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ABSTRACT OF THE THESIS
REACTIONS OF 1,1-DISUBSTITUTED-ETHYLENES AND 1,4-DIPHENYL-1,3-
BUTADIENES WITH SINGLET OXYGEN AND 4-ALKYL-1,2,4-TRIAZOLINE-3,5-
DIONE (RTAD)
by
Baishakhi Das
Florida International University, 2006
Miami, Florida
Professor Kevin E. O’Shea, Major Professor
A study of the reaction pathways of 1,1-diphenylethylene; methyleneindan;
fluorenene; trans,trans-1,4-diphenyl-1,3-butadiene; cis, trans-1,4-diphenyl-1,3-
butadiene and cis, cis-1,4-diphenyl-1,3-butadiene with singlet oxygen and the
singlet oxygen mimic, 4-alkyl-1,2,4-triazoline-3,5-dione (RTAD) has been
undertaken. Comparisons of the reactivity and reaction mechanisms among the
isomers and electrophiles have been conducted. Singlet oxygen exhibits
significantly lower reactivity compared to RTAD. RTAD reacts with 1,1-
diphenylethylene to produce 4+2/ene and 4+2/4+2 (2:1) adducts but with
methyleneindan to give a complex mixture including the ene adduct. Reactions of
isomeric 1,4-diphenyl-1,3-butadienes with RTAD produce 4+2 adducts. The
results of the studies provide fundamental mechanistic information which is
important to a better understanding of the detrimental and beneficial reactions of

'0, in biological systems and the environment.
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1.1 Background: The oxidation of organic and biological substrates in the
presence of oxygen, light, and a photosensitizer has been the subject of
extensive study over the past several decades’?. Singlet oxygen ('0,) is the
lowest electronic excited state of molecular oxygen, 22.4 Kcal/mole above the
ground state. It is short lived in solution with lifetime of 10 — 10 seconds
depending on solvent and experimental conditions. Singlet oxygen is involved in
a number of chemical, biological, biomedical and environmental processes, and
thus its properties and reactions are of great interest to scientists. Several
techniques have been developed which employ photooxidative processes for a
variety of applications, from the treatment of skin disorders to the destruction of
pollutants. The use of a photosensitizer in the presence of oxygen
(Photodynamic Therapy, PDT) for the treatment of early stage superficial tumors
is one of the advances in the medical field involving photooxidation®. A
fundamental understanding of the reaction pathways and intermediates involved
in these processes is crucial for assessing potential applications of singlet
oxygen chemistry.

The reactivity of conjugated systems such as 1,4-diphenyl-1,3-butadienes
and 1,1-diphenylethylenes with 'O, is expected to mirror a number of systems
present in a variety of pigments and chromophores found in plants and animals.
A better understanding of the mechanisms of the photooxidation of such
conjugated systems will help to assess the role and impact of singlet oxygen
reactions in the environment and living organisms. Photooxidation of conjugated

diene systems in polymeric materials, such as terpenes, vitamins, paints, dyes



etc. are detrimental to the degradation of these materials. Representative

conjugated systems are illustrated below in g-carotene and vitamin A.

B-carotene (tetraterpene)

A e Y N OH

Vitamin A (retinol)

The reaction of organic polymers with molecular oxygen (O.) is one of the
most important processes of all polymer aging processes. This process can
occur under comparatively mild conditions and is well known as autooxidation.
Under sunlight irradiation, some photochemical oxidations occur in which "0,
may play a considerable role. Singlet oxygen oxidation of polymers has been
previously discussed in several review papers'®*°. Remarkably, however, the
role of 'O in the oxidation (or photooxidation) of polymers is still unclear. We
have chosen 1,4-diphenyl-1,3-butadienes and 1,1-diphenyl-ethylenes to assess
and better understand the role of 'O, in the initial step of oxidation (or
photooxidation) of polymers. Our models resemble with polystyrene (PS) and

polybutadiene (PBD) polymer models.
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Polymers used in the form of plastics, fibers, and/or elastromers have a
significant susceptibility to the thermal, photo-, environmental, and/or 'O,
oxidation. In practice, only through the addition of a variety of stabilizers such as
photostabilizers, antioxidants, thermal-stabilizers and/or '0, interceptors, in
amount 0.1 to 1.0 wt % the oxidation degradation of polymeric materials can be
inhibited.

Photodynamic actions are the result of the photosensitized oxidation of
biomolecules. Biomolecules and common functional groups susceptible to
photosensitized oxidations include alcohols, aldehydes, amines, amino acids
(especially cystein, histidine, methionine, tryptophan, and also lysine and
arginine under certain conditions), carbohydrates, phospholipids, triglycerides,
fatty acids, unsaturated fats, bilirubin, nitrogen heterocycles, pyrroles, indoles,
imidazoles, purines, pyrimidines, nucleosides, nucleotides, nucleic acids, organic
acids, phenols, proteins, steroids, thiols, sulfides, disulfides, unsaturated lipid-
soluble biomolecules (cholesterol, vitamin D, g-carotene, sterols, tocopherols,
and protaglandins), drugs, etc*'. lllustrate below are vitamin E (tocopherol) and

indole:



R1, Rz, R3=Hand/orCH3

HO
o
Ry I?I
R3 H
Tocopherol Indole

Bilirubin forms covalent photoadducts with serum albumin on illumination
both in vitro and in vivo during the phototherapy of hyperbilirubinemic infants; the
sensitizer appears to couple at a specific region of the albumin molecule,
probably at the bilirubin dark binding site®'. Treatment typically involves simple

photodynamic action by exposing the infant to artificial or solar irradiation.

COOH COOH

Bilirubin in the E,E isomeric form

In addition to oxidation, dienes may isomerize in the presence of light,
oxygen, or sensitizer’. We will use 1,4-diphenyl-1,3-butadienes and 1,1-diphenyl-
ethylenes as models for studying the reactions of 'O, with conjugated systems in
an attempt to better understand the role of 'O, in biological and environmental

systems.



1.2 Reaction Mechanisms of '0, and MTAD:
The typical reactions of singlet oxygen with olefins or dienes are usually [4+2],

[2+2] or “ene” products as shown below.

~ g N,
I - /<}[E
(
N

Dioxetane('0,)

= C

Endoperoxide (‘02)

[T} smrrweree [T]

j\

Tes

/H

\‘ Hydroperoxide(!0,)

/N

l N—— R (R= Me, Pl)

Z oz

Em—=——=F = 102 or

O
RTAD

4-Alkyl-1,2,4-triazoline-3,5-dione (RTAD) exhibits reactivity analogous to
that of singlet oxygen, typically [4+2], [2+2] or “ene” products. The products from
RTAD are more stable than those formed with singlet oxygen and hence easier
to isolate and characterize.

Both concerted and non-concerted mechanisms for [4+2], [2+2] or “ene”

reactions of olefins and aromatics with the electrophiles, '0,, and RTAD have



been reported’*°. Unsaturated fatty acids and olefins have been the subject of
many investigations on photooxidation, and on their reactivity with singlet oxygen
by the ene reaction®*>°. The photooxidation of polystyrene (PS) is accompanied
by extensive degradation and/or cross-linking. The coloration of PS during UV
irradiation in the presence of air has been associated with ring opening oxidation
of phenyl groups. It has been suggested that 'O, participates in these reactions
via a dioxetane mechanism*° and ene-machanism in some cases®*'. The
reaction of polybutadiene (PBD) with 'O, leads initially to the formation of allylic
hydroperoxides. In addition, it has been suggested that endoperoxides may also
result 19,21,42—53_

O’Shea and Foote studied the reactions of singlet oxygen with (E,E)-,
(E,Z)-, and (Z,Z)-2,4-hexadienes'®. They observed cis-endoperoxide as major
product and a complex mixture of hydroperoxides, acetaldehyde, and cis- and

trans-2-butenal.

skl
I

OOH
war N v
Oz/hv o) O

-78°C

I

+ ¢is- and trans-2-butenal + acetaldehyde
They were also able to trap the intermediates by adding methanol. To rationalize
their results they proposed the non-concerted reaction pathways and the

formation of open zwitterion intermediates.
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MeOH / —
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Jensen and Foote studied the reactions of RTAD with (E,E)-, (E,Z)-, and
(Z,Z)-2,4-hexadienes’’. They observed the expected Diels-Alder products of
RTAD with (E,E)-, and (E,Z)-2,4-hexadienes but the reaction of RTAD with (Z,2)-
2,4-hexadiene yielded a mixture of two Diels-Alder products with major “wrong”
stereoisomer. The solvent adducts and nonstereospecific products are

rationalized via aziridinium imide (Al) and/or open zwitterions.

o) O
OM o} N
— % k=49~ ,0
o/ Ny
>Ll< )
Al

zwitterion

Singleton et al. studied the reactions of 2-methyl-2-butene, isobutene and
tetramethylethylene (TME) with RTAD® and observed the unsymmetrical attack
on the alkenes. They proposed a non-concerted mechanism involving biradicals
and suggested zwitterionic species were “bystanders” to the observed reaction

pathways.



Kim and O’Shea studied the reactions of tetracyclopropylethylene (TCPE) with
MTAD and observed meso-ionic, 5,5,6,6-tetracyclopropyl-3-methyl-5,6-dihydro-
oxazolo[1,2,4]-triazolium-2-olate and proposed non-concerted reaction
processes'’.

We will probe the involvement of possible non-concerted reaction
pathways involving 1,4-biradicals, peroxides, 1,4-zwitterions, charge transfer,
and electron transfer mechanisms for reactions of 'O, and RTAD with 1,1-
diphenyl-ethylenes and isomeric 1,4-diphenyl-1,3-butadienes.

Some of the reaction probes were commercially available and others were
made using standard synthetic techniques®’>. Disubstituted-ethylenes and
isomeric 1,4-diphenyl-1,3-butadienes were subjected to control reactions related
to the conditions of photooxidation. First the samples were irradiated in the
absence of a sensitizer to establish contributions from direct photolysis. The
samples were irradiated in the absence of O, (argon purge) to assess the
possibility for energy or electron transfer between sensitizer and disubstituted
ethylenes and three isomers of 1,4-diphenyl-1,3-butadiene. Dark control

experiments and methanol trapping studies were also conducted.

Analysis:

NMR and GC-Mass spectrometry were used as the primary tools to study the
reactions of disubstituted-ethylenes and 1,4-diphenyl-1,3-butadiene with singlet
oxygen and MTAD. Once the proper reactions conditions were established from

the control reactions, detailed product studies were conducted using GC-MS, LC-



MS spectrometry and NMR as "H, "*C, DEPT, and correlation spectroscopy
(COSY, HETCOR). Disubstituted-ethylenes and 1,4-diphenyl-1,3-butadienes
were subjected to the reaction conditions at different time intervals to establish
percent conversion and to identify primary and secondary reaction products. A
comparison of the reactivities of singlet oxygen and RTAD with disubstituted-

ethylenes and isomeric 1,4-diphenyl-1,3-butadienes is also presented.

1.3 Reaction probes for mechanistic studies:

E, E, E,Z and Z,Z-1,4-diphenyl-1,3-butadienes were used as stereochemical
probes. 1,1-diphenylethylene; 1-(1,3-dimethylphenyl)-1-phenylethylene;
methyleneindan and fluorenene were selected to probe regiochemical and

conformational effects. The structures of the substrates are given below:

\
\

E,E-1,4-Diphenyl-1,3-Butadiene



s

E,Z-1,4-Diphenyl-1,3-Butadiene

%

Z,Z-1,4-Diphenyl-1,3-Butadiene

s

N

1,1-Diphenylethylene 1,(1,3-Dimethylphenyl)-1-phenylethylene
Methyleneindan ‘I
Fluorenene



Expected reaction pathways of the reaction probes with electrophiles:

Substrates 4+2 adduct 2+2 adduct ene
Isomeric 1,4- possible possible N/A
diphenyl-1,3-

butadiene

1,1- unlikely expected N/A
diphenylethylene

1-(1,3- unlikely expected N/A
dimethylphenyl)-1-

phenylethylene ‘
methyleneindan unlikely expected expected
fluorenene unlikely expected N/A

Singlet oxygen generation: Singlet oxygen is a reactive form of molecular
oxygen. Singlet oxygen can be generated by a photosensitized reaction using

visible light to excite a sensitizer and generate '0, as follows:

[Sensitizer] +ho 5 [Sensitizer]' .................. (1)
[Sensitizer]' —2¢ 5 [Sensitizer]® .................. 2)

[Sensitizer]® + 30, ———>[Sensitizer] +'0,....(3)

Photosensitization involves the absorption of light by a sensitizer to form “the
singlet excited state (equation 1). The singlet excited state then undergoes
intersystem crossing (ISC) to the triplet state (equation 2). The triplet state
transfers its energy to ground state oxygen 30, via an allowed process to form

'0, and ground state sensitizer (equation 3).

Materials: 1,4-Diphenylbutadiyne, 99%; 1-indanone, 99+%; trans,trans-1,4-

Diphenyl-1,3-butadiene, 98%; Butyllithium 2M, solution in pentane; 2,3-Dimethyl-

11




2-butene, 98%; 2-Bromo-m-xylene, 98%; 1,1-Diphenylethylene, 97% were
purchased from Aldrich, Chloroform-D (D, 99.8%) from Cambridge Isotope
Laboratories, Inc. Methyltriphenyl-phosphonium bromide, 98%; Tetrahydrofuran,
anhydrous, 99.9%, inhibitor free from Sigma-Aldrich, Pyridinium chlorochromate,
98% from Aldrich Chemical Company, Inc., Hexanes Reagent Grade ACS;
Dichloromethane Glass Purified, Glass Distilled, HRGC/HPLC-Trace Grade from

Pharmaco products Inc.

Equipment: GC-MS (Hewlett Packard, 6890 Series GC system, coupled with
5973 MS detector, J & W DB-5ms, 30 m column, 0.25 mm diameter, 0.25 ym
coding; LC-MS (Finnegan Navigator aQa™ , Scan AP+, 6.28e5, Cone Voltage 5,
300°C); NMR (Bruker-Spectrospin 400, Ultrashield™ , AVANCE 400); lamp

(68806 Oriel model); Rayonet reactor

The following sections give detailed description of characterization and synthesis

of these compounds.

2.1 Characterization of 1,1-diphenylethylene:

1,1-diphenylethylene was purchased from Sigma-Aldrich and used without
further purification. It was characterized by 'H and "*C-NMR (Bruker-400MHz
NMR).

'H NMR (400 MHz, CDCI3) & (ppm) : 5.58 (s, 2H), 7.39-7.41 (m, 10H);

3C NMR (ppm) : 114 (s), 127 (s), 128 (s), 129 (s), 142 (s), 150 (s).

12
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2.2 Synthesis and Characterization of Methyleneindan via Wittig Reaction
Methyleneindan was prepared from 1-Indanone and methyltriphenyl-

phosphonium bromide via Wittig reaction. The yield was 88% of pure product.

Scheme : Synthesis of Methyleneindan
(CeHs)3:P=——=CH,
(CgHs);P— CH;Br + nBuli ———— 3
-78°C

@ e
(CsHs);sP—CH,

o CH,
s o THF |
(CeHs);P—CH, + >

Experimental:

Methyltriphenylphophonium bromide (8.5062 g, 23.75 mmoles) of were weighed
into a 100 mL 3-neck round bottom flask. A stirring bar and 25 mLs of freshly
distilled THF dried over Na was added. An addition funnel was placed in the
center neck, the remaining opening were fitted with a septa/stoppers. The system
was purged with a gentle stream of argon. A dry ice/acetone bath (-78°C) was

used to cool the reaction flask. 9.5 mLs of 2.5 M n-butyllithium in pentane was

15



added dropwise via the addition funnel to the stirring mixture yielding a yellow
color. An hour after the n-butyllithium was complete 1-indanone (3.1390g, 23.75
mmoles in 25 mLs dry THF) was added dropwise. The reaction was allowed to
warm to room temperature and run overnight. Ice (10 g) was added to the round
bottom flask the next day. Diethyl ether was added and crude reaction mixture
was extracted with saturated NaCl solution. The organic phase was dried over
MgSO;. The crude dried reaction mixture was transferred to a 100 ml round
bottom flask, and the solvent was removed on a rotovap. 25 mLs of hexane-
CHxCI2 (9:1) mixture were added to the residue and stirred for one minute. The
reaction mixture was purified by column chromatography using 1X5 inch silica
(60-100 mesh) in hexane-CHCl; (9:1) mixture. The eluant was collected in small
fractions and the process was monitored by TLC. 1.4704 g of 93% pure
methyleneindan were obtained. Characterization was made by 'H, "*C NMR and

GC-MS.
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2.3 Synthesis and Characterization of Fluorenene via Wittig Reaction
Fluorenene was prepared from fluorenone and methyltriphenyl-

phosphonium bromide via Wittig reaction. The yield was 80% of pure product.

Scheme : Synthesis of Fluorenene
(CeHs)sP==CH;
(CeHs)3P—CH3Br + nBuli ——
-78°C
® o
(CeHs)3P—CH;

2 H,C
® @ THF
(CgHs)3P-CH, + —

Experimental:

Methyltriphenylphophonium bromide (5.95 g, 16.67 mmoles) were weighed into a
100 ml 3-neck round bottom flask. A stirring bar and 50 mi of freshly distilled THF
dried over Na was added. An addition funnel was placed on the center neck. The
remaining openings were sealed with seta/stoppers. The reaction was purged
with argon. A dry ice/acetone bath (-78°C) was used to cool the reaction solution.
n-butyllithium in pentane (8.335 ml of 2.5 M) were added dropwise to the stirring

mixture. Fluorenone (3.0 g, 16.67 mmoles) were dissolved in dry THF. The

19



dissolved 1-indanone was added dropwise. The reaction was left stirring with
argon purging overnight.

Next day, ice (10 g) was added and resulting mixture was transferred to a
separatory funnel. Diethyl ether was added and reaction solution was extracted
with saturated NaCl solution. The organic phase was separated from the mixture
and dried over MgSQ,. The organic layer was transferred to a 100 ml round
bottom flask, and the solvent was removed on a rotovap. The product was
purified by column chromatography. The column (1X2 inch, 60-100 mesh silica)
was filled with hexane. The crude fluorenene was dissolved in 2 mLs hexane-
CHCI; (9:1) mixture, and added to the column. The eluant was collected in small
fractions and the process was monitored by TLC. 0.4704g of 73% pure
fluorenene were obtained. Characterization was made by 'H, *C NMR and GC-

MS.
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2.4 Characterization of E,E -1,4-Diphenyl-1,3-butadiene

E,E-1,4-Diphenyl-1,3-butadiene was commercially available. It was purchased
from Sigma-Aldrich and characterized by 'H and "*C-NMR (Bruker-400 MHz

NMR).

'H NMR (400 MHz, CDCl3) 6 (ppm) : 6.7 (d of d, 2H), 7.0 (d of d, 2H) 7.20-7.50
(m, 10H);

3C NMR (ppm) : 126.5 (s), 127.5 (s), 128 (s), 129 (s), 133 (s), 137.5 (s).

2.5 Synthesis and Characterization of E, Z-1,4-Diphenyl-1,3-butadiene

E,Z-1,4-Diphenyl-1,3- butadiene was prepared from E,E-1,4-Diphenyl-1,3-
butadiene via photoisomerization reaction*’. The yield was 75%.

Scheme :

Q \ Ar, 3.5hrs
\ >
irradiation, hv, 350 nm
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Figure IX : GC-MS spectrum of E,E-1,4-Diphenyl-1,3-butadiene
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Experimental:

E,E-1,4-diphenyl-1,3-butadiene ( 0.2 gm, 0.97 mmoles) was transferred in a 100
ml pyrex tube along with 100 mL hexane. The solution was irradiated for 3.5
hours in Ar atmosphere using Rayonet reactor equipped with phosphor coated
bulbs (350 nm). The resulting solution was transferred into a round bottom flask,
rotovapped, and the crude product (0.1 gm) was purified by column
chromatography. 1X4 inch, 240-400 mesh silica column was run. The column
was filled with hexane and eluant collected in small test tubes. The column was
monitored by TLC. Pure E,Z-1,4-diphenyl-1,3-butadiene (0.05 gm, 0.2427
mmoles) was obtained. This was characterized by 'H and, *C NMR (Bruker 400
MHz, CDCl3) and GC-MS (Hewlett Packard 6890, 5973 Mass selective detector,
DB-5 capillary column (MS), 0.25 mm, 30 m length).

'H NMR (400 MHz, CDCl3) d(ppm) : 6.34 (dd, 1H), 6.44 (d, 1H), 6.63 (d, 1H),

7.11-7.34 (m, 11H);
3C NMR (ppm): 125 (s), 126 (s), 127 (s), 128 (s), 128.5(s), 129 (s), 131 (s), 132

(s), 135 (s)

MS m/z 206(M), 77 (M-129).
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Figure Xil : GC-MS spectrum of E,Z-1,4-Diphenyl-1,3-Butadiene
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2.6 Synthesis and Characterization of Z, Z-1 ,4-Diphenyl-1,3-butadiene
Various attempts were made to prepare Z,Z-1,4-diphenyl-1,3- butadiene. To a
solution of 1,4-butadiyne, Lindlars catalyst and pyridine were added and reaction
mixture was stirred for 24 hrs in H, atmosphere. Reaction was run for 12 hrs, 8
hrs, 4hrs, and 2hrs and we had used H, balloon and a Parr shaker. Major
problem was low yields because of over hydrogenation. Finally, Z,Z-1,4-diphenyl-
1,3- butadiene was prepared from 1,4-diphenylbutadiyne by hydrogenation over
Lindlar Pd for 30 mins. The catalyst must be filtered off immediately to avoid over

hydrogenation. The yield was 80% of the pure product.

Scheme:

(O==<) ™

Experimental:

1,4-Diphenylbutadiyne ( 0.2 g, 0.99 mmoles), Lindlar catalyst ( 0.1 g) were added
to 150 mLs of hexane in 500 ml Parr bottle. The reaction mixture was stirred for
1/2 hr. under H; atmosphere. Hz gas (350 mLs) was flushed through the reaction
mixture initially. After 30 mins of reaction at room temperature the reaction
mixture was immediately vacuum filtered to remove the Lindlar’s catalysts. 100

mLs distilled water was added and the mixture was transferred into a 250 mLs

31



separatory funnel. The solution was extracted with 50 mLs of saturated NaCl
solution. Then organic layer was dried over MgSOj, for 5-7 mins; filtered through
Buchner funnel (vacuum filtration), and the solvent was removed by high
pressure vacuum pump.

Z,Z-1,4-Diphenyl-1,3-butadiene was characterized by '"H NMR and GC-MS.

'H NMR (400 MHz, CDCls) & (ppm) : 6.65 (d of d, 2H), 6.5 (d of d, 2H) 7.20-7.50
(m, 10H);

3C NMR (ppm) : 126.5 (s), 127.5 (s), 128 (s), 129 (s), 133 (s), 137.5 (s).

MS m/z 206(M)
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3.1 Singlet Oxygen reactions with 1,1-Disubstituted-ethylenes and

1,4-Diphenyl-1,3-butadienes

3.1.1 The Reaction of 1,1-Diphenyl-ethylene with Singlet Oxygen

1,1-Diphenylethylene was chosen as a probe to study the reaction
mechanism of the electrophiles, 'O, and MTAD with olefins. Since phenyl groups
have electron-donating abilities, phenyl substituted ethylenes are expected to be
electron rich and be reactive toward electrophiles. Phenyl groups also stabilize
positive charge through induction and the presence of a phenyl group are
projected to stabilize a zwitterionic intermediate such that direct observation or

trapping may be feasible, as shown below .

MeOH
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General Photolysis Procedure:

1,1-Diphenylethylene ( 0.3 mL, 0.0016 mmoles), 0.1 mL of singlet oxygen
photosensitizer solution (10‘4 M Rose Bengal, lamda max 550 nm, in CDCI3) and
~0.5 mL of CDCI3 were placed in a NMR tube. The NMR tube was placed in a
windowed Dewar flask maintaining a slow, steady flow of oxygen through the
solution and a temperature of 0 °C. A 150 watt Xenon lamp, Oriel model 68806
was used to irradiate the samples. A yellow Pyrex glass was used to eliminate
short UV wavelengths (550 nm) and to ensure no direct excitation of the olefin.
GC-MS spectroscopy and 'H-NMR were used to monitor the reaction. No
detectable changes were observed in the starting materials after 2 hrs of

irradiation.
Results:

We found that photooxidation of 1,1-diphenyl-ethylene in the presence of Rose

Bengal, O, and at 0 °C yielded no appreciable reactions.

102

y NO REACTION
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To confirm singlet oxygen formation during the photooxidation,
tetramethylethylene (TME) (10 uL) was added to the reaction mixture. TME is
commonly used as a diagnostic reagent to determine if singlet oxygen is being
formed under specific experimental conditions. After one hour of irradiation 'H-
NMR showed the presence of the characteristic hydroperoxide confirming the

generation of 'O, in solution under our reaction conditions.

>"":< + Oo==0 — —/%
OOH

Our results demonstrate the reaction involving 'O, with 1,1-diphenylethylene is

negligible under our experimental conditions.
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3.1.2 The Reaction of Methyleneindan with Singlet Oxygen
We chose to use methyleneindan to further probe the reactivity of 'O, towards
phenyl substituted olefins. The photooxidation of methyleneindan may give ‘4+2’,

‘2+2’ or ‘ene’ products as illustrated below.

H OCH
ene
H
242 o ﬁ
%, + O==0 —> — + C
H/ \H

442
o
o

Results:

The ‘2+2’ reaction of 1,1-type alkenes is typically slow. The formation of ‘4+2’
requires the loss of aromaticity and may possess significant strain. Our results
indicate that methyleneindan reacts with singlet oxygen to give the ene product
among a complex mixture of products. While the orientation of at least one of the
allylic hydrogens may be favorable for ‘ene’ reaction, the complex mixture of

products did allow us to further characterize the product using *C and 2D NMR

40



processes. Tentative assignment for the ene product are made for 'H NMR on

the following page.

41



474

Ndd

20, + uepuisusjAye I\ Jo WNIPadS YN H, © IIAX 8inbid

d




3.1.3 The Reaction of Fluorenene with Singlet Oxygen

We chose fluorenene to use to further probe the reactivity of 'O, towards
disubstituted olefins. Unlike the previous 1,1-diphenylethylene, fluorenene has a
ridged fixed conformation. The photooxidation of fluorenene may yield ‘4+2’

and/or, ‘2+2’ adducts as illustrated below.

e}
0O

A
oy 2T

(0

Our results indicate that photooxidation of fluorenene in the presence of Rose

Results:

Bengal, O, and at 0°C is very slow or negligible. The reaction was run for 4 hrs

using 150 watt Xenon lamp, Oriel model 68806.

. 1
O,
OQ . — " wm  NOREACTION
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3.1.4 The Reaction E,E 1,4-diphenyl-1,3-butadiene with Singlet Oxygen

E.E-1,4-diphenyl-1,3-butadiene was used to probe the stereochemical
consequences of the reactions of electrophiles with dienes. Isomeric 1,4-
diphenyl-1,3-butadienes may follow ‘4+2’ and ‘2+2’ reaction pathways but not
ene type reactions. Concerted addition of singlet oxygen to E,E-1,4-diphenyl-1,3-
butadiene (according to Woodward-Hoffman rules) or through a closed
intermediate, is expected to yield the product stereospecifically. If the reaction
involves non-concerted reaction pathways involving an open intermediate, the
stereochemistry would not be maintained in the products.

The expected products of E,E-1,4-diphenyl-1,3-butadiene with 'O, are shown

below:

Results: Our results demonstrate that E,E-1,4-diphenyl-1,3-butadiene reacts

with 'O, to give 99% endoperoxide (4+2) product and 1% 2+2 products.
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3.1.5 The Reaction of E, Z-1,4-diphenyl-1,3-butadiene with Singlet Oxygen

E,Z-1,4-diphenyl-1,3-butadiene (0.2 mL, 0.0009 mmoles), 0.1 mL of singlet
oxygen photosensitizer solution (10 M Rose Bengal, lamda max 550 nm, in
CDCI3) and ~0.5 mL of CDCI; were placed in a NMR tube. The NMR tube was
placed in a windowed Dewar flask maintaining a slow, steady flow of oxygen
through the solution and a temperature of 0 °C. A 150 watt Xenon lamp, Oriel
model 68806 was used to irradiate the samples. E,Z-1,4-diphenyl-1,3-butadiene
is isomerized to E,E-1,4-diphenyl-1,3-butadiene as soon as we started photolysis
reaction. To stop the photoisomerization, a Pyrex filter glass was used to
eliminate short UV wavelengths (410 nm) and to ensure no direct excitation of
the olefin. The NMR tube with the solution of E,Z-1,4-diphenyl-1,3-butadiene and
rose bengal, was placed in a windowed Dewar flask maintaining a slow, steady
flow of oxygen through the solution and a temperature of -78 °C. The 150 watt
Xenon lamp, Oriel model 68806 was used to irradiate the samples. GC-MS
spectroscopy and 'H-NMR were used to monitor the reaction. No detectable
changes were observed in the starting materials after 2 hrs of irradiation.

To confirm singlet oxygen formation during the photooxidation, tetramethylene
(TME) (10 uL) was added to the reaction mixture. After one hour of irradiation 'H-
NMR showed the presence of the characteristic hydroperoxide confirming the
generation of 'O, in solution under our standard reaction conditions. It explains
that reactions of E,Z-1,4-diphenyl-1,3-butadiene with singlet oxygen is much

slower than that of TME.
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Control reactions of E,Z-1,4-diphenyl-1,3-butadiene without singlet oxygen
sensitizer were performed following/maintaining the same reaction conditions. No
addition products eg. endoperoxide were observed without sensitizer.

Control reactions of E,Z-1,4-diphenyl-1,3-butadiene without filter were also
performed following/maintaining the same reaction conditions. E,Z-1,4-diphenyl-
1,3-butadiene isomerized to E,E-1,4-diphenyl-1,3-butadiene as soon as the

photolysis starts and gives endoperoxide product.
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3.1.6 The Reaction of Z,Z-1,4-diphenyl-1,3-butadiene with Singlet Oxygen

Z,Z-1,4-diphenyl-1,3-butadiene (0.2 mL, 0.9 umoles), 0.1 mL of singlet oxygen
photosensitizer solution (10 M Rose Bengal, lamda max 550 nm, in CDCl3) and
~0.5 mL of CDCI; were placed in a NMR tube. The NMR tube was placed in a
windowed Dewar flask maintaining a slow, steady flow of oxygen through the
solution and a temperature of 0 °C. A 150 watt Xenon lamp, Oriel model 68806
was used to irradiate the samples. Z,Z-1,4-diphenyl-1,3-butadiene is also
isomerized to E,E-1,4-diphenyl-1,3-butadiene as soon as we started photolysis
reaction. To stop the photoisomerization, a Pyrex filter glass was used to
eliminate short UV wavelengths (410 nm) and to ensure no direct excitation of
the olefin. The NMR tube with the solution of Z,Z-1,4-diphenyl-1,3-butadiene and
rose bengal, was placed in a windowed Dewar flask maintaining a slow, steady
flow of oxygen through the solution and a temperature of -78 °C. The 150 watt
Xenon lamp, Oriel model 68806 was used to irradiate the samples. GC-MS
spectroscopy and 'H-NMR were used to monitor the reaction. No detectable
changes were observed in the starting materials after 2 hrs of irradiation.

To confirm singlet oxygen formation during the photooxidation, tetramethylene
(TME) (10 uL) was added to the reaction mixture. After one hour of irradiation "H-
NMR showed the presence of the characteristic hydroperoxide confirming the
generation of 'O, in solution under our standard reaction conditions. It explains
that reactions of Z,Z-1,4-diphenyl-1,3-butadiene with singlet oxygen is much

slower than that of TME.
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Control reactions of Z,Z-1,4-diphenyl-1,3-butadiene without singlet oxygen
sensitizer were performed following/maintaining the same reaction conditions. No
products eg. endoperoxide were observed without sensitizer.

Control reactions of Z,Z-1,4-diphenyl-1,3-butadiene without filter were also
performed following/maintaining the same reaction conditions. Z,Z-1,4-diphenyl-
1,3-butadiene gets isomerized to E,E-1,4-diphenyl-1,3-butadiene and gives
endoperoxide product but E,Z-1,4-diphenyl-1,3-butadiene was not observed

during photolysis.
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Summary of the reactions of singlet oxygen reactions with reaction probes:

Q 0
3=  NO REACTION

1
02
OQQ — 3 NOREACTION

H H
H
102 O—C0CH
H H
__.___._____» .
+ Complex reaction

H H mixture

H H

O
>310 nm
w/o filter

y o

NO REACTION

NO REACTION
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3.2 Reactions of 4-Methyl-1,2,4-triazoline-3,5-dione (MTAD) with 1,1-

Disubstituted-ethylenes and 1,4-Diphenyl-1,3-butadiene

3.2.1 Reaction of 4-Methyl-1,2,4-triazoline-3,5-dione (MTAD) with 1,1-

Diphenyl-ethylenes

4-Methyl-1,2,4-triazoline-3,5-dione (MTAD), is known to be a stronger
electrophile than singlet oxygen, and generally reacts readily with olefins,
including disubstituted olefins. The expected product of 1,1-diphenylethylene and

MTAD is 2+2 product, formation of the 4+2 adduct requires loss of aromaticity.
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Experimental:

1,1-diphenylethylene (0.05 mL, 0.27 umoles) were transferred to a NMR tube
and 0.5 ml of CDCl3 were added. MTAD (0.061 mg, 0.54 umoles) were weighed
out and transferred to a small test tube, and dissolved in 1 ml of CDCls. Each
tube was placed in an ice-water bath for five minutes and then the MTAD/CDCl;
was added dropwise to the 1,1-diphenylethylene/CDClIs solution using a Pasteur
pipet. As the pink solution of MTAD/CDCI; was added to the olefin, the pink
color disappeared; indicating that a reaction was taking place. When all of the
solution was transferred, the solution remained dark pink for ~3 minutes, and

then the color faded and "H, "3C and COSY NMR spectrum were run.

Resuits :

Our results have shown an interesting observation that 1,1-Diphenylethylene
reacts with MTAD as 1:2 molar ratio based on MS results. Our NMR results did
not show any mono adduct corresponding to a 1:1 molar ratio. After addition of a
second equivalent of MTAD, NMR interpretation was leading to assignment of
4+2/ene and 4+2/4+2 adducts. The interconnections among the hydrogens were
confirmed by COSY NMR. Both the 4+2/ene and 4+2/4+2 adducts have the

mass of 406 and LC-MS spectrum supported it (406+1).
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Probable mechanistic pathways of the reaction of 1,1-Diphenylethylene with

MTAD is shown below :

4+2/ene adduct 4+2/4+2 adduct
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MeOH trapping attempt:

1,1-diphenylethylene (0.05 ml, 0.27 umoles) were transferred to a small test tube
and 0.5 ml of CDCI; were added. One drop of MeOH was added to the 1,1-
diphenylethylene/CDCl; solution. MTAD (0.061 mg, 0.54 umoles) was weighed
out and transferred to a small test tube to which 1 ml of CDCl; was added. . Each
test tube was placed in an ice-water bath for five minutes and then the
MTAD/CDCI; was added dropwise to the 1,1-diphenylethylene/CDCly/MeOH
solution using a Pasteur pipet. As the pink solution of MTAD/CDCI; was added
to the olefin, the pink color disappeared; indicating that a reaction was taking
place. When all of the solution was transferred, the solution remained dark pink
for ~3 minutes, and then the color faded. A 'H NMR spectrum was run. No new
peaks were observed; no intermediates were trapped. This procedure was

repeated at -78°C using a dry ice/acetone bath, and with CD,Cl, as the solvent.
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3.2.2 Reaction of 4-Methyl-1,2,4-triazoline-3,5-dione (MTAD) with
Methyleneindan:

Experimental: Methyleneindan (0.1356g, 1.043 mmoles) were dissolved in 0.5
ml of CDCl; and MTAD (0.1159 g, 1.026 mmoles) was dissolved in 0.5 ml of
CDCl3 .The solutions were placed in an ice-water bath. After five minutes, the
MTAD/CDCI; was added dropwise to the methyeneindan. Evidence of reaction
was observed by the disappearance of the pink color and appearance of a yellow
color in the solution. A "H NMR was run. The peaks observed corresponded to
the ene reaction, and unreacted olefin.

The reaction mixture was placed in an ice-water bath and 0.0612g, 0.5416
mmoles of MTAD dissolved in CDCl; was added dropwise to the reaction
solution. The solution remained pink. A '"H NMR was run once more. The NMR
spectrum did not show any new peaks. The reaction remained pink, indicating
that the reaction is in a one to one molar ratio of the reactants.

MeOH trapping attempt:

Methyleneindan (0.1560g, 1.2 mmoles) was dissolved in 0.5 ml of CDCl;. One
drop of methanol Optima was added. The flask was placed in an ice-water bath.
0.1370g, 1.212 of MTAD were weighed out and transferred to a small test tube.
The MTAD was dissolved in 0.5 ml of CDCls. The test tube was also placed in an
ice-water bath. After five minutes the MTAD/CDCI; was added drop wise to the
methyleneindan. The pink color disappeared and the solution turned a yellow

color. The NMR spectrum did not show any new peaks, indicating that trapping

did not occur.
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3.2.3 Reaction of 4-Methyl-1,2,4-triazoline-3,5-dione (MTAD) with
Fluorenene
Experimental:
Fluorenene (0.1356g, 0.7533 mmoles) was dissolved in 0.5 ml of CDCl; and
MTAD (0.1159 g, 1.0257 mmoles) was dissolved in 0.5 ml of CDCl;. The
solutions were placed in an ice-water bath. After five minutes, the MTAD/CDCl;
was added dropwise to the fluorenene. Evidence of reaction was observed by the
disappearance of the pink color and appearance of a yellow color in the solution.
A "H NMR was run. The peaks observed corresponded to a complex mixture.
The reaction mixture was placed in an ice-water bath and 0.0612 g, 0.5415
mmoles of MTAD dissolved in CDCIl; was added dropwise to the reaction
solution. The solution remained pink. A '"H NMR was run once more. The NMR

spectrum did not show any new peaks. The reaction remained pink.

MeOH trapping attempt:

Fluorenene (0.1560 g, 0.8666 mmoles) was dissolved in 0.5 mL of CDCl;. One
drop of methanol Optima was added. The flask was placed in an ice-water bath.
0.1350g of MTAD were weighed out and transferred to a small test tube. The
MTAD was dissolved in 0.5 mL of CDCIs;. The test tube was also placed in an ice-
water bath. After five minutes the MTAD/CDCI; was added drop wise to the

fluorenene. The pink color disappeared. The NMR spectrum did not show any

new peaks, indicating that trapping did not occur.
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3.2.4 Reaction of 4-Methyl-1,2,4-triazoline-3,5-dione (MTAD) with E,E-1,4-

Diphenyl-1,3-butadiene

The expected products of E,E-1 4-Diphenyl-1,3-butadiene and MTAD may be
2+2, 4+2 products but not ene type. Concerted addition of MTAD to E,E-1,4-
diphenyl-1,3-butadiene (according to Woodward-Hoffman rules) or through a
closed intermediate, a product is expected to form stereospecifically. If the
reaction involves non-concerted reaction pathways involving an open

intermediate, the stereochemistry would not be maintained in the products.

Scheme |

Q \ _ MTAD
\ O — 42"
N Concerted

E.E 1,4-diphenyl 1,3-butadiene
Stepwise ‘

2+2 adduct

trans 4+2 adduct
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Experimental:

E,E-1,4-Diphenyl-1,3-butadiene (0.5 mg, 0.002427 mmoles) were transferred to
a NMR tube and 0.5 ml of CDCl; were added. MTAD (0.5 mg, 0.00425 mmoles)
was weighed out and transferred to a small test tube to which 1 mi of CDCl; was
added. Each tube was placed in an ice-water bath for five minutes and then the
MTAD/CDCI; was added dropwise to the E,E-1,4-Diphenyl-1,3-butadiene /CDCl;
solution using a Pasteur pipet. As the pink solution of MTAD/CDCl; was added
to the olefin, the pink color disappeared; indicating that a reaction was taking
place. When all of the solution was transferred, the solution remained dark pink

for ~5 minutes, and then the color faded. Then 'H NMR spectrum was run.

Results: NMR and MS results have shown that E,E-1,4-Diphenyl-1,3-Butadiene

yielded 100% Diels-Alder (4+2) adduct with MTAD.

MeOH trapping attempt:

E,E-1,4-Diphenyl-1,3-butadiene (0.5 mg, 0.002427 mmoles) were transferred to
a NMR tube and 0.5 mi of CDCl; were added. One drop of MeOH were added to
the E,E-1,4-Diphenyl-1,3-butadiene /CDCI; solution. MTAD (0.5 mg, 0.00425
mmoles) was weighed out and transferred to a small test tube to which 1 ml of
CDCI; was added. Each tube was placed in an ice-water bath for five minutes
and then the MTAD/CDCI3; was added dropwise to the E,E-1,4-Diphenyl-1,3-
butadiene /CDClz/MeOH solution using a Pasteur pipet. As the pink solution of

MTAD/CDCI; was added to the olefin, the pink color disappeared; indicating that
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a reaction was taking place. When all of the solution was transferred, the solution
remained dark pink for ~5 minutes, and then the color faded. Then "H NMR
spectrum was run. No new peaks were observed; no intermediates were trapped.
This procedure was repeated at -78°C using a dry ice/acetone bath, and with
CD2Cl; as the solvent.

Even then we have not observed any new peaks. Therefore, intermediates may
not form in this case. Concerted addition of MTAD to E,E-1,4-diphenyl-1,3-
butadiene (according to Woodward-Hoffman rules) can be reported here. If the
reaction involves non-concerted reaction pathways involving an open

intermediate, the stereochemistry would not be maintained in the products.
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Mechanism of the MTAD reaction with E,E-1 ,4-diphenyl-1,3-butadiene:

s ‘
()=

E,E 1,4-diphenyl 1,3-butadiene MTAD

4+2
MTAD | MeOH O

Cis 4+2 adduct

79



3.2.5 Reaction of 4-Methyl-1,2,4-triazoline-3,5-dione (MTAD) with E,Z-1,4-
Diphenyl-1,3-butadiene
Experimental: E,Z-1 ,4-Diphenyl-1,3-butadiene (0.5 mg, 0.002427 mmoles) was
transferred to a NMR tube and 0.5 ml of CDCIl3 was added. 0. 5 mg, 0.0442
mmoles MTAD was transferred to a small test tube to which 1 mi of CDCl; was
added. Each test tube was placed in an ice-water bath for five minutes and then
the MTAD/CDCIl; was added dropwise to the E,Z-1,4-Diphenyl-1,3-butadiene
/CDCls solution using a Pasteur pipet. As the pink solution of MTAD/CDCl; was
added to the olefin, the pink color disappeared slowly; indicating that a reaction
was taking place. When all of the solution was transferred, the solution remained
dark pink for ~5 minutes, and then the color faded. Then 'H NMR spectrum was

run.

Results: We have observed 80% trans and 20% cis Diels-Alder (4+2) adducts.

Wee did not observe any “2+2” adduct or isomerization.

MeOH trapping attempt:

E,Z-1,4-Diphenyl-1,3-butadiene (0.5 mg, 0.002427 mmoles) was transferred to a
NMR tube and 0.5 ml of CDCI; was added. One drop of MeOH was added to the
E,Z-1,4-Diphenyl-1,3-Butadiene/CDClI; solution. 0. 5 mg, 0.0442 mmoles MTAD
was transferred to a small test tube to which 1 ml of CDCl3 was added. Each test
tube was placed in an ice-water bath for five minutes and then the MTAD/CDCl;

was added dropwise to the E,Z-1,4-Diphenyl-1,3-Butadiene /CDCl3/MeOH
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solution using a Pasteur pipet. As the pink solution of MTAD/CDCI; was added
to the olefin, the pink color disappeared; indicating that a reaction was taking
place. When all of the solution was transferred, the solution remained dark pink
for ~5 minutes, and then the color faded. Then 'H NMR spectrum was run. No
new peaks were observed; no intermediates were trapped. This procedure was
repeated at -78°C using a dry ice/acetone bath, and with CD,Cl, as the solvent.
Even then we have not observed any new peaks. No E,E-1,4-Diphenyl-1,3-
butadiene was observed during the reaction. We tried to trap radicals by using O,

but no peaks corresponding to radical intermediate were observed.
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Fig XXXVI : '"H NMR spectrum of E,Z-1,4-Diphenyl-1,3-butadiene + MTAD
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Mechanism of the MTAD reaction with E,Z-1,4-diphenyl-1,3-butadiene:

E.Z 1,4-diphenyl 1,3 butadiene

0
N//< .
I N—— stepwise
N
S
@) N . e]
\( \ﬁ 4+2 trans adduct

80%

4+2 cis adduct
20%
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Fig XXXVIII : '"H NMR spectrum of E,Z-Diphenyl 1,3-Butadiene + MTAD + MeOH
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3.2.6 Reaction of 4-Methyl-1,2,4-triazoline-3,5-dione (MTAD) with Z,Z2-1,4-
Diphenyl-1,3-butadiene

Experimental: Z,Z-1 4-Diphenyl-1,3-Butadiene (0.5 mg, 0.002427 mmoles) was
transferred to a NMR tube and 0.5 ml of CDCI3 was added. 0. 5 mg, 0.0442
mmoles MTAD was transferred to a small test tube to which 1 ml of CDCl; was
added. Each test tube was placed in an ice-water bath for five minutes and then
the MTAD/CDCIl; was added dropwise to the Z,Z-1 ,4-Diphenyl-1,3-Butadiene
/CDClj; solution using a Pasteur pipet. As the pink solution of MTAD/CDCl; was
added to the olefin, the pink color disappeared very slowly; indicating that a
reaction was taking place. When all of the solution was transferred, the solution

remained dark pink. Then 'H NMR spectrum was run.

Results: Our results have shown that reaction of Z,Z-1,4-Diphenyl-1,3-butadiene
with 4-Methyl-1,2,4-triazoline-3,5-dione (MTAD) gives 50% cis and 50% trans

Diels-Alder (4+2) adducts. We did not observe any “2+2” or isomerization.

MeOH trapping attempt:

Z, Z-1,4-Diphenyl-1,3-Butadiene (0.5 mg, 0.002427 mmoles) were transferred to
a NMR tube and 0.5 ml of CDCI3 were added. One drop of MeOH were added to
the Z, Z-1,4-Diphenyl-1,3-butadiene /CDCl; solution. 0.5 mg, 0.00424 MTAD
was transferred to a small test tube to which 1 ml of CDCl; was added. Each test

tube was placed in an ice-water bath for five minutes and then the MTAD/CDCl3
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was added dropwise to the Z, Z-1 ,4-Diphenyl-1,3-butadiene /CDCls/MeOH
solution using a Pasteur pipet. As the pink solution of MTAD/CDCl; was added
to the olefin, the pink color disappeared; indicating that a reaction was taking
place. When all of the solution was transferred, the solution remained dark pink
for ~5 minutes, and then the color faded. Then 'H NMR spectrum was run. No
new peaks were observed; no intermediates were trapped. This procedure was
repeated at -78 °C using a dry ice/acetone bath, and with CD.Cl, as the solvent.

Even then we have not observed any new peaks.
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Mechanism of the MTAD reaction with Z,Z-1 ,4-diphenyl-1,3-butadiene:

= ~— 7 Sph  MTAD
” TN
P , PP

Z,Z2-1,4-diphenyl-1,3-butadiene

T MTAD 4+2 Cis adduct
(50%)

|
~r

N—N®

4+2 trans adduct
{50%)
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Summary of results of MTAD reactions with reaction probes:

o) T HYL
Hi;C—N | l’l ! H
o | H H
4+2/44+2 adduct

O}__N %
@ MTAD NG /go

ene adduct

AN
O Q ; » Complex mixture
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MTAD
-——.—____,,__>

4+2 cis adduct 4+2 trans adduct

20% 80%

A
OO

SUR®

4+2 cis adduct 4+2 trans adduct

50% 50%
Substrates Cis- 4+2 trans-4+2 2+2 ene
adduct adduct adduct
E,E-1,4-diphenyl- 100% 0% 0% not observed
1,3-butadiene
E,Z-1,4-diphenyl- 20% 80% 0% not observed
1,3-butadiene
Z,Z-1,4-diphenyl- 50% 50% 0% not observed
1,3-butadiene

* Exceptional results of MTAD reaction with 1,1-diphenylethylene (2:1) ratio

Substrate 4+2/4+2 adduct 4+2/ene adduct
1,1- 50% 50%
Diphenylethylene
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Conclusions

E,E-1,4-diphenyl-butadiene reacts with '0, via a Diels-Alder addition to
form the corresponding “cis” endoperoxide (99%) and a small amount of “2+2”
product (~1 %). The E,Z and Z,Z isomers did not exhibit any reaction with 'O,
under our reaction conditions. These results suggest that 'O, reacts via a
concerted reaction with E,E-1, 4-diphenyl-butadiene and the difference in 02
reactivity among these isomers is likely the result of the population of the s-cis
conformation, which is restricted for the E,Z and Z,Z isomer (inhibiting the Diels-
Alder reaction). Although MTAD is often used as a singlet oxygen mimic it
exhibited dramatically different reactivity than 0, towards the substrates used in
our study, with the exception of fluorenene. Fluorenene gives complex reaction
mixture including the ene products upon react with singlet oxygen and MTAD.
MTAD reacts with 1,1-diphenyl ethylene to form a mixture of 4+2/4+2 and
4+2/ene 2:1 adducts. Unlike singlet oxygen, MTAD reacts with all the 1,4-
diphenyl-butadiene isomers; E,E yields the stereospecific Diels-Alder Adduct; E,
Z and Z,Z yield a mixture of cis and trans Diels-Alder adducts. We propose that
the E,E reacts with the s-cis conformation via a concerted addition, while E,Z and
Z,Z cannot populate the s-cis conformation and hence react via radical reaction
leading to non-stereospecific products. Our results clearly demonstrate that
electrophile and substrate have a pronounced effect of the reaction pathways

and caution must be used when using MTAD a model for singlet oxygen.
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The exceptional high yields (99%) of endo-peroxide produced from the reaction
of "0, with E,E-1 -4-diphenyl-1,3-butadiene indicate that this procedure may be
valuable for making antimalarials (i.e. Artemisinin from sweet wormwood,
Artemisia annua). Endoperoxides are being used for the treatment of malaria in
many parts of the world.

Oxidation of vitamins is a significant aspect of photooxidative degradation of
foods. Our models process the same basic structural features as vitamin A, B,
(riboflavin), Be (pyridoxine), By, C, D, E. Degradation of these vitamins by light
and oxygen should correlate to our experimental results. Exposure of milk to day-
light for periods longer than 30 mins produces an objectionable flavor commonly
known as “sunlight” flavor can be explained by the generation of singlet oxygen
in milk by photosensitization by the potent natural photosensitizer, riboflavin.
The caroteniods, natural antioxidants are excellent quenchers of singlet oxygen
and/or excited sensitizers and can therefore confer protection on adjacent
chemical or biochemical systems. Our study provides the fundamental
mechanistic info about the photooxidation of the conjugated systems and should
help to assess the impact of singlet oxygen reactions in the environment and

living organisms.
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Appendix :

Control Reactions for 1,4-Diphenyl-1,3-butadienes :

Singlet oxygen reaction without sensitizer:

None of the isomers of 1,4-Diphenyl-1,3-butadienes give any product with

oxygen without sensitizer.

Singlet oxygen reaction without 410 nm filter:

E, E-1,4-Diphenyl-1,3-butadiene gives endoperoxide produtct as expected. E, Z-
1,4-Diphenyl-1,3-butadiene and Z, Z-1,4-Diphenyl-1,3-butadiene also give

endoperoxide product but they get isomerized to E, E-1,4-Diphenyl-1,3-butadiene

very soon.
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