rings to the pyrazine moiety. The final condensation reaction to form coelenterazine
had a very high yield and produced very pure materials, which is require@vignin
applications in the wsitu photodynamic therapy of cancer usikanilla luciferase as light

generating enzyme.
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Appendix A - *H and **C NMR and Mass Spectra
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130



0.94

0.8

0.7

400 MHz,CDClz-0;

o
)
|

o
3]
|

o
»
|

Normalized Intensity

o o©
) w
bl

o
[
|

Oi 41 J _J‘n

198 4.20
Lo
B e e N EEEms man ey e

8 7

5 4 3 2 1 0
Chemical Shift (ppm)

10 (@)

0]
o -

0.9
0.8 400 MHz,CDClz-d;
0.7

0.6

0.5

Normalized Intensity

0.4

0.3 CHLOROFORM-d

220 200 180 160 140 120 100 80 60 40 20 0 -20
Chemical Shift (ppm)

Figure A.2 (a) *H and (b) **C NMR of 1.2.3(a)

131



400 MHz,CDClz-0y

Chloroform-d

~
N
~

3.35 8.00
— S —
9.5 9.0 85 8.0 75 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 20
(a)
Chloroform-d
FF 200 MHz,CDCls-d;
0o
N
N
N
3, 3
©
8598
\S53
Sa
\
&
3 8 RE 8
I o [o |
g 5 e
[ [ Ny u

220 210 200 190 180 170 160 150 140 130 110 100 90 80 70 60 50 40 30 20 10 0 -10 20 -30

(b)

Figure A.3 (a) *H and (b) **C NMR of 1.23(b)

132



400 MHz,CDClz-0y

Chloroform-d
|~

L A

201 217251 180 3.20 3.25
H H U — H H
9.5 9.0 85 8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 15 10 05 0 -0.5

(@)
400 MHz, CDCl3-d;

130.70
128.58
124.06

~-121.43

Chloroform-d

77.23

53.42
53.19

T

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -20

Figure A.4 (a)'H and (b) *C NMR of 1.2.5

133



Chloroform-d

400 MHz,CDClz-0y

~
N
~
|
A _k
0.11 0.14 0.37
1] L L
9.5 9.0 85 8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 15 1.0 05 0

128.18
127.34

121,60
2-120.37

A

(@)

77.55

r
\

400 MHz,CDClz-0y

Chloroform-d

53.35

—77.23
76.91

200 180 160 140 120 100

Figure A.5 (a) *H and (b) **C NMR of 1.2.6

80

(b)

60 40 20 0 -20

134



O 7 \ 400 MHz,CDClz-0;

Chloroform-d

n
N
~
|
Jr JLU A X
0.99 1.60 0.91 0.94 0.98 0.99 3.00 3.10
| I ] | — I 1 (] L1

105 10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 15 10 0.5 0

(@)

400 MHz,CDCls-d;

1.0

0.9

Normalized Intensity
o o o o <] o
w S (53] o ~ [oe]

o
)

0.1

220 200 180 160 140 120 100 80 60 40 20 0 -20
Chemical Shift (ppm)

(b)

Figure A.6 (a)'H and (b) *C NMR of 1.2.1a
135



7
H\N

COzMe
CO,Me

A

Printing Date: Wednesday, August 01, 2007

Aligned Q3 Again 05-23-07

Printing Time: 14:

35:36

~
*Kansas State University API 4000 SN V1650305

W +MS2 (386.20): 20 MCA scans from Sample 2 (dhi

3.6e7
3.4e7

3.2e7
3.0e7
2.867
2667
2.4e7 +
2.2e7
2.0e7

1.8e7 1

Intensity, cps

1.6e7 -
1.4e7 4
1.2e7
1.0e7
8.0e6 -
6.0e6 -
4.0e6 -

2.0e6+
» _117.000

) of 080107 Shresth:

246.800

|
|
|

165.100 202800 217.100235000266.200...

275,000
|

J\saooo\. 31#.‘100

A

wif (Turbo Spray)

322.100

3

16‘200 \
l ;
I

307i300

Max. 3.6e7 cps.

386.200

354.200

| 1 I}
It 342100 ﬂs_;_z.wow-.JOO 404,100 466.800

100 120 140 160 180

200

220 240

260

280

300
m/z, amu

320 340

T T T T e \
360 380 400 420 440 460 480 500

Figure A.7 Mass1.2.1a

136



Chloroform-d

lLgL—

d

CDC4

400 M Hz,

L

2.0

%
A

MLL___JLU I\

0.99 1.040.96
N B

0.87
[N}

1.88 3.20
[ B -

9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25

9.5

5 5
_ ;
-tH
O o
O o
N
I °
> i
o =
o
<
o
<
TZTS~ 3
6v'E5—
o
©o
= ..
£ 579—
o
5 10°69— o
S
5 26'9L
O
e\
versd 3
~ [=]
o
©
N
o
o
S
18'90T—

SL'LTT

110

190 180 170 160 150 140 130 120

200

(b)

Figure A.8 H (a), °C (b) NMR of 1.3.1a

137



Printing Date: Wednesday, August 01, 2007

Aligned Q3 Again 05-23-07

o

Printing Time: 14:51:16

-/

&

3261267 Co23 H\?‘t\‘,\ A

7

*Kansas State University API 4000 SN V1650305

-

2667
2.5e7 I
2.4e7
2.3e71
22671
2167
20671
19071
1.867

1.7e7+
1.6e7

1,567

1.4e7
1.3¢7 |
1.2e7

1.1e7

1.0e7

9,06
8.0e6

7.066 1
6.0e6-
5.0e6
4.06-
3.0e6
206
1.0e6

Intensity, cps

»

"W +Q1: 20 MCA scans from Sample 4 (dhi

118.700 &
125100 71300 296200

143.300

of 080107 Shresth:

247.200
9.200-

|

wiff (Turbo Spray)

307.200 (\ :
279400299000, | 37300 35100p 37420343100 |if

387.300

355.200
+ Né&

409.200

| ‘l’
414300 4125100

Max. 2.667 cps.

473.200491.300

100

120

140 160 180 200 220

240

260

280

300 320 340 360 380 400 420 440 460 480 500

m/z, amy

Figure A.9 Mass Spectrum 0f1.3.1a

138



std proton

Automation directory:
Sample : TS-4-103

Pulse Sequence: s2pul

Solvent: cdci3

Temp. 25.0 C / 298.1 K
Operator: shrestha
INOVA-400 “neo"

Relax. delay 1.000 sec

32 repetitions

OBSERVE Hl, 399.7467564 MHz
DATA PROCESSING

Line broadening 0.2 Hz

FT size 65536

Total time 1 min, 43 sec

8.796
8.785

7.528
7.522

7.515
7.457

7.479

7.270

6.683
6.672

2.965
2.962

400 M Hz, CDC4-d;

A“ 'J,A.,\ - l,u )
9 8 6 3 2 ppm
0.94 0.96 3.16 0.81 5.47
1.01 1.28.23 2.00
(a)
400 M Hz, CDC}-d;
|
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i
|
|
|
|
|
r . N [ ! | \u [ A J; AL
e SR = S0 oE - : = e : e
220 200 180 160 140 120 100 80 60 40 20 ppm

Figure A.10 *H (a), **C (b) NMR of 1.5.4

(b)
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std proton

Automation directory:

Sample : TS—4—104—thhi= 5
Pulse Sequence: s2pul
Solvent: cdcl3
Temp. 25.0 C / 298.1 K
Operator: shreStha
File: Ts-a-10

105
105 | /

Relax. delay 1.000 sec
Pulse 45.0 degrees
Acq. time 2.049 sec
width 6395.8 Hz

100 repetitions
OBSERVE 1, 399.7467337 MHz
OATA PROCESSING

Line broadening 0.2 Hz

FT size 6553

Total time 5 min, 11 sec

Ay .u,bd'_}‘-‘ 'Y

std proton

Automation directory:
Sample : TS-4-104-dhi-13C
Pulse Sequence:
Solvent: cdcl3
Temp. 25.0 C / 298.1 K

Operator: shrestha
INOVA-400 “neo"

s2pul

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

width 24125.5 Hz

14400 repetitions

OBSERVE C13, 100.5163722 MHz
DECOUPLE H1, 399.7487328 MHz
Power 29 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 655

36
Total time 12 hr, 49 min, 48 sec

127.509

~127.846
125.956

125,443
\—125.414

144.180
—-132.461
128.864
~-128.527
128.220
-127.963

/

~.148.641

"
IR

{ | )

77.569
77.247

~119.884
115.445
112.508

120.111

76.932

69.820

400 M Hz, CDC4-d;

0 ppm

400 M Hz, CDC4-d;

40.646

53.713
-51.142

e
220 200 180

Figure A.11 *H (a), **C (b) NMR of 1.5.1

100

20 0

140



200 MHz, CDC#$-d;

Chloroform-d
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Figure A.12(a) *H and (b) *C NMR of 1.6.3
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Printing Date: Wednesday, August 01, 2007 Printing Time: 15:12:16

Aligned Q3 Again 05-23-07
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*Kansas State University API 4000 SN V1650305

462 4S8 CaqMyoNy04

[ +Q1: 20 MCA scans from Sample 6 (dhi mono) of 080107 Shrestha-Bossmann.wiff (Turbo Spray)
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Figure A.13 Mass 0f1.6.3
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Nm_ 400 MHz, DMSO-dg
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Figure A.14 (a) *H and (b) **C NMR of 1.6.4
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200 MHz, CDC#¢-d;

2.13 3.10 1.30 0.95 0.87 0.95 297 3.32 3.20
I [y L [ [ [ L
— T T T T T T T T T T T T T T T T T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 o]

200 MHz, CDC4-d;

77.23

Figure A.15 (a) *H and (b) **C NMR of 1.65
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Figure A.16 Mass1.6.5
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STANDARD 1H OBSERVE

Pulse Sequence: s2pul o
Solvent: COC13

Ambient temperature
GEMINI-200 “uhura"

6.663

Relax. delay 1.000 sec

Acg. time 1.995 sec

Lob enetpions 200 MHz, CDCt-d
ions y 1

O0BSERVE H1, 199.9775710 IT&

DATA PROCESSING °

FT size 16384 -

Total time S min, 9 sec 3 |

g (e

- 23
S I
Al
AN
s |
N {

: |

13C OBSERVE = (a)

expl stdiic

vi
date May 9 2007 dfrq 199.979
solv cOCI3  dn "
file /export/ /~ dof °
student/bossman/Ma~ dm Yy

usam/N-2-22A-C13.f~ dmm

e Bt 200 MHz, @Cl-ch

]
n 3 wtfile
at 1.391 proc "t
np 64000 fn not used
W 23000.
1 . 7500 werr
bs 1 wexp wit
ow 23.8 wbs wrt
a1 1.00 wnt
e 800
nt
t 158 ~n
alock n =
gain not used
L A
11 n
in n v‘
dp y
DISPLAY
sp g
wp 10058 .
vs 17 |
sc
we
hzom
is
rf 6
rfp 3883.5
th
ins 100.000
n no ph

(b)

Figure A.17 (a) *H and (b) *C NMR of 1.6.11
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Figure A.18 (a) *H and of 1.6.6
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X 400 MHz,CDsCN-ds
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Figure A.19 (a) *H and (b) **C NMR of 1.5.7
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.Q CO,Me

CO,Me

P N
Printing Date: Friday, August 03, 2007 Printing Time: 14:31:47 *Kansas State University API 4000 SN V1650305

Aligned Q3 Again 05-23-07

W +MS2 (680.40): 30 MCA scans from Sample 7 (dhi mel) of 080307Shrestha-Bossmann.wiff (Turbo Spray) Max. 3.7e5 cps.
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Figure A.20 Mass1.5.7
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Figure A.21 (a) *H and (b) **C NMR of 1.6.10
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Figure A.22 (a) *H and (b) **C NMR of 1.6.12
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Figure A.23 (a) *H and (b) *C NMR of 1.6.13
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W +MSZ (676.20). 30 MCA scans from Sample 10 {TS 421 prod) of 110508Shrestha-Bossmann.wiff {Turbo Spray)
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Figure A.24 Mass 0f1.6.1
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Figure A.25 (a) *H and (b) *C NMR of 2.3
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Figure A.26 (a) *H and (b) **C NMR of 2.6
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Figure A.27 (a) *H and (b) **C NMR of 2.7
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Figure A.28 (a) *H and (b) **C NMR of 2.8
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Figure A.29 (a) *H and (b) **C NMR of 2.12
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Figure A.30 (a) *H and (b) **C NMR of 2.13
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Figure A.31 (a) *H and (b) **C NMR of 2.15
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Figure A.32 (a)'H and (b) **C NMR of 2.16
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