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Dibenzoylmethanatoberon diflucride {DBMBF,), as an electron acceptor sensitizer,
exhibiis a variety of photoreactions from iis singlet excited state.

Studies were undertaken on the photoreactions of DBMBF; with electron-rich
cyclic dienes or vinyl ethers and with electron-deficient «,-unsaturated ketones or esters.
In most cases, photocycioaddition of DBMBF; to the olefin was regioselective to yield the
head-to-head orientation, and stereoselective fo give the siereoisomer having a cis-
configuration for its side chains. In the quenching of DBMBF fluorescence, the
reactivities of olefins increase with electron donating abiiity and follow: simple olefin <
non-conjugated cyclic diene < conjugated cyclic diene. However in acetonitrile, the
adduct quantum yield of DBMBF, photoreactions decreases along the same sequence:
cyclooctene (P4 = 0.4) > 1,5-cyclooctadiene (®, ~ 0.2) >> 1,3-cyclooctadiene (P4 ~ 0).
This order is attributed to the increased charge transfer {CT) character of DBMBF.-olefin
exciplexes, proposed as the precursor of the cycloaddition product.

Solvent effects on the photoreaction of DBMBF; with electron-rich olefins were
examined to test for the formation of exciplex and its polar nature. In the polar solvent
acetonitrile, the singlet excited DBMBF; reacted with 1,3-cyclohexadiene or phenyl vinyl
ether 1o generate cation radicals which then dimerized. With solvents of decreasing
polarity, the dimerizaiion was gradually superseded by the cycloaddition reaction of
DBMBF; with the olefin. A smooth correlation of the adduct quantum yield was found
with the empirical solvent polarity E+{30), through the solvent range from acetonitrile to

xylene. As an interpretation, the DBMBF;-olefin exciplex would respond to the changes in

il



the solvent polarity by differentially partitioning among ionic dissociation, adduct
formation, and decay 1o starting materials.

The wation of DBMBF; excimer promotes photocycdioaddition of DBMBF; 1
electron-rich olefins, which showed a DBMBF; concentration effect in non-aiomatic
solvents. With cyclic dienes, the reaction follows a dual pathway involving both excited
DBMBF; monomer and excimer. With vinyl ethers, the excimer reaction predominates.
However in aromatic solvents, the singiet excited DBMBF; converts to an emissive
exciplex with the ground state solvent molecule. In benzene for example, the DBMBF,-
benzene exciplex is the principal species which reacts with olefins to fcrm adducts. A
very efficient Diels-Alder dimerization of 1,3-cyclohexadiene (®p = 0.6) was found to be
cosensitized by the DBMBF »-xylene exciplex in acetonitrile. Two pathways are proposed
for the diene radical cation initiation: (1) an ionic dissociation of the DBMBF,-xylene
exciplex, followed by an exothermic electron transfer from the diene to the xylene radical
cation; or (2) an electron transfer mediated by a triplex intermediate, *(OBMBF;-xylene-

diene).
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CHAPTER ONE

INTRODUCTION
1.1 Photoinduced Electron Transfer

Photoinduced electron transfer (PET) is well recognized as a fundamental
process in chemistry and has attracted tremendous interest of chemists from many
fields.I" Photoexcitation of either an acceptor or a donor molecule will promote an
electron transition from a HOMO to a LUMO orbital. The electronically excited molecule
thus formed has an enhanced redox reactivity as both a better donor and acceptor,
which can be visualized in the HOMO - LUMO picture shown in Fig. 1.1.% In the ground
state, electron transfer from the HOMO, of a donor to the LUMO, of an acceptor is an
endothermic process. However, when the acceptor molecule is in an excited state,
electron transfer from the HOMO;, to the half-filled HOMO, is energetically feasible (Fig.
1.1). Therefore, upon photoexcitation, electron transfer between donor and acceptor
molecules occurs more easily than in their ground states. The driving force for the
electron transfer is provided by light absorption.

For a bimolecular electron transfer between two ground state molecules in the
gas phase, the free energy change is estimated by:

AGgr = IPp — EAa (Eq. 1.1)
where IPp is the ionization potential of the donor and EA, is the electron affinity of the
acceptor molecule. When the acceptor molecule is an excited state species, the free
energy change of electron transfer can be estimated based on the simplified MO
diagram (Fig. 1.1),%¥ where AGgr = IPp — EAx and EAx = EAx + Ea
thus we have: AGgr = (IPp — EA)) - Ea- (Eq. 1.2)

In Eq. 1.2, E, is the transition energy from HOMO, to LUMO, of the acceptor, and
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Fig. 1.1 A simple MO diagram for electron transfer from a donor (D)
to a singlet excited acceptor (*A)

the term (IPp — EA,) is the energy stored in the radical ions A™ and D*-. If the excitation

energy of the acceptor molecule (Ex-) exceeds the energy stored in the radical ions, then
the electron transfer from D to A* should occur.

In solution, the free energy for the bimolecular PET process must include the

solvation energies ( AG:?‘ + AGi‘.") and the energy of Coulombic interaction (e%/er)
between the cation (D**) and the anion (A™) as shown in Eq. 1.2a:®
AGer = (IPp — EAJ) + (AGS + AGY) — Ex — €%er (Eq. 1.2a)

EY — ERY = (IPo ~ EAY) + (AGS 4+ AGDY) (Eq. 1.3)

As the ionization potential and electron affinity are related to the redox potential

according to Eq. 1.3 combining Eq. 1.3 into Eq. 1.2a gives the Rehm - Weller equation



for the free energy AGer of solvent separated radical ion pair formation in a solvent of

A+D —, A.p+

AGer = (EX — E®Y) — Ea — e%er (Eq. 1.4)
dielectric constant £ (Eq. 1.4).' Using the redox potentials determined in acetonitrile as
a reference, the free energy AGey of a PET process in various solvents can also be

estimated by Eq. 1 516.4.7]

AGer (eV) = (ED* — EX%cuon — Ea + AEcou (Eq. 1.5)
2
eN 1 2 1 1 2
where: AEg,; (eV) = _————)— =2058( ———
(eV) 4zt£r(e 37.5)F (s 37.5)

o

in Eqg. 1.5, (Eg" - E"Aed Jeren is the difference between the oxidation potential of the

donor and the reduction potential of the acceptor measured in acetonitrile; AE., is the
free energy of solvation and Coulombic interaction for bringing the cation and anion to
the encounter distance r = 7 A in a solvent with dielectric constant £,/ % ¢, = 8.854 x 10"
CV'm™, N=6.023 x 10° mole”, F = 96489 C and e = 1.602 x 10" C. Based on Rehm
- Weller equation, the direction and energetics of electron transfer, from a ground state
donor molecule to an excited state acceptor, can be predicted from their redox

potentials, excitation energy and solvent polarity.

1.2 Radical lon Pair and Exciplex

There are a variety of reactive intermediates involved in the course of a
photoinduced bimolecular electron transfer reaction. A complete electron transfer will
lead to the formation of radical ion pairs, but when a partial electron transfer occurs, an

excited molecular complex, or exciplex, can be formed. The first observed exciplex was



reported in 1963 by Leonhardt and Weller,' in the fluorescence quenching of excited
arenes by arylamines. Since then, many other exciplexes have been found and shown
to be key intermediates in PET processes.”

An exciplex is defined as an excited molecular complex of definite stoichiometry
that is dissociated or weakly associated in its ground state.®! Experimentally, the
spectroscopic evidence of exciplex formation is the observation of a structureless
emission spectrum which (i) occurs at the long wavelength side of the absorption spectra
from both acceptor (A) and donor (D), (ii) does not correspond to the individual emission
spectrum of either A or D, and (jii) is concentration dependent. If an exciplex is
dominated by its locally excited configuration (*AD), then the vibrational structure of *A
does appear in the exciplex emission spectrum.!'®

The driving force of exciplex formation arises from a net stabilization upon the

MO interactions between the excited state acceptor (*A) and the ground state donor (D)

as shown in Fig. 1.2. The exciplex is symbolized as AS D%, which indicates that the

S T >--——  LUMO,

Fig. 1.2 A simple MO diagram for the exciplex formation between the singlet
excited electron acceptor (*A) and the ground state donor (D).



acceptor component in the exciplex has gained more electron density. The stability of

the exciplex can also be briefly described in the resonance formulation:'"
*AD «— AD*
¥ = ¢, Y(*AD) + ¥ (ADY) (Eq. 1.6)

in Eqg. 1.6, *AD refers to the locally excited configuration and A"D* represents the charge
transfer configuration. The weighting of the charge transfer (CT) configuration should
determine the CT character of the exciplex. Thus the wave function of Eq. 1.6 will
correspond to a non-polar exciplex for ¢; > c;, a polar exciplex for ¢y < ¢;, and in the
extreme case ¢; << C;, the exciplex becomes a contact ion pair. The extentof CT
character can be affected by solvent polarity.l'? For example, when the polarity of
solvent is increased, the exciplex CT character should be promoted, causing the
fluorescence quantum yield and lifetime of a polar exciplex to decrease.” The emission
maximum of an exciplex also shifts to longer wavelength from nonpolar to polar solvents.
By measuring these red-shifts of exciplex emission, the dipole moment of the exciplex
can be estimated."* '

The intermediacy of an exciplex in photoreactions was first demonstrated by
Caldwell.!"¥ 1t was observed that the exciplex emission of 9-cyanophenathrene-anethole
and their corresponding photocycloaddition were equally quenched by added quenchers.
This clearly demonstrated that the emitting exciplex is indeed the precursor for the
related cycloadduct formation.

Further studies on photoreactions of donor-acceptor cycloaddition via an exciplex
showed that an increase in the exciplex CT extent generally impedes the process of
cycloaddition.'? For example, observations of the decrease in adduct quantum yieids

were reported when either a stronger acceptor or stronger donor was used in the



photocycIo::xcfdition.’57I The decrease of adduct quantum yields with increasing solvent
polarity was also observed where a polar exciplex was involved.” These phenomena
suggest that the donor-acceptor cycloaddition is inherently a non-ionic process,!'?
largely attributed to the local excited configuration (*AD) of the exciplex.

in studying the PET reactions of cyanoarenes with alkylbenzenes, Gould and
Farid have proposed an overall mechanistic scheme covering radical ion pairs and

exciplex intermediates (Scheme 1.1).'" In Scheme 1.1, *A(S)D is the encounter

Scheme 1.1;
*AD | «—— *A(SID «=—— ‘A 4+ D
A
H
v v
A-D¥ —» APt — AT + D? hv
hv , l
— AD A(S)D A + D
Rpsr ~35A 6~8A > 8A

complex, A~ D*" is the contact radical ion pair, A~ (S)D*" is the solvent separated ion pair
(SSIP), AD is the ground state complex and Rp, is the separation distance between
molecules A and D which increases from left to right. According to this scheme,
diffusional quenching of excited state acceptor (*A) by a donor molecule (D) primarily

forms *A(S)D. Electron transfer then occurs by two pathways: (i) the exciplex formation

and (i) the formation of A~ (S)D*" directly from *A(S)D. The importance of each pathway

was evaluated by determining efficiencies of exciplex formation. The results suggested



that, for a complete mechanism of these PET reactions, the intermediacy of exciplex
must be taken into account even in polar solvents.!'?

Since the electronic structure of an exciplex can be described by charge transfer
and locally excited configurations, the extent of charge transfer determines the type of
intermediates, and the intermediate in turn determines the pathways of reactions.?? In
defining the mechanism of PET reactions, one of the challenges is to determine what
intermediates are involved and which pathways they proceed. Searching for answers to

these questions is essential for elucidation of the electron transfer mechanism of excited

state molecules.

1.3 Photocycloadditions of Electron-Rich Olefins

via Radical lon Pairs and Exciplexes

One of the earliest photoreactions of olefins is the alkene-enone [2+2]-
cycloaddition, and this type of photoreaction is best known now in the synthesis of
cyclobutane rings.?" The relevant mechanistic aspects and synthetic applications have
been widely reviewed in literature.?"?? Between the 1950’s to the 1970’s, the discovery
of excited molecular complexes (excimer / exciplex) stimulated extensive research on
those excited species for photophysics and photochemistry.{a' %1 As a result of those
efforts, PET induced reactions of olefins have emerged to be a new field in organic
photochemistry.['2

The PET reactions of olefins can be grouped in two categories according to the
chemical role of the excited state molecule.!'>?*! The first group comprises the PET

126! and Diels-

reactions, such as photoisomerization,” cation radical [2+2] dimerization
Alder dimerization,””! which often use an electron acceptor sensitizer. The excited

acceptor molecule initiates the electron transfer reaction of ground state olefins, and the



acceptor itself is not consumed in the course of reactions. In the second group, the
excited molecule undergoes bimolecular chemical reactions via an exciplex to give a
donor - acceptor addition.t'

in section 1.3.1, the [2+2] cyclodimerization of N-vinylcarbazole and phenyl vinyl
ether will be introduced first, followed by Diels-Alder dimerization of 1,3-cyclohexadiene.
The radical cation intermediacy in these reactions will be the focus of discussion. The
photocycloaddition of electron-rich olefins, which proceeds via an exciplex intermediate,

will be briefly reviewed in section 1.3.2.

1.3.1 The Sensitized Dimerization of Electron-Rich Olefins
The [2+2] dimerization of electron-rich olefins under PET conditions is often

found to involve a radical cation as intermediate. A general mechanism for the cation

radical reactions has been proposed as follow:? 2% 2%
Scheme 1.2:
=
R R R A
® ©°) (0*-D) (Dé' ) oy O

[28]
R= phenoxyl{zs] p-methoxyphenyl- [29)
N

The first example of PET induced dimerizations is the photoreaction of N-vinyl-
carbazole (NVC) in methanol,?®2® % which gives the trans-head-to-head cyclodimer of
NVC. Chioranil was used as the eleciron acceptor sensitizer. Ledwith thoroughly
investigated the PET dimerization of NVC by using a wide range of sensitizers and

proposed that the dimerization followed a radical cation chain mechanism (Scheme



1.2).-3Y The chain nature of this reaction is supported by the observation that the
dimer quantum yield is in excess of unity (®mx = 66°"). The dimerization can be

initiated photochemically either by the reaction of NVC with an excited acceptor
sensitizer or by the direct excitation of the ground state complex of NVC with the
acceptor molecule. The electron transfer nature of this reaction is also reflected by its
solvent dependence: the dimerization is very fast in polar solvents methanol and
acetonitrile, but no reaction occurs in cyclohexane.

The photocyciodimerization of phenyl vinyl ether (PVE) was reported by

Shigemitsu postulating an exciplex intermediate (Eq. 1.7)." Further studies by Evans

and Farid suggested that the dimerization was a radical cation reaction.** 2%
P hv, >300 nm Ph Ph
— + (Eq. 1.7)
CH3CN ~0Ph "o

cis- - trans- = 60 : 40
(Sensitizer: 9,10-dicyanoanthracene,'?! benzonitrile or dimethyl terephthalatel32))

Quenching of 9,10-dicyanoanthracene (DCA) fluorescence by PVE showed that a weak
exciplex emission appeared at -40 °C in methyicyclohexane, and the quenching rate
constants were found to correlate linearly with solvent polarity. The interpretation of
these results is that the singlet excited DCA reacts with PVE to form an exciplex which
then dissociates in polar solvents to give radical cation of PVE. As a support for this,
CIDNP effects on the '"HNMR spectrum of PVE was observed in the sensitized
dimerization of PVE in acetonitrile-ds.™**

The radical cation of PVE was suggested as a chain carrier since the DCA
sensitized dimerization of PVE gave a limiting quantum yield of 1.7.%*1 The dimer

formation was quenched by 1,5-dimethoxynaphthalene (DMN), a better electron donor



than PVE. On the basis of a chain mechanism (Scheme 1.2), kinetic studies revealed
two quenching patterns at different concentrations of DMN. At low concentrations, the

quenching of dimerization is caused by the selective interception of chain propagating

step by DMN, i.e., D; + DMN — D, + DMN™. At relatively high concentrations, the
secondary electron transfer from DMN to D™ dominates the quenching event, i.e.,, D" +
DMN — D + DMN™ 9 Other studies on PVE cyclodimerizations were also reported

in which a polymeric electron acceptor sensitizer™ 23 or an optically active sensitizer

was used. &%

Table 1.1 Reaction conditions and product ratio of CHD dimerization

H H H H

A - i
O —> ﬂ% + M+ + (Eq. 1.8)

H H H H

[4+2] dimer [2+2] dimer
No. Conditions and sensitizer Yield% | endo- exo- anti- syn- | Ref.

2 | ArNSBCI;, in CH;Cly, at 0 °C 70 83 17 a7b
3 | hv, > 330 nm, in CH;Ck, DCA 60 77 23 27a
4 | hv, > 330 nm, in CH:Cl,, DCN 41 80 10 7 3 37¢

hv, > 330 nm, in benzene, DCN

5 [CHD}=0.11 M - 34 216 75 arda
[CHD}=2.1M - 283 217 50 24c

6 | hv, > 330 nm, neat - - 37 41 22 37e

7 Li‘w, iriplet, B-acetonaphthone 92 - 20 60 20 | 37a

Note: ArN"SbCI; is tris{p-bro —_
DCA:sQiG—cﬁ:ya:meaoeneandDCN:ﬂMﬁcyammphmaiene
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Table 1.1 summarized results of some typical experiments in the dimerization of

1,3-cyciohexadiene (CHD) under a variety of conditions.”*>*** The [4+2] dimerization
predominates either under thermal reactions (by heating or by oxidation), or under PET
conditions (Table 1.1, No. 1 ~ 4}. Direct irradiation and triplet sensitization produce
mainly [2+2] dimers with a minor amount of exo-[4+2] dimer {Table 1.1, No. 6 and 7).

A chain mechanism (Scheme 1.3A) was established by Bauid for the thermal
radical cation reaction of CHD (Table 1.1, No. 2) ™ # ® This scheme is consistent

with the reported chain reaction of the CHD radicai cation initiated by y-irradiation.”™

Scheme 1.3:
(A) Chain mechanism
i
ALN' + CHD — Y. cHp CHD
o —» cHD' —» (CHD}} L& [4+2}- (CHD),
A + cHp -

(B) Electron transfer sensitization

HO . CH
A e o D5 cup S choy

4

The photochemically induced Diels-Alder reaction of CHD was observed when a
thracene (DCA) and CHD was irradiated at

Mhy%eﬁe mms&m‘ ﬁ 9,} 11 Yo b
> 330 nm (Table 1.1, No. 3). Having examined the CHD dimerization sensitized by 1.4-

He, Schuster suggested a radical cation chain

b & . i =2 e BT & P S - S R m / B = =
mechanism for this photochemical CHD dimerization (Scheme 1.3A4).7"® The radicai

anion DCN was observed in faser flash photolysis, and the endo-[4+2] dimer was
selectively quenched by the added 1,3 5-timethoxybenzene (TMB), an electron donor

1]



for intercepting CHD*"¥¥ Steckhan also postulated the chain-reaction mechanism for
the CHD dimerization using pyrylium salt as sensitizer in CH,Ch,. ™™

The electron fransier sensitization, shown in scheme 1.3B, is a parallel
mechanism which explains the photochemical Diels-Alder reaction of CHD * 3 Thig
scheme is differert from scheme 1.3A in that the sensitizer (A} is regenerated through a

back electron transfer from its radical anion (A ™) to the dimenic cation (CHD); .

Eberson and Olofsson disputed scheme 1.3A regarding the role of tnarylamine radical

cation (Ar;N"), and they suggesied that the cation Ar;N” shouid be regenerated by:

(CHD); + AN — [4+2](CHD), + ArN"
Thus a conventional catalytic mechanism can be an altemative to scheme 1.3AF"
To what extent, Scheme 1.3A or 1.3B is involived in the photochemical Diels-Alder
dimerization of CHD is still not clear.**>
A non-ionic pathway of [4+2]-photodimerization of CHD was reported by

Schuster for the 1,4-dicyanonaphthalene {(DCN) sensilized reaction of CHD in

benzene.”® Consistent with the genera’ finding that the formation of radical ions is not
favorable in nonpolar solvents, no ionic species were detecled in the laser flash
photolysis of DCN with CHD in benzene. The guencher 1,3,5-trimethoxybenzene (TMB)
for intercepting CHD* showed no effects on this dimernization. Based on these
rvations, the non-ionic pathway involving the formation of tnplex was suggested:
*DCN-CHD + CHD — *(DCN-CHD-CHD) {Eq. 1.9)

in Eq. 1 9, the exciplex "“DCN-CHD is intercepted by another CHD molecule 1o form a

triplex *(DCN-CHD-CHD), and this triplex is suggested to give the endo-{4+2] dimer of
CHD.™¥ This explained that the ncreased CHD concentration in benzene resulied in

more endo-{4+2] dimer formation (Table 1.1, No. 5). ¢

12



1.3.2 The Cycloaddition of Electron-Rich Olefins via Exciplexes
The photocycioaddition of anthracenes to 1,3-cyclohexadiene (CHD, Eq. 1.10)
and 2,5-dimethyi-2,4-hexadiene (DMHD) has been reported to proceed via exciplex

intermediates.**® As the exciplexes are fluorescent for most diene-arene pairs,**

, Br. CN, CN Y
Ci Br. H, CN [4+21

Eq. 1.10:

this allows the exciplex polarity to be measured qualitatively simply by comparing the
red-shifts of exciplex fluorescence maxima in various solvents. Using this method, the
distribution of [4+2] and [4+4] adducts was found to be related to the polarity of
exciplexes: nonpolar exciplexes from anthracene and naphthalene undergo the
concerted [4+4] cycloaddition, but polar exciplexes of substituted anthracenes undergo
mainly the stepvise [4+2] additions.* Similar work on the relationship between the
exciplex CT nature and the orientation of photocycloaddition were also reported by
Albini [ for the photocycloaddition of 1- or 2-cyanonaphthalene and 1,4-dicyanonaph-
thalene to 1,3-dienes (CHD, DMHD and 2,3-dimethyl-1,3-butadiene) in benzene, where
nonemissive exciplexes were postulated as the intermediate.

Pac’s group has studied the pholoreactions of 1- and 2-cyanonaphthalene with
vinyl ethers (Eq. 1.11), such as ethyi vinyl ether and phenyl vinyl ether.*¥ Since the
postulated exciplexes in the reaction systems are nonemissive, solvent effects were
examined on the quenching of cyanoarene fiuorescence by vinyl ethers and on the
cycloaddition of the donor-acceptor pairs. The charge transfer (CT) nature of the
exciplex is expected to change with solvent polarity and so is the chemical reactivity

13



Eqg. 1.11:

OR
: N [ N
OR I 2T -
Qo - (" =[QT O
4
R = ethyl, phenyl 1
OR
CN NC
+ @
exo-

endo-adduct
(minor) (major)

of the exciplex towards cycloadduct formation. The reported results are consistent with
the general understanding of a polar exciplex mediated reaction: an efficient arene-vinyl
ether addition occurs in less polar solvents, corresponding to an exciplex with low CT
contributions; but in polar solvents, the extent of CT contributions can be induced
significantly so that the ionic dissociation of the exciplex dominates over the adduct

formation ! %9

The majority of PET reactions reviewed in literature involve electron acceptor
sensitizers.*”? Among them, cyanoarenes are most common (Table 1.2). Besides the
listed chloranil, a few other carbonyl compounds, such as fluorenone, biacetyl and
benzil, were also reported in literature as electron acceptor sensitizers.”™ 2*7 However,
1,3-diketones have received little attention as being the PET reagents. Aithough the
BF-complexation of 1,3-dikefones led to some findings in the emission properties of 1,3-
diketonatoboron difluorides,¥®™ no publications were found in studying their PET
reactions until the work done by Chow'’s group in the photochemistry and photophysics

of 1,3-diketonatoboron difluorides.t*®



Table 1.2 Reduction potential (E}; ) and singlet excitation energy (Es)
of commonly used electron acceptor sensitizers 2

- Ey, (€V) Es (eV)
Sensitizer in CH;CN vs. SCE |  in CHyCN
chloranil 0.02 --

2,4,6-triphenylpyrylium tetrafluoroborate -0.29 2.80
2,6,9,10-tetracyanoanthracene -0.45 2.82
1,2,4,5-tetracyanobenzene -0.65 3.83
9,10-dicyanoanthracene -0.89 2.88
1,4-dicyanonaphthalene -1.28 3.45
1,4-dicyanobenzene -1.60 4.27
9-cyanocanthracene -1.70 2.96
1-cyanonaphthalene -1.98 3.75
2-cyanonaphthalene -2.13 3.68

1.4 Our Research Interests in 1,3-Diketonatoboron Difluorides

Our attention to 1,3-diketonatoboron difluorides stems from the investigations on
acid promoted photocycloaddition of 1,3-diketones. It was found that the de Mayo
reaction of acetylacetone (AAH) with cyclohexene®“! was greatly enhanced in the
presence of boron trifluoride (BF;).* o Subsequently it was found that the Lewis acid
BF; actually reacted with AAH to form a BF,-chelated compound, acetylacetonatoboron
difluoride (AABF;). It was soon realized that the BF;-promoted photocycloaddition was a

PET reaction between the singlet excited AABF; and the ground state donor ofefin.!*?

15



1.4.1 1,3-Diketonatoboron Difluocrides
It has been found that 1,3-Diketonatoboron difluorides have the potential to be

[49.50) =

a new type of electron acceptor in PET reactions. They are thermally stable®" and

easily prepared by the reaction of 1,3-diketones with boron trifluoride etherate in
ether,”9 acetonitrile™® or benzene .

The first synthesis of 1,3-diketonatoboron compounds was reported in 1906.
Since then, many analogues have been synthesized "> %> and their structures have
been demonstrated by physical methods. The IR spectra of the boron difluoride
chelates generally show pronounced C=0 and C=C shifts to lower frequency without
any indication of a free carbonyl group.“"’b' “ The symmetrical chelate structure of AABF,
{or DBMBF,) is clearly supported by the identical chemicai shift for the methyl (or phenyl)

groups in 'H and "°C NMR spectra.”'>> Further confirmation of the structure comes

Scheme 1.4
E E F.5°
‘.B /F -"__“ /F 1‘36 /F
0/ "‘G ,/B\O 0,/ \‘O
L~ 1 = q.
Rl/%/\ng a; A, R (T\Fb
Rz R, 2
R, R, R;
CHj H CHj AABF,
CHs H CsHs BABF,
CeHs H CeHs DBMBF;
p+-BuCgH, H p-MeOCgH4 MBDBF,

from the X-ray crystallography, which demonstrated that the two B—O (1.488 A) and two

C-O (1.304 A) bonds in BABF; have the same lengths ***# Finally, the electropositive

16



nature of the diketonate chelates (Scheme 1.4) is consistent with the observation of a
significant downfield shift of the methine proton signal, as well as the large increase in
the dipole moment after BF,-complexation (Table 1.3).

The photophysical and photochemical properties have been examined in Chow’s
group for those difluoroborane chelates in Scheme 1.4.% Table 1.3 lists physical data
of DBM and DBMBF, as typical examples, to illustrate the effects of BF.-complexation

on some photophysical properties. Chelating to BF,-group leads to a 4.7 Debye

Table 1.3 Physical constants of dibenzoylmethane (DBM) and
dibenzoylmethanatoboron difluoride (DBMBF)

mp i uv® Ex Ered 879
°C) (Debye)  kmax(nm)logea  (V)° (V)" (ppm)
DBM 77.5-79° 30° 342, 4.38 ~1.6° -1.38% 678"
DBMBF, | 194 - 197 6.7° 360, 4.48 245 -091 7.20
(365, 4.61)°
ES£i E‘!j Ta , T.A,A,l
(kcalimol)  (kcaVmol) (ns) (ns) D7 D"
DBM 74.4° 59.5°63.8' -- - 0 -
DBMBF, 73.5° 62.0° 0.30, 0.34 50 0.1 0.01

Notes: ° From Ref. 57; ° From Ref. 58a and references therein; € In chloroform solution (Ref.
51c); ?In acetonitrile; © vs. SCE in acetonitrile (Ref. 58a); ' vs. SCE in DMSO solvent
from Ref. 59; ¥ Chemical shift of the methine proton in 'H NMR in CDCl;; ” From Ref.
60a; From Ref. 61; / Singlet and triplet energies; * Lifetime of singlet excited state, in
acetonitrile: 0.3 ns {Rel. 62a) and 0.34 ns (Ref. 54a, 58b); ‘ Lifetime of excimer in
acetonitrile (Ref. 62a); ™ Fluorescence quantum yield in acetonitrile at room temperature;
" Triplet quantum yield (Ref. 63).
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increase in dipole moment and 0.47 V increase in the reduction potential which makes
DBMBF; an electron acceptor sensitizer comparable to 9,10-dicyanoanthracene.?*”!

indeed, DBMBF, and other 1,3-diketonatoboron difluorides have been patented for use

R LEy S

as electron acceptors in the fabrication of photoconductive materials.®®

1.4.2 Dibenzoylimethane (DBM) and Dibenzoylmethanatoboron Difluoride

(DBMBF,)
Dibenzoylmethane (DBM), like acetylacetone,®™ exists mainly as a chelated enol

(> 90%) in non-hydroxylic organic solvents.® The principal UV absorption of DBM can
be assigned to the = — =n* transition, characterized by a large molar absorption
coefficient (e4) and long wavelength (Am).>'? The lowest singlet excited state of DBM is
mostly nn* in nature.® This is rationalized by that the nn” state is lower in energy than

the nx* state,”™ because conjugation reduces the HOMO - LUMO gap of the n-orbitals,

and the intramolecular hydrogen bonding increases the n — n* gap.

Upon photolysis, the enol-form of DBM undergoes isomerization to its keto-form
(Scheme 1.5)." This isomerization is believed to be the main radiationiess route that
results in undetectable DBM fluorescence at room temperature.m’ in contrast, at 77 K

in a glass matrix, the isomerization is inhibited and a strong fluorescence is observed

Schieme 1.5:
dark
! o o |
H
o o v Ph)\/‘kPh o o
S—— —
Ph&JL‘Ph L HO PR | P%"M?h
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from the singlet excited DBM.*®  The reversibility of the keto-enol tautomerism has
shown industrial applications.’™
Dibenzoylmethane undergoes photoaddition to styrenes, following the pattern of

the de Mayo reaction,** ¥ to yield regioselectively the head-to-tail cycloadduct shown in

Scheme 1.6:""
H Ph Ph
-~ P O
/u " = g "
+ { —_— —_—
]
Ph Ph
Ph 0O
Ph

Compared toc DBM, DBMBF, has a more rigid, electron delocalized, ring structure
{Scheme 1.7). This is evident from the different chemical shifts of the ipso and para
carbon atoms in DBMBF, (Table 1.4). The para-aromatic carbons are more deshielded

than the ipso-carbons ™

Scheme 1.7:
. /F F, /F
"a, ,'B
O/ \o Of \O
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Table 1.4 Chemical shifts of phenyl carbon atoms (ppm)

in CDCl; para-phenyl carbon ipso-phenyl carbon
DBM? 132.3 135.5
DBMBF,’ 135.2 132.1

Notes: ® Ref. 60b; ” Ref. 55b.

The BF,- complexation also stabilizes the non-bonding electrons in DBM and

increases energy of the n — n* transition, so that mixing of nn* and =n* states in

DBMBF; is smaller than in DBM. Because of the rigidity of the system and the nn*
nature of the singlet excited state, DBMBF; exhibits strong fluorescence, even at room

temperature.

1.4.3 The Reported Photochemistry and Photophysics of DBMBF,

While the photochemistry and photophysics of 1,3-diketonatoboron compounds
have received relatively little attention, the photoreactions of 1,3-diketones with alkenes,
known as the de Mayo reaction,”** have been investigated extensively and it has been
established that the reactive species is the triplet excited diketone.”" Although DBM
itself does not add to simple olefins,*> " its BF, complex, DBMBF,, undergoes efficient,
regioselective and stereoselective [2 + 2] photocycloaddition to simple olefins from its
singlet excited state (Scheme 1.8).°9

Compared to the photoaddition of acetylaceione (AAH) to cyclohexene, the BF,-
complexation of AAH not only changes the reaction species from triplet to singlet, but

also accelerates and improves the selectivity of adduct formation.*



Scheme 1.8:

R

F, F 7 R PW/Ph

v 1l
W | 7
o o hv

+ —_—
Ph Ph D) Ph
n
O

R = CH4(CH,)3, (CH3)5C, CH,=CH(CH,),
n=1,2,3,4

As a singlet excited acceptor, DBMBF; sensitizes electron-rich olefins towards

radical cation reactions in acetonitrile (Scheme 1.9). Examples include Diels-Alder

dimerization of 1,3-cyclohexadiene (CHD),*™ [2+2] dimerization of trans-anethole®®®!

and photoisomerization of quadricyclane (QC) to norbornadiene (NBD).""O"I

Scheme 1.9;

hv, 350 nm
—_—_

DBMBF,
in CH,CN H
endo/exo=711

DBMBF, /hv

L.

DBMBF,/Arene/hv

An electron transfer mechanism has been suggested for the reaction of singlet
excited DBMBF, with donor olefins, on the basis of a semi-logarithmic correlation of the
quenching rate constant of DBMBF; fiuorescence with the ionization potentials of the
quencher olefins.”™** This allows the photoreactions of DBMBF; to be rationalized in

terms of two pathways: cycloaddition via an exciplex precursor, and alkene dimerization



via radical cations. Photocycloaddition predominates when the donor olefins has an IP >
8.4 eV; but with olefins of IP < 8.4 eV, the radica! cation reaction dominates.®®*? The
radical cation is thought to form from an encounter complex (an outer-sphere electron
transfer ”¥), and this is seen in the DBMBF, sensitized Diels-Alder dimerization of CHD
in acetonitrile.™™ On the other hand, CIDNP studies on DBMBF, sensitized
photoisomerization of QC to NBD suggest that the radical ion QC™ is generated by
dissociation of its precursor, a *“DBMBF.-QC exciplex or an in-cage contact ion pair."“]
Photophysical studies of DBMBF, suggest that the singlet excited DBMBF,
interacts with a ground state DBMBF;, molecule to form its excimer, showing a strong
fluorescence emission at 522 nm.* DBMBF; in ground state can interact with alkyl
substituted benzenes to form electron donor-acceptor (EDA) complexes.”®@ Among the
EDA pairs of DBMBF; with xylene, toluerie and benzene, only the DBMBF,-p-xylene

complex showed a CT band in acetonitrile significant enough for measuring the

association constant, K, = 0.07 + 0.02 M .*® Upon excitation, the EDA complex leads

to an emissive DBMBF-arene exciplex that can be also generated by excitation of

DBMBF; alone.® &% The exciplexes of DBMBF, with arenes have been studied

systematically for their photophysical pro;:»erties.lsal

1.4.4 Research Proposals

The versatility of DBMBF, photochemistry and photophysics offers several
aspects for further investigations. One major task is to further explore the DBMBF,
photochemistry. This project is designed on the basis of following considerations:

Photoreactions of DBMBF, with electron-rich olefins

The reported photocycloadditions of DBMBF, to olefins are mostly limited to

simple alkenes.P™9 It has not been successful to extend those reactions to electron-
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rich olefins, such as conjugated cyclic dienes and vinyl ethers. For example, no photo-
cycloaddition of DBMBF, was observed to either 1,3-cyclooctadiene (1,3-COD) or 1,3-
cyclohexadiene (CHD) in acetonitrile, while only the dimers of CHD were obtained."
Our first aspect is to study the photoreactions of DBMBF, with electron-rich olefins and
to examine whether the reactions involve the formation of a DBMBF; exciplex with those
olefins.

One approach is the fluorescence quenching, which can provide the direct
spectroscopic evidence for the intermediacy of an exciplex if it is emissive. Therefore,
extensive experiments should be done in the quenching of DBMBF; fluorescence by
conjugated cyclic dienes and vinyl ethers.

An aiternative way of searching for the DBMBF, excipiex is to study the solvent
effects on DBMBF, photoreactions with electron-rich olefins. If the electronic structure
of the DBMBF,; exciplex is sensitive to the solvent polarity, then the structure change in
this exciplex may lead to different chemical reactions in solvents of different polarities.
For example, when the free energy change is estimated using the Rehm-Weller
equation (Eq. 1.5) for interactions of singlet excited DBMBF; with 1,3-COD and CHD, it
predicts that the postulated DBMBF;-diene exciplex should have a high CT extent. In
polar solvents, this polar excipiex is expected to undergo a complete electron transfer,
whereas in nonpolar solvents, electron transfer becomes endothermic and the exciplex
is expected to lead to cycloadduct formation.

Photochemical properties of DBMBF ~benzene exciplexes

The first DBMBF.-benzene exciplex was found by Cheng in this group.*ﬁ‘a’ The
detailed studies on the photophysics of DBMBF,-benzene exciplexes have been

reported in Johansson’s Ph.D. thesis.®®*¥ However, the chemical properties of these
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DBMBF -arene exciplexes have not received much attention. The second aspect of this
thesis is to examine the chemical reactions of DBMBF;-arene exciplexes.

It is expected that the photocycloaddition of DBMBF; to electron-rich olefins may
occur in a nonpolar solvent like benzene. Two excited species should be present in
benzene, the singiet excited DBMBF; and its exciplex with a soivent molecule, butitis
not known which principal species reacts with the olefins and what intermediates might
be formed in the course of the reactions. To answer these questions, the fluorescence
qguenching and the pholoreaction of DBMBF, with the cyclic diene in aromatic soivenis
were studied.

it is also expected that the CT extent of DBMBF ~arene exciplexes can be
promoted by increasing sclvent polanty. In the extreme case, the exciplex could
dissociate into radical ion pairs. Could DBMBF-benzene exciplexes dissociate in the
polar solvent acetonitrife? What subsequent reactions might happen between the ion
pair and the arene or the electron-rich clefin? To answer these questions, the photolysis
of DBMBF; in acetonitrile-xylene solvent mixtures was examined.

The intermediacy of DBMBF; excimer

The formation of DBMBF; excimer is concentration dependent. Such DBMBF;
concentration effects in the photoreaction have been used to indicate the intermediacy
of DBMBF; excimer.“*! For exampie, the photocycioaddition of DBMBF; 10 cyclic
alkenes gave a higher adduct quantum yield when tne concentration of DBMBF, was
higher, whereas the quantum yield of DBMBF; reaction with an acyclic alkene showed a
decrease.™™ This result suggests that DBMBF; excimer has a selectivity to react with
cyclic alkenes. However, it is not known whether this selectivily is controlled by an
electronic effect or controied by a geometric requirement relating to the olefin ring
structures.

24



The third aspect of this project is to study the chemical reactivities of the
DBMBF, excimer. Under this aspect, a variely of substrate clefins (electron-nch,
electron-deficient, cyclic and acyclic) were selected and their photoreactions with
DBMBF; were examined. The quenching of DBMBF. excimer fluorescence, using the
selected substrate olefins as the quencher, was also studied in order to determine the
intermediacy of DBMBF, excimer in those photoreaction systems. An important
question is whether or not the product formation is actually a chemical conseguence of
the fluorescence guenching. Kinefic analyses were thus performed 1o eslabiish the
correlation of the flucrescence quenching with the chemical product formation.

Photoreactions of DBMBF; with electron-deficient olefins

The fourth aspect of this study is to examine the photoreactions of DBMBF; with
o, f-unsaturated ketones and esters based on the following analyses:

(i} Photocycioadditons of DBMBF; to methyl vinyl ketone and ethyl acrylate have

been reported.”® This waranted an examination of new photoreactions of DBMBF; with
electron-deficient olefins.

(1) Despite their poorer electron-donating capability than simple alkenes, 2-
cyciochexenone and metiyl vinyl ketone showed abnormally higher ethciencies in

g DBMBF, fiucrescence. The Stem-Volmer quenching constant Ksy is 18 M

for 2-cyclohexenone and 8.3 M " for methyl vinyl ketone."™ However, efficient quenching

led to a rather siow photocycloaddition of 2-cyciohexenone to DBMBF;. The isolation of

behaviour of the enones was carnied out in this thesis.
(i) DBMBF, sensitized dimerization of cyciic enones was postulated,”” but the
possible dimer formation due lo the direct enone wradiation was not considered. A few




Do the enones absorb light in the presence of DBMBF,? How does the light absorption
affect dimer formation? To examine the efficiencies of the sensitized and the directly
imadiated dimer formation, the photolysis of cyclic enones was performed with and
without the presence of DBMBF,.

() Cyclic and acyclic alkenes have different patterns for their reactions with
DBMBF; excimer.”™ It is not known whether cyclic and acvlic enones might show the
same reaction patterns as the alkenes. Thus the effect of DBMBF; concentrations on

the photocycloaddition of DBMBF; 1o the enones was investigated.

As a summary of this section, the research project was designed as follows:
(1) study the photoreactions of DBMBF; with electron-rich olefins in nonpolar

soivents and characterize siructures of the producis;

{2) examine the flucrescence quenching of the excited DBMBF; monomer,
excimer and DBMBF-benzene excipiexes with various quencher olefins;

(3) examine scivent efiects on the photoreactions of DBMBF,; with electron-rich
olefins and determine product guantum yieids i vanous solvents;
e quenching with DBMBF; photoreaction;

(4) correlate DBMBF; fluoresce:

{5) mvestigate the chemical reactions of DBMBF-arene excipiexes and examine
how the reactions could be affected by solvent polarity, arene concentrations and diene

(6) study the photoreactions of DBMBF; with «.f-unsaturated ketones and

(7} search ‘or the triplex which may be formed in the reaction of DBMBF,
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1.5 Thesis Overview

Chapter two presents the photoreactions of DBMBF, with cyclic dienes and vinyl
ethers, including the product studies, the flucrescence quenchings and the mechanistic
studies. The stereochemistry of cycloadduct formation is discussed being consistent
with the properties of an exciplex intermediate. The product pattems are given in
various solvents ranging from acetlonitrile to xylene. This leads to a full discussion of
solvent effects on the exciplex reactions. On the basis of a mechanistic scheme, the
intermediacy of DBMBF,; excimer or DBMBF ;-arene exciplex is explored by correlating
the fluorescence quenching with the photocyciocaddifion.

Chapter three presents the photoreactions of DBMBF; with cyclic dienes in binary
solvent mixtures. The quantum yield studies on DBMBF,-diene photoreactions in a
group of binary solvent mixtures are first introduced. With the finding of a cosensitized
Diels-Alder dimerization of CHD, the emphasis then shifts to the chemical properties of
DBMBF-arene exciplexes. Two reactions of the DBMBF-xylene exciplex in acetonitrile
are discussed: the coupling reaction of p-xylene and the dimerization of CHD. Several
mechanistic points are also discussed: (i) the correlation of the DBMBF,-xylene exciplex
dissociation with its radiative decay, (ii) the competition of exciplex formation between
DBMBF~arene and DBMBF,-diene pairs, and finally (iii) two possible pathways for the
initiation of CHD radical cation.

Chapter four presents the photocycloaddition of DBMBF; to twelve «,B-
unsaturated enones and esters. Descriptions of the photoreactions include: the
structural characterization of addiion products, the stereochemistry of the

Fikis. L ’ - arelinen mwsscmnon ol o et o B [ Y PPN PR N
iditions, and the reinvestigation of cyclic enone dimerizations. Mechanistic




studies, through fluorescence quenchings and quantum yield determinations, are
motivated by searching for the intermediacy of DBMBF; excimer.
Chapter five presents the experimental detail, including steady-state

fluorescence quenchings, photocycloadditions and quantum yield determinations.

1.6 Theoretical Aspects

1.6.1 Stern-Volmer Equations in DBMBF, Fluorescence Quenching

There are a variety ways of deactivation for an excited state molecule. A very
important bimolecular deactivation process is the fluorescence quenching, which can be
further classified into dynamic quenching and static quenching depending on whether or
not diffusion of quencher molecules is invoived during the lifetime of the excited state.

in dynamic quenching, the quencher molecule must diffuse to the excited
species before deactivation of the excited state. Stern-Volmer equation is used to

describe this diffusional quenmmg."""‘ In Eq. 1.12, I° and | are the fluorescence

II_ =1 + KovlD] = 1 + kgtlD] (Eq. 1.12)
intensity in the absence and presence of quencher respectively, Ksy = kq1; is the Stern-
Voimer quenching constant whose kinetic expression should depend on the reaction
mechanism, k, is the quenching rate constant, 1, is the lifetime of excited species in the

absence of quencher D.
Static quenching occurs when the fluorophore and quencher molecules associate

o B o~ e ton ol olimlion sl Bl okl mdvmamadioan o Haln mnan Gavanrn LS dows o
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1.13,7% where K, is the association equilibrium constant of ground state complex

formation.

K,

A + D AD

lm

= 1 + KJD] (Eq. 1.13)

When the fluorescence quenching involves both diffusional collision and complex
formation between excited species and quencher molecules, a modified Stern-Volmer

equation can be used:"*

3; = (1 + KsyD]) (1 + KD)) (Eq. 1.14)

The following Scheme 1.10 serves as a provisional mechanism that describes
the diffusional quenching of DBMBF; fluorescence. In this scheme, 1, is the absorbed

light intensity. The rate constant of each process is defined as follows: k, is for DBMBF;

excimer formation; k, (ki" ) is for fluorescence emission from A (*AA); kq (k;" ) is for

Scheme 1.10:

A+ h\"; 2A + hv

A A
L2
K
hv, Ia A "
A 4_-—;;:_ *A -Eﬁ-‘[——b "AA _i_(;.d_._,.. 2A

kiD] ke D]
\ J \j

reaction reaction

A = DBMBF2, A = excited DBMBF, monomer, *AA = DBMBF; excimer

nonradiative decay of “A ("AA); k, (k3 ) is for the quenching of A (*AA) by D.



For DBMBF, monomer fluorescence quenching, the steady-state treatment of
Scheme 1.10 provides the following relationships in terms of the constant population of
*A:

L = ["Ab(ks + kf + ki{AD in the absence of quencher D,

I ["A] (ks + ki + kafA] + kD)) in the presence of quencher D.

Dividing the first equation by the second one gives Eq. 1.15:

[Al, kg +K, +K,[Al+Kk,[D] - 1 kq

= = + D Eq. 1.15
[*A]} Kk, +kg +k[A] kd+k,+km[A]! ! (Eq )

Because the fluorescence intensity (1) is proportional to the concentration of *A, we can

obtain the Stemn-Volmer equation for DBMBF, monomer fluorescence quenching as:

. K,
L ——2 D] = 1 + K3[D] (Eq. 1.16)
1 Tk, [A]

In Eq. 1.16, 1, = 1/{ks + ki) is the lifetime of singlet excited DBMBF; in the absence of

quencher.

For DBMBF; excimer fluorescence quenching, a similar steady-state treatment
provides relationships of the constant population for DBMBF; excimer (*AA):

knl"ALIA] = (ki + k3') ["AA], in the absence of quencher D,

ko{"AJIA] = (k{" + kg + k' [D]) ["AA] in the presence of quencher D.

Dividing the top equation by the bottom one affords Eq. 1.17:

» * K™ +K5 +K

[AAL, | [AL _ & Z ;[D] (Eq. 1.17)

[*AA] ["A] ky +kgy
Thus, by replacing the concentration ratio of the excited species wiih the ratio of
fluorescence intensity, a modified +Volmer equation for DB 2 excimer
fluorescence quenching is obtained:



Io Im ax 2 4
(T)‘*" + (T)ﬂm =1+ ki'wlD] = 1 + Kg,[D] (Eq. 1.18)

-

inEq. 1.18, taa = 1AK]" + K7} is the lifeiime of DBMBF; excimer in the absence of
f d

quencher D. Kg, is the Stern-Volmer constant for quenching DBMBF, excimer.

Eq. 1.18 is the modified Stem-Volmer equation established by Caldwell. ™ This
equation does not apply when the monomer fluorescence quenching dominates over the
quenching of excimer / exciplex. Also according to Caldwell's observations, Eq. 1.18 will
show a piot of downward curvature when the monomer spectrum is not well resolved
from the excimer (exciplex) spectrum. In such a case, it was suggested to take initial

- 2 ST
slope as the quenching constant K2, .

Scheme 1.10 does not include the fiuorescence quenching of DBMBF:; in
aromatic solvents. Due to the formation of DBMBF, ground state complex with solvent
molecules, the static quenching may become significant. However, both the static and
the dynamic quenching lead to the same DBMBF.-arene exciplex.*®! Essentially, the
quencher D (alkenes) in aromatic solvents is actually quenching the DBMBF;-arene

exciplex. In such cases, Eq. 1.12 should be applicable where the lifetime 1, corresponds

to DBMBF,-arene exciplex in the absence of quencher D.

1.6.2 Cyclic Voltammetry
Cyclic voltammetry is one of the popular electrochemical techniques, which can

be employed to determine redox polentials of various compounds and to examine their
electrochemical behaviour.™ in this technigue. the electrode potential is scanned

nearly from an initial value (E;) to a final value (Eg). and then the direction of scan is

reversed from Ej to E; to finish a cycle. During the potential scan, the cumrent response
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signal is recorded as a functicn of the applied potential, and the obtained current -
voltage curve is called voltammogram. A typical cyclic voltammogram for a reversible
redox couple is shown in Fig. 1.3, where the arrows are designated to indicate the scan
direction. For an electrochemically reversible couple, its oxidized- and reduced-forms
exchange electrons with the electrode rapidly enough to maintain the concentrations of

both species in equilibrium with each other at the electrode surface.’™

Cathodic( i )

- -

Currert 0

Posiive Negative
Potential

Fig. 1.3 The cyclic voltammogram of a reversible redox couple

The variation of current in Fig. 1.3 is affected by (1) the diffusion of electroactive
species 1o the electrode surface, and (2) the electron transfer reaction between the
species and the electrode.”™™ Vhile the rate of latter process is accelerated by
increasing potentials, a sharp increase of current occurs, and correspondingly the
conceniration of the reactant species at the electrode surface will rapidly decrease. This
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reactant depletion generates a concentration gradient near the electrode surface; a
diffusion layer appears between the electrode surface and the bulk solution. Since the
solution is unstirred, the diffusion layer becomes thicker as the reaction proceeds. As a
result, the reactant species must travel further to reach the electrode surface. At the
point where the diffusion of reactant species becomes rate determining, a maximum of
anodic current (i., Fig. 1.3) is observed. After this peak, the further potential increase is
no ionger important to the diffusion controlied current. The current continues to decay
owing to the decrease of reactant concentration gradient with the diffusion layer
thickening. In the reverse scan (Fig. 1.3), the electrode quickly switches its role from an
oxidant to reductant. The oxidized-form of the redox couple, which is still concentrated
near the electrode surface, is converted back to the initial reduced-form. The formation
of a cathodic current peak (i,:) in reverse scan can be similarly rationalized.

Several parameters in Fig. 1.3 should be mentioned which characterize a redox
couple: the anodic peak cumrent (i) and cathodic peak current (i), and the peak
potentials at which the peaks occur (E,. and E;). For a reversible redox couple, the
peak currents are proportional to the square root of scan rate, and the ratio of iy t0 i, is
approximately unity.”™ The peak potentials are independent on the scan rate and

related to the formal electrode potential (E°):

. EL+E. 0.059
B = =5 ~Ex 5E, = B - B = 222

The half-wave potential (E.) is a term from polarography, defined as the potential
corresponding 1o one-half of the diffusion current on the polarographic wave. The
eguation E° = E,;; is valid when the differences of diffusion coefficients for the oxidized

and reduced species are negligible.”® The separation between the peak potentials
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(AE;) can be used for determining the number (n) of electrons transferred in the

electrode reaction.

For an irreversible redox system, above equations are not applicable. The
irreversibility is characterized by more separated peaks AE, > 0.059 / n. In this case, the
electron exchange of redox species with the electrode is slow so that the concentrations
of the species are unable to maintain their equilibrium during the potential scan. When
there are chemical reactions following the electron exchange process, the current peak
on the reverse scan is often absent. Because of the irreversibility, precautions are
needed if the redox potentials determined from an irreversible couple are used as
thermodynamic parameter.

In the calculation of free energy change (AGgr) for a PET process, Rehm-Weller
equation (Eq. 1.4) requires the redox potentials determined from electrochemically
reversible couples. However, in using an oxidation potential from the irreversible couple,

the quantitative evaluation of AGgr was achieved after examining the thermodynamic

significance of the value by electrochemical techniques in combination with
spectroscopic studies; for example, the relationship between the UV-VIS absorption
maximum of a charge transfer complex and the oxidation potential of a donor was

appiied.’m] For qualitative evaluation of AGgr, the peak or half-peak oxidation potentials

of imeversible couples have been used in Rehm-Weller equation if those values are
comparable and determined under nearly identical experimental conditions."> 7" Other
examples include the application of the potential values that are interpolated from a

correlation of ionization potentials with the literature oxidation potentials.!"* 7%



CHAPTER TWO

THE PHOTOREACTIONS OF DBMBF, WITH ELECTRON-RICH OLEFINS
CYCLIC DIENES AND VINYL ETHERS

2.1 Results
2.1.1 Photoreactions of DBMBF, with Cyclic Dienes
2.1.1.1 The Reaction Profile

The photolysis of DBMBF, and 1,3-cyclohexadiene (1, CHD) in acetonitrile led to
rapid dimerization of the diene, proposed via a cation radical intermediate.™™ ** The
product consists mainly of the [4+2] dimers 2 and 3, with traces of [2+2] dimers 4 and 5.

Eq. 2.1:

hv 350 nm M
6 hr., CH3CN

0 5 M 0 05 M DBMBF '48% 5%
(' 1) cis-endo cis-exo
(2) (3)
H o H H
] |
+ +
| |
H H H H
trace trace
cis-anti-Cis cis-syn-cis
(4) (5)
There was no addition of DBMBF; to CHD found in acetonitrile, and the DBMBF, was

mostly recovered. However, the irradiation of an ether solution of DBMBF, (0.05 M) and

CHD (0.5 M) yielded two adducts of DBMBF; to CHD in the ratio 9: 1. GC analysis
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showed that the adduct peaks had longer retention time than DBMBF,; and increased
with the gradual disappearance of DBMBF,. Diene dimers were also observed as a
mixture of the isomers 2/3/4/5 (31:23:35: 11), in a total GC yield of 3%, based on

the internal standard dodecane.

Eq. 2.2

B
H
[ 3

oo ] H
CHD hv, 350 nm C C
05M e + +
19 hrs Ph Ph 3
ether )
F F H
/

SN

oo o _l Head-to-Head
Ph/l\)\Ph

DBMBF, I H,0

0.05 M 35 %

Column chromatography yielded a major and a minor cycloaddition product in
35% yield. Both products exhibited parent ion peaks at m/z = 304 (El) and 305 (M+1,
Cl), corresponding to dibenzoyimethane plus CHD. The products displayed similar
fragmentation patterns. However, the structure of the minor product was not
determined. The major product was determined to be 6 on the basis of spectroscopic
data (Table 5.6). In the MS spectrum, the parent ion produced two main fragments: (1)
the base peak was the benzoyi side chain (m/z = 105), which lost a carbon monoxide to
give the phenyl ion (m/z = 77); (2) the fragment having m/z = 185 from loss of a
phenacyi side chain. The presence of benzoyl and phenacyl side chains was indicated

by a broad IR absorption at 1682 cm™ and by °C NMR peaks at 199.64 and 201.26 ppm
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for the two carbonyls, and 127.98, 128.44, 128.56, 128.72, 132.87, 132.99, 137.16 and
137.27 ppm for the two sets of phenyl carbons. The C=C double bond was identified by
3C NMR peaks of 124.13 and 129.91 ppm, and 'H NMR peaks at 5.77 and 5.93 ppm
(Ho, He and Jye = 9.7 Hz). A multiplet at 4.43 ppm in 'H NMR was assigned to the
methine proton {(H.) adjacent to C=C and C=0 groups. The coupling pattern of H, was
traced with 2D-COSY and decoupling experiments, leading to J.. = 4.0 Hz and J.,4 = 5.1
Hz. The latter coupling is consistent with the axial - equatorial coupling in the
cyclohexene ring,ma} and suggests that the adduct 6 has a cis-configuration of its side
chains. The above analysis suggests that DBMBF, approaches CHD (1) in a head-to-

head orientation, as shown in Eq. 2.2.

Eq. 2.3:
F_.. F 0]
[ Ph
AN hv, 350 nm
+ —_—
up CH4CN Ph
Ph h 3 hrs
0.05 M 0.5M o
o 50 %

e
L
Mol
p—
+-]
et

it has been reported that DBMBF; undergoes efficient photoaddition to 1,5-
cyclooctadiene (7, 1,5-COD) in acetonitrile (Eq. 2.3), but that, in the same solvent, no
photocycloadduct is detected from the photolysis of DBMBF, and 1,3-cyclooctadiene (9,
1,3-COD).* In the present work, the latter reaction was found to produce a complex
mixture of 1,3-COD dimers in poor yield. The two major dimers were identified as the
cis-anti-cis (10) and trans-anti-cis (11) fused cyclobutanes, assigned by GC coinjections

with authentic samples and by comparing the mass spectra.”™ ™

37



The irradiation of a benzene solution of DBMBF; and 1,3-COD (9) gave a 1:1 cis-
adduct in 47% isolated yield, together with a smali amount of the trans-isomer and less
than 1% of a mixture of 1,3-COD dimers (Eq. 2.4). The reaction was accompanied by
the formation of a polymer which coated the inside surface of the photocell and hindered

further irradiation.

Eq. 2.4:
F F
‘.‘s /
B Y hv, 350 nm
- —————
u * benzene
Ph Ph
h
0.05 M 0.38 M 2:.':. ; trace
{e) {10+ 11)

The structure of adduct 12 was assigned on the basis of the following analyses.
The molecular ion peak in MS was found at m/z = 332 (El) and at m/z = 333 (M+1, Cl),
corresponding to the addition of dibenzoylmethane (DBM) to 1,3-COD. Fragmentation
accurred by loss of the benzoyl and phenacyl side chains. The two side chains of the
major adduct (cis-12) were revealed by two carbonyl peaks (199.56, 201.36 ppm) and
two sets of phenyl peaks (128.10, 128.44 (2C), 128.72, 132.78, 133.03, 136.72, 137.17
ppm) in the °C NMR. Similarly for the minor adduct trans-12, the carbonyl absorptions
were found at 199.96 and 202.04 ppm, and the phenyl peaks at 128.41, 128.51 (2C),
128.67, 133.21, 133.52, 136.94 and 137.63 ppm. This serves as a diagnostic pattern for
most DBMBF; addition products. The C=C bond was identified firstly by two olefinic
carbon absorptions (132.25 and 125.83 ppm for the cis-12; 132.88 and 128.96 ppm for
the trans-12 in Table 5.6}, and secondly by two vinyl protons (in cis-12: 6.05 (H,, dd) and

5.97 (H., ddd) ppm as well as in trans-12: 5.92 (H., ddd) and 5.38 (H,, dd) ppm). The



connections of the benzoyl and phenacyl chains to the ring skeletons were assigned on
the basis of the chemical shifts and coupling pattems of the methine protons H, and Hy.
The proton H, in cis- and trans-12 was deshielded by neighbouring C=C and C=0
groups, showing a downfield chemical shift of > 4.4 ppm. The proton H, also had
vicinal coupling to the vinyl proton H, {(J., = 9.3 Hz for cis-12 and 10.5 Hz for irans-12),
indicating that the benzoyl side chain is allylic to the double bond. In ¢is-12, the proton
H, was found at 4.73 ppm, having a vicinal coupling to H; (J.« = 3.9 Hz), consistent with
a cis-configuration of the two side chains as in the analogue cis-8" ¥ In trans-12, the
proton H, appeared at 4.43 ppm with a vicinal coupling J,; = 10.5 Hz {Table 5.6)
consistent with a trans-configuration of the side chains as in #rans-8." The structural
assignment of cis- and trans-12 was also consistent with the general trends summarized
in Table 4.3, namely, a cis-adduct of DBMBF; o a cyclic substrate has a larger chemical
shift of H, and a smaller coupling constant J,, than a trans-adduct.

In summary, the products of DBMBF; photoreactions with cyciic dienes change
significantly from the polar soivent acetonitriie to the less polar solvents ether and
benzene. Dimerization of CHD dominates in the polar soivent, but photoaddition of
DBMBF 10 the diene dominates in the less polar solvents. Adduct formation is

regioselective and stereoselective.

2.1.1.2 Steady State Fluorescence Quenching Studies

Three types of DBMBF, fluorescent species have been reported: {1) The singlet
excited state of DBMBF, shows a flucrescence emission m acetonitride with maxima at
398, 417 and 440 nm.*™ (2) At high concentrations of DBMBF;, the singlet excited

state interacts with a second DBMBF,; molecule to form an emissive excimer with a



maximum at 522 nm.**! (3) In the presence of benzene, a strong exciplex fluorescence
is observed at 420 - 430 nm in acelonitrile. This is a result of association of the singlet
excited DBMBF; with the ground state benzene ™ ¥ gince the three different
excited species could act differently upon an electron donor such as a cydlic diene, itis

necessary 1o examine the fluorescence quenching by cyclic dienes.

(a) Monomeric Fluorescence Quenching

At room temperature, the quenching of DBMBF; (5 x 10° M) fluorescence by
cyclic dienes in THF and dioxane was carried out using the right-angle illumination
technique (section 5.2). The sample solution was freshly prepared and excited at 365
nm where DBMBF; has sirong absorbance. The fluorescence intensity was then
monitored at 417 nm. The tolally added quencher was less than 25 pL (method one,
section 5.2.1), therefore the diution effect on the DBMBF; concentration was insigni-
ficant (s 1%). The difference between the comrecled and the uncorrected fluorescence
intensity was within the experimental enors (< 1%, Table 5.1).

The relationship between the relative emission intensity (I”/1) and the
concentration of the quencher cyclic diene [D] can be analysed according to the Stem-
Voimer equation derived in section 1.6.1:

1 =14+ K5, [D] =1 + kD] (Eq. 1.16)

Ta= (1) + KoJAD" (Eg. 1.16a)
in Eq. 1.16, I° and | are the fluorescence intensity respectively in the absence and the
presence of a quencher diene (D); Kg, is the Stem-Volmer quenching constant (unit:
M) characterising the quenching efficiency of DBMBF; (A) monomer fluorescence by a
quencher (D); K, is the quenching rate constant (M's™); K. is the rate constant of the



DBMBF; excimer formation (M's™); 1. is the actual lifetime and <, is the intrinsic lifetime
of the singlet excited DBMBF, monomer (ns).

A typical fluorescence quenching of the singlet excited DBMBF; in THF solvent is
shown in Figure 2.1, using 1,3-COD (9) as the quencher. The fluorescence intensity
ratio I°/1 at 417 nm was determined as a function of 1,3-COD concentration. The
corresponding Stem-Volmer plot of 1°/1 against [1,3-COD] produced a line with the slope
Ko = 8.1M" (Figure 2.1A).

The guenching of DBMBF; fluorescence by 1,3-COD (9) in dioxane was
examined at two concenfrations of DBMBF,. For the sample of [DBMBF.] =5 x 10° M,
measurements were performed using the right-angie iliumination technique, while the
front-face illumination method was used for measurements with [DBMBF;] = 0.03M. In
the case of [DBMBF,] =5 x 16° M, a plot of I"/l at 417 nm against [1,3-COD] was linear,
with slope K, = 3.7 M” (Figure 2.1B). At [DBMBF,] = 0.03 M, the spectrum of excited
DBMBF. monomer was accompanied by a faint shoulder peak caused by excimer

emission. The plot of I/1 at 432 nm vs. [1,3-COD] was linear with slope K, = 3.8 M
for the monomer fluorescence quenching (Figure 2.2A). The similarity of the K¢, -

values, despite the large ditferences in DBMBF; concentrations, suggests that 1,3-COD

may quench the same excited species in each case.

{b} Excimer Fluorescence Quenching
The iradiation of a DBMBF; (0.20 M) solution in THF exhibited a monomeric
fluorescence peak at 440 nm a broad fluorescence band at 524 nm, assigned to the

emission of the DBMBF; excimer. The quenching of the excimer fluorescence with a

cyclic diene was carried out in THF solvent using the front-face illumination technique.
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Fig. 2.1 The quenching of DBMBF; (5 x 10°° M) flucrescence by 1,3-COD and the
refated Stem-Volmer plots: (A) in THF K3, = 8.1 M”; (B) in dioxane Kg,=3.7M"
excited at ke = 365 nm and monitored at Age= 417 Nm.
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Fig. 22 The quenching of DBMBF fluorescence by cydlic dienes (A = 365 nm):
(A) by 1,3-COD at [DBMBF_] = 0.03 M in dioxane, K3, = 3.8 M at Ao = 432 nm;

(B) by CHD at [DBMBF;] = 0.20 M in THF, K&, = 155 M at Aduen = 524 nm.
SV
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A modified Stem-Volmer equation was developed by Caldwell™ to analyse steady-state
excimer quenching (section 1.6):

(CMex = Mo = 1+ KG[Dl = 1 + kg taa[D] (Eq. 1.18)
In Eq. 1.18, (I"/T)« is the intensity ratio of quenching the excimer at 522 nm; (I°/I)mon iS

the ratio for quenching the monomer at 440 nm; Kg is the Stem-Volmer quenching
constant of excimer; k:" is the quenching rate constant and 1, is the lifetime of the

DBMBF, excimer. In the excimer fluorescence quenching, spectrum overiap comrections
were made. These are described in the experimental section 5.2.3.2.

Figure 2.2B shows the fluorescence quenching of DBMBF; (0.2 M) by CHD (1) in
THF solvent, in which a monotonic decrease of fluorescence intensity was observed with

addition of CHD. The excimer quenching at 524 nm was much faster than that of the

DBMBF, monomer at 440 nm. The Stem-Volmer plot of (I°/1)ex + (I°/D)mon Versus the
CHD concentration was linear line with slope K, = 155 M (Fig. 2.2B). Similarly, the
quenching of DBMBF; (0.20 M) fiuorescence by 1,3-COD in THF gave Kg, =56.0 M*

(Fig. 5.5). The obtained Stem-Voimer quenching constants (Ksy) are listed in Table 2.1.

Table 2.1 Quenching efficiency (Ksy) of DBMBF; fluorescence
by cyclic dienes in THF and in doxane

[DBMBF] Solvent Kev (M")
M Q=CHD 1,3-COD
5x10° M THF K2, 11.6x0.3 8.1203
7903
020 M° THF KS, 1555 56+ 1
0.03 M° Dioxane | K3, 10604 38202
36+£02

Notes: ° Excited at Ae = 365 nm and monitored at Amos = 417 Nim;
® dee =365 nm and koo = 524 nm; © Ag = 365 nm and Agos = 432 nm.



Ky =102+0.5 M in benzene
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Fig. 2.3 The quenching of DBMBF, (5 x 10°° M) fluorescence by 1,3-COD
in benzene and the related Stem-Volmer plot: K, = 10.2 M

excited at k. = 385 nm and monitored at ) .. = 424 nm

EINEN.

Table 2.2 Quenching efficiency (Ksy) of DBMBF; fluorescence
by cydiic dienes in benzene *

[DBMBF] Ksv (M)
M, in benzene Q=CHD 1,3-COD
5x10°M 20610 102+ 05
10.0+0.2
0.03 M 21411 88:04
87+03

Note: * excited at 1., = 365 nm and monitored at Ameu = 424 M
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(¢} Exciplex Fluorescence Quenching

in neat benzene, a structureless fluorescence peak of the DBMBF,-benzene
excipiex is observed at 424 nm showing a much ionger lifetime (2.1 ns) than the excited
DBMBF, monomer.®® Addition of 1,3-COD (9) to DBMBF; (5 x 10° or 0.03 M) in
benzene caused a monotonic decrease of the emission intensity (Figure 2.3). The
corresponding Stem-Volmer plots of 1°/1 against 1,3-COD concentration, monitored at
424 nm, were linear with slopes (Ksy) of 10.2 M” for [DBMBF,] =5 x 10° M and 8.8 M"
for [DBMBF,} = 6.03 M (Table 2.2).

Quenching of the exciplex emission by CHD (1) was determined similarly and
summarized in Table 2.2

The results in Table 2.2 suggest that an increase in DBMBF, concentrations
does not significantly affect the quenching rate in benzene. Therefore, the principal
species that is quenched is probably the DBMBF-benzene exciplex. This conclusion is
consistent with the observation that the DBMBF; photocycioaddition quantum yield does
not depend on the DBMBF; concentration in benzene solvent (see Table 2.4).

2.1.1.3 Studies of the Photoreaction Quantum Yield

(a) Solvent Effect

Because of its charge transfer nature, an exciplex is generally sensitive to
solvent polarity. Experimentally, it is ofien observed that the emission of an exciplex
shifts with changes in the solvent. If the exciplex acts as a precursor of a photoadduct,
The quantum yield of DBMBF; photoreactions with cyclic dienes was determined in
different solvents using a Rayonet Photoreactor equipped with a 350 nm light source.



The incident light intensity was determined using the benzophenone-benzhydrol
actinometer, which has a reported quantum yield of 0.74 in benzene ™

A relatively long irradiation time was employed to measure the quantum yields of
the DBMBF; photoreactions with conjugated cyclic dienes (0.6 ~ 2 hours). In contrast,
only 10 minutes of photolysis was needed for the reaction of DBMBF; with 1,5-COD (7)
due fo high efficiencies of the photocycloaddition. The quantum yields of adduct {(®,)
and of dimer formation (®y), from the DBMBF; photoreaction with cyclic dienes, are
summarized in Tabie 2.3 together with the dieiectric constant (g) for each soivent used.

Examination of the data in Table 2.3 suggests the following:

{1} The photoreaction of DBMBF, with CHD and 1,3-COD depends on the
solvent polarity, yielding mainly diene dimers in polar solvents and cycloadducts of
DBMBF; to the diene in nonpolar solvents. A decrease of the solvent polarity from
acetonitrile to p-xylene leads o a two orders of magnitude increase in the addition
quantum yield (®,) of DBMBF,.

{2} The total dimer quantum yield () of CHD varies from 0.07 in CH;CN to

0.003 in ether, mainly because of a decrease in the endo-[4+2] dimer 2. The quantum
yield of [2+2] dimers (4 + §) remains constant (0.002 - 0.004) throughout the solvent
{(3) The photoaddition of DBMBF; to 1,5-cyclooctadiene is less sensitive to
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Table 2.3 Quantum yields of the photoreaction of DBMBF, with

CHD, 1,3- and 1,5-COD in different solvents®

10°®g, of CHD dimer Quantum yield of DBMBF, adduct
Solvent £° i
[4+2] [2+2] endofexo | 1O C;-GD, 1,3«(3300, 1,5-COD
(10° Dp) (10° Da) (Da)
CH,CN 375 69.8 3.2 7.4 0.28 ~-0.09 0.18
acetone 20.7 7.9 3.1 4.9 0.60 0.65 -
CH.CL 8.93 556 34 3.9 1.66 0.78 0.40
THF 7.58 1.8 42 0.3 1.88 1.08 0.23
THP® 560°] 12 23 0.4 452 5.20 -
dioxane 2.21 14 2.7 0.6 3.02 3.22 0.30
ether 4.34 15 1.8 1.0 115 26.2 0.41
benzene 2.27 13.5 25 27 14.7 28.3 0.44
toluene 2.40 8.9 2.1 2.5 22.3 39.2 0.40
p-xyiene 227 i0.7 33 2.1 25.9 48.1 0.19

Notes: ® A 3 mL solution of DBMBF; (0.03 M) and CHD (0.3 M) or 1,3-COD (0.5 M) was

purged with N; for 4 min and irradiated at 350 nm for 2 hrs in a non-aromatic
solvent, and for 0.6 hr in an aromatic solvent. The conversion of DBMBF, was
controlled to less than 15%. lradiation was performed in the presence of an
actinometer solution of benzophenone-benzhydrol! (3 mL), and adduct formation
was determined by GC analysis using an intemal standard. Under the photolysis
conditions, no dk ion of 1.5-COD (7) was detected in any solvents, and
only trace amounts of dimers was found with 1,3-COD (9).

¥ Tetrahydropyran (THP).

° Ref. 81a; “ Ref. 81b, c.




(b) Effect of DBMBF, Concentration

Formation of the DBMBF, excimer is concentration dependent. When DBMBF,
concentration increases, the fiuorescence intensity of the excited DBMBF, monomer
decreases and a new broad emission peak of DBMBF; excimer appears at a longer
wavelength than the DBMBF,; monomer emission.®*¥ The DBMBF, excimer has a
longer lifetime (50 ns under N;*** and 36 ns in aerated solution®®) than the excited
monomer (0.34,[5“‘ 0.3 ns‘ezal) in acetonitrile, and consequently the excimer has greater
probability in reaction. If the excimer is invoived in the photoaddition of DBMBF; to an
electron-rich cyclic diene or vinyl ether, then the adduct formation should increase as the
DBMBF; concentration is raised.

The quantum yield of the DBMBF, photocycloaddition to cyclic dienes was

examined as a function of DBMBF, concentrations in dioxane, methylene chloride and

benzene (Table 2.4). The N, purged solutions of CHD (0.30 M) with varying

Table 2.4 Effect of DBMBF; concentrations on the quantum
vield of adduct in different solvents®

Adduct Quantum Yield (10°®,)
[DBMBF;] 1,3-COD CHD
M benzene CH;CL, dioxane benzene dioxane
0.01 29.7 0.50 2.74 13.6 2.45
0.03 : 32.1 0.68 3.58 15.0 3.73
005 | 337 0.76 4.01 14.6 4.90
007 | 326 0.73 417 14.9 5.63

Notes: * A 3 mL solution of CHD (0.3 M) or 1,3-COD {0.3 M) with varying concentrations
of DBMBF, was purged with N; for 4 min and irradiated at 350 nm for 2 hrs for
the sample in non-aromatic solvent, but 20-30 min for the sample in aromatic
solvent. The conversion of DBMBF, was controlled to less than 15%.
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concentrations of DBMBF, (0.01 M ~ 0.07 "4) were irradiated in a Rayonet Photoreactor

with a 350 nm light source. The incident light intensity was measured using the

L ¥ 3 ) and

”
ore

benzophenone-benzhydrol actinometer. The measured light intensity, at DB
conversion <15%, was used for calculating the moles of photons absorbed by DBMBF..
The adduct formation was determined by GC analysis using an internal standard. Then
the adduct quantum yield could be obtained as a mole ratio of the formed product to the

absorbed photons.

The data are plotted as a relative adduct quantum yield (®/®,)a versus the
concentration of DBMBF,; (Figure 2.4), where @, is the quantum yield of adduct at
[DBMBF;] = 0.01 M and @ refers to that at [DBMBF,] = 0.03, 0.05 and 0.07 M. Ascan

be seen, in dioxane the quantum yield of adduct formation between DBMBF; and CHD

increases with the conceniration of DBMBF..

Under similar conditions, the quantum yield of DBMB:-; addition to 1,3-cycloocta-
diene (9) was determined in dioxane and in methylene chloride. The obtained results
showed a similar trend as the photoaddition reaction of 1,3-cyclohexadiene (1) (Figure
2.4).

However, in benzene, the photoaddition of DBMBF to either 1 or 9 does not
depend on the DBMBF; concentration (Figure 2.4). This result, combined with those of
DBMBF, fluorescence quenching in benzene (Table 2.2), leads to the same conclusion:
the singlet excited DBMBF; forms an exciplex with a ground state benzene molecule,
and this acts as the principal reactive species even at the high concentration of DBMBF,.

Finally it should be noted that, despite the variation of DBMBF, concentrations,

the dimer formation of 1,3-cyclohexadiene showed the constant dimer quantum yield (®p

= 0.012 in benzene and 0.004 in dioxane) as well as the constant dimer distribution.
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Fig. 2.4 Effect of DBMBF; concentration on the cycloaddition quantum yields
(d») with cyclic dienes: with CHD in dioxane (») and in benzene (o);
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the adduct quantum yield at [DBMBF;] = 0.01 M.
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{c) Effect of 1,3-COD Concentration
Several Stem-Voimer constants (Ksv) of 1,3-COD have been obtained from
fluorescence quenching studies. In dioxane, the quenching of singlet excited DBMBF;

monomer produced the quenching constant Kg, =3.7 M~ (Figure 2.1B). In benzene,

the quenching of the DBMBF;-Denzene exciplex gave Kg, = 10.2 M (Figure 2.3).
These Stern-Volmer quenching constants can be also obtained from measurements of
the adduct quantum yield as a function of the diene concentration, {1,3-COD].

Quantum vields for the photocycloaddition of DBMBF; to 1,3-COD were
determined in dioxane and in benzene. The dioxane solution of DBMBF; (0.03 M), with
the varying concentrations of 1,3-COD (0.063 ~ 1.0 M), was irradiated in a Rayonet
Photoreactor for two hours with a 350 nm light source. The variation of adduct quantum
yield with diene concentrations is shown in Table 2.5, and a double recigrocal plot of

1/d, vs. 1/[1,3-COD] is linear (Figure 2.5). From this plot, the Stemn-Volmer quenching
constant (K%, ) can be calculated according to equation 2.15 (in Section 2.2.5) as the

ratio of the intercept to the slope. This leads to a value of K%, =3.1 M’ as the Stern-
Volmer quenching constant of the photoreaction of DBMBF; with 1,3-COD in dioxane.
Benzene solutions of DBMBF; (0.03 M) and 1,3-COD (9, 0.063 - 1.5 M) were

irradiated under similar conditions for 40 minutes. The plot of 1/®; versus 1/[1,3-COD],

*

based on equation 2.16 (in Section 2.2.5), yields the value K%, = 10.3 M" for the

DBMBF; - 1,3-COD photoreaction in benzene (Table 2.6 and Figure 2.5).



Table 2.5 Quantum yields of the photoaddition of DBMBF; to 1,3-COD in dioxane.?

[1,3-COD] 10°D, 1/[1,3-COD)

M of 12 M’ (102"
0.063 1.28 15.9 78.1
0.077 1.63 13.0 61.3
0.10 1.98 10.0 50.5
0.14 2.61 714 38.3
0.30 3.22 3.33 31.1

1.0 5.98 1.0 16.7
2.0 8.74 0.50 1.4
K%y 31+06M’

Note: ° A 3 mL dioxane solution of DBMBF (0.03 M) and 1,3-COD {0.06 ~ 2 M)
was purged with N, for 3.5 min and irradiated at 350 nm for 2 hrs. The DBMBF;
conversion was iess than 15%.
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Fig. 2.5 Effect of 1,3-COD concentrations on the quantum yield (d,)
of adduct in dioxane () and in benzene (a).



Table 2.6 Quantum yields of the photoaddition of DBMBF; 1o 1,3-COD
in benzene solvent.?

[1,3-CODJ 10°0, 1/1,3-COD]

M of 12 M’ 1/ ®s
0.063 15.3 15.9 65.3
0.077 17.1 13.0 58.5
0.10 19.1 10.0 52.4
0.14 225 7.14 444
0.30 280 3.33 357

1.5 38.6 0.67 259
K, 103+ 06M’

Note: * A 2 mi benzene solution of DBMBF, (0.03 M) and 1,3-COD (0.06 - 1.5 M)
was degassed with N for 4 min and irvadiated at 350 nm for 40 min. The DBMBF;
conversion was less than 15%.

The Stem-Voimer constants for 1,3-COD, from the quenching of DBMBF;
fiuorescence (K., , in Table 2.1 and 2.2) and from measurements of the adduct
quantum yield (K%, , in Table 2.5 and 2.6), are listed in Table 2.7 for comparison. If the
same intermediate is imvoived in fluorescence quenching and in adduct formation, then
the values of K§, and K, shouid be the same”™ (Section 2.2.5). The data in Table 2.7

by the two methods agree. This correlates the
pracess of flucrescence quenching with that of adduct formation. In benzene, the

iching of DBMBF,-benzene exciplex by 1,3-COD leads io the addition of DBMBF,; to




Tabie 2.7 Comparison of the Stemn-Volmer quenching constants for the photoreaction
of DBMBF; with 1,3-COD: KL, refers to the fluorescence quenching and

¢ L
K%, 1o the quantum yield measurements of adduct.

Solvent KL, (M) KL, (M7)
benzene 102 +0.5° 10.0+ 0.3 10.3+06° 9.9+ 1.0/
dioxane 38+02° 37+0.2° 3.1+06° 44+03

Notes: ° At [DBMBF] =5 x 10° M (Fig. 2.3); ® At [DBMBF;] = 0.03 M {Table 2.6);
° At [DBMBF,] = 0.03 M (Fig 2.2A); ° At [DBMBF;] =5 x 10° M (Fig. 2.1B);
° At [DBMBF,] = 0.03 M (Table 2.5); ' The results of repeated experiments.

(d} Effect of CHD Concentration

Quantum yields for the photoreactions of DBMBF; with CHD were determined as
a function of the CHD concentration in deaerated benzene, p-xylene, THF and dioxane
(Tarle 2.8), using the same procedure as that for the DBMBF;-1,3-COD photoreactions.
When a doubie reciprocal relationship of 1/@; vs. 1/{[CHD] was examined by plotting the
guantum yield data, linear and fiat ines are obiained for the photoreactions in benzene,
xylene and dioxane but a curve in THF (Fig. 2.6).

Exarmination of the data in Tabie 2.8 allows us 1o suggest the following:

(1) The quantum yiekd (¢,) of DBMBF, photoaddition to CHD appears to depend
very littie on the CHD concentration in the solvents benzene, xylene and dioxane; in
THF, an increase in the CHD concentration causes the decrease of adduct guantum
yield. The overall effect of increasing CHD concentrations is the quenching of adduct
formation.

(2) The total dimer quantum yield (dy)} of CHD increases with the CHD

son, and this increase of @ is mainly due to the endo-{4+2] dimer 2.
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Table 2.8 Quantum yields of the photoreaction of DBMBF, with CHD
in different solvents: CHD concentration effect

in benzene in p-xylene
[CHD] | 10°®, 10°®y, of CHD dimer 10°D, 10°®; of CHD dimer
M of 6 (2+3)(4+5 2:3 of 6° (2+3) 4+5) 2:3
0.5 18.4 188 6.1 26 26.5 131 44 26
0.3 18.0 144 45 26 25.9 1.1 60 1.8
0.1 185 69 6.1 1.6 25.9 63 60 12
0.05 19.2 45 64 1.2 28.2 65 7.1 1.1
0.02 18.9 21 49 0.5 22.1 32 66 0.5
0009 | 176 1.3 47 -0 18.1 11 33 ~0
Table 2.8 (continued)
in THF in dioxane
[CHD] | 10°®,  10°®n of CHD dimer | [CHD] | 10°®,  10°®y of CHD dimer
M| of 6 (243} (4+5) 2:3 M 1ot 6 (243) (445) 2:3
1.0 28 113 119 1.3 1.0 63 94 56 20
0.3 36 27 43 0.7 0.3 50 21 37 0.75
0.1 55 1.1 18 0.4 014 | 55 1.4 29 0.36
005 | 70 04 10 02 010 | 55 21 58 0.23
002 | 92 03 07 -02 |, 0077 | 49 13 40 0.21
001 | 95 02 05 o 0063 | 60 17 54 0.16
Notes: * A3 miL benzene solution of DBMBF; (0.03 M) and CHD was iradiated at 350 nm for 30

min; © A3 mi xylene salution of DBMBF, (0.03 M) and CHD was imradiated at 350 nm for
30 min. © A2 mL THF solution of DBMBF, (0.20 M) and CHD was imadiated at 350 nm
for 60 min; A 3 miL dioxane solution of DBMBF, (0.05 M) and CHD was ivadiated at
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Fig. 2.6 Effect of the CHD concentration on the quantum yield of adduct
in different solvents.

2.1.2 Photoreactions of DBMBF, with Vinyl Ethers'

2.1.2.1 The Photoreaction Profile

In acetonitrile, the photolysis of DBMBF; and phenyl vinyl ether (13, PVE) leads
mainly to the sensitised dimerization of the vinyl ether. Only trace amounts of adduct
are found. The dimerization proceeds via a head-to-head orientation to yield a mixture
of cis- and trans-1,2-diphenoxycyclobutane (14: 15=6: 4, in Eq. 2.5). Both dimers
show a molecular ion at mvz = 240 as the base peak. The major dimer has the same 'H

NMR spectrum as the known cis-dimer (14). 5

15'B'hil‘spanofihe\mmwasmﬂie«ioutinoo—operaiionwiﬂ1 Mr. Matteo Vanossi, Pavia University,
italy. The resuits may also be reported in his thesis.
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Eq. 2.5:

P ho\n hv, 350 nm —~=OPh —~=OPh
I T CHaON - i
CH3CN OPh ""OPh
02M 0.03 M DBMBF
(13) 2 (14) (15)
61 : 39

The photolysis of an ether solution of DBMBF, and a vinyl ether leads mainly to
the adduct formation, shown in Eq. 2.6. The irradiation time, the conversion of DBMBF,
and the isoiated product yieid are summarized in Table 2.9. The dimer of phenyl vinyl

ether, under this condition, accounts for less than 2% of the products.

Eq. 2.6:
F-.. /F O
'8\ RO hv, 350 nm ROa Ph
+ m —
ether b™¢ Ph
Ph h
0.018 M 02~05M ©

The adducts from alkyl vinyl ethers have similar EI-MS fragmentation patterns.
in general, the parent ions were not detected and underwent cleavage to a benzoyl ion
and a moiety of m/z = 191 (Scheme 2.1). The benzoy! ion usually accounted for the
base peak and further eliminated a CO to give a phenyl ion. The m/z = 191 fragment
underwent loss of an ethylene or isobutene (from the product of isobutyl vinyi ether), to
yield the 3-benzoyl-1-propanol ion (m/z = 163), and / or loss of ether, to produce the
fragment ion of m/z = 117. In the CI-MS spectrum, the adducts of alkyl vinyl ethers
showed the parent ion (M + 1) as base peak, which then eliminated ethano! or 2-methyl-

propanol to yield 1,5-diketone fragment of m/z = 251 (Scheme 2.1).
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Table 2.9 Photocycioaddition of DBMBF, with vinyi ethers in ether solvent

Irradiation Conversion Isolated

Vinyl ether time (hr.) of DBMBF; (%) Product yield(%)®
PHO. Pha_ §
b Ph |
3.0 63 Ph 50°
phenyt vinyl ether O
(13)
(16)
O. O
B (e
3.7 40 Ph 79
ethyt vinyl ether O
(17)
(18)
/om o. ¢
G P G =
Ph
isobutyl vinyl ether 0O
(19)
(20)
O 4.0 0 no adduct --
detected
3,4-dihydro-
2H-pyran (21)

Notes: ? Based on consumed DBMBF,; ” Prepared by M. Vanossi.
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h h
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(mh = o Q%
6] 3
° EtOH
|
i-e .
i
H
- S c
miz = 191 (19%)
Ph
M#
4
;E L 3
l H Ph _j. mf\/\rph
(8] 0
m/z = 191 (96%) m/z = 163 (10%)
r il vl 2
Ph*-C=Q
miz = 105 (100%) N\
J
| co ELO CaHsO |
’ mz = 117 {60%)
CeHs*
miz = 77 (87%)

The adduct (16) from phenyl vinyl ether, in contrast to those from alkyl vinyl
ethers, exhibited a parent ion peak in the EI-MS. Fragmentation of 16 proceeded by
cleavage of a benzoyl fragmment, followed by loss of carbon monoxide, ethyl phenyl ether

and phenol (Scheme 2.2). The 3-benzoyl-1-propanol ion (m/z = 163) was not observed.



o
(55, M = 344) miz = 344 (9%)
 J
Ph—CamsQ" X HO'
miz = 105 (80%) @go\ oo 'CL\’:
; ’-39"\ Ph —Fn
' vz = 239 (100%) miz = 251 (35%)
mﬂ*
miz = 77 (62%) , N
/ reamangament
PROE! + C,HO" © . . .
miz = 117 {38%) @H +* l \'—th
o
% miz = 145 (26%)
phenol

The addition products 18 and 20 from the two alkyl vinyl ethers have similar NMR
spectra: (1) two singlet carhon peaks appeared at 200.4 and 199.6 ppm for the two
carbonyi groups; (2} the methine carbons were around 81.7 ppm, deshielded by a

neighbouring oxygen atom and a carbony! group; and (3) this deshielding also shifted
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the methine proton (H,) to 4.7 ppm (Table 5.6). The connections of the benzoyl and
phenacyt groups to the alkyt vinyl ethers were determined from the coupling of the
methine proton (H,} to its adjacent methylene protons: H, at 2.2 ppm with J, = 9 Hz, and
Hy at 2.4 ppm with J.» = 5 Hz (Table 5.6).

For the photoadduct 16 of DBMBF; to phenyl vinyl ether, the two carbonyl
carbons were found at 199.27 and 198.13 ppm, and the methine carbon at 78.92 ppm.
The methine proton (H,) of adduct 16 appeared at 5.65 ppm with vicinal couplings to the
methylene protons: H, at 2.34 ppm (J., = 9.1 Hz) and Hy at 2.61 ppm (Ju = 4.0 Hz).

The following discussion refers to byproducts of the reactions:

{1) Thermal reaction of 3 4-dihydro-2H-pyran (21)

The photolysis of DBMBF, with the dihydropyran 21 in several solvents did not
lead to photoadducts, and the DBMBF; was recovered. GC analysis revealed that a
product had formed, with a parent ion of m/z = 168 (M", 70) in EI-MS and 169 (M+1,
100) in CI-MS specira. Further investigation showed that this was formed from a fast,
dark reaction. This reaction could be accelerated by the addition of boron trifiuoride
etherate or retarded in THF or in the presence of 2,6-lutidine. The same product was
also obtained by treatment of 21 (0.15 M) with boron triflucride etherate (3 x 10° M) in
acetonitrile. The product showed olefinic carbon absorptions at 141.42 and 114.15 ppm
and a proton singiet at 6.68 ppm. The IR spectrum showed a strong C=C peak at 1667
cm’’ and was identical to that of the dimer 22, prepared by treatment of the dihydropyran

(21) with HBr P2
(O} [Oj—»\o/
(1) (22)
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(2) Formation of 3,5-dioxa-2,6-diphenyltricyclo[2,2,1,0°%Jheptane (23)

When DBMBF; (0.03 M) and ethyl vinyl ether (0.3 M) were irradiated in dioxane
(30 mL), a crystalline product was isolated in 10% yield, in addition to the adduct 18
(24%). The crystalline compound had m/z = 250 (El) and 251 (M+1, CI), and one set of
pheny peaks i the "H NMR and "°C NMR spectra (Table 5.6). There was no carbonyl
absorption in the IR and °C NMR spectra. The “C NMR (DEPT) spectra showed a
quaternary carbon at 66.31 ppm, one CH;at 33.72 ppm and two CH groups at 19.24 and
96.56 ppm respectively. The CH at 96.56 ppm couid be assigned 10 a carbon bonded to
two oxygen atoms; the upfieid shift of the second CH group suggested that it was part
of a cyclopropane ring. ™ ** The "H-"H connectivity of the four alkyl protons was
determined by 2D-COSY NMR, and from the coupiing pattems. The data are consistent
with the cage structure 23. The compound was also observed in the photolysis of
DBMBF, and isobutyl vinyt ether in ether (4% yield) or in THF (4% yield). However, the
compound was not formed in the absence of light, or when 2,6-lutidine was inciuded in
the photochemical reactions. Nt is believed that a zwitterionic intermediate, from the
photoinduced electron transfer between the singlet excited DBMBF; and the vinyl ether,
is probably involved in the formation of cage product 23.

action of DBMBF; / DBM with THF

diesion of a 40 mi. THF solution of DBMBF; (0.03 M) and isobut /

vinyl ether (19, 0.30 M) produced the major adduct 20 of DBMBF; to the vinyl ether (14%



yield), as well as two minor coupling products (11%). These were isolated and found to

be stereoisomers of 24. The IR spectrum of each isomer showed a strong band at 3444

Ph OH
O

O H
(24)
or 3470 cm™ and a strong C=0 siretch at 1668 cm™'. The exchange with D,O supported
the presence of OH group in 24. °C NMR spectrum showed one carbonyl peak at ~202
ppm. The CI-MS spectrum showed a molecular ion at m/z = 297 (M+1). Under EI-MS
conditions, the molecular ion eliminated THF to yield dibenzoylmethane ion.
When only the THF solution of DBMBF, was irradiated, the formation of product
24 was found not fo be affected by the presence of iodomethane or by oxygen.
However, a higher concentration of either DBMBF. or vinyl ether could depress the
coupling reaction. In addition, two facts should be also noted: (1) THF did not quench
the fluorescence of DBMBF; in acetonitrile. (2) The direct photolysis of dibenzoyl-
methane in THF also gave the product 24 although the yield was very low (3%, after 6

hours irradiation).

2.1.2.2 Steady State Fluorescence Quenching Studies
{a}) Monomeric Fluorescence Quenching

The quenching of DBMBF; (5 x 10° M) fluorescence by vinyl ethers in THF
solvent was examined using the right-angle illumination techmque (section 5.2).
Filuorescence quenching by ethyl vinyl ether and isobutyl vinyl ether is shown in Figure
2.7, together with the Stern-Volmer plots based on Eq. 1.16. The efficiencies (Kg, ) of

quenching the excited DBMBF, monomer are summarised in Table 2.10.



(b} Excimer Fluorescence Quenching

The quenching of DBMBF; (0.20 M) fluorescence by vinyl ethers in THF was
studied with the front-face illumination technique (section 5.2). The quenching of
DBMBF; excimer by ethyi vinyl ether and isobutyl vinyl ether was analysed using the
modified Stern-Volmer equation 1.18,7°" in which the Stem-Volmer plot is obtained by

plotting (I%/Dex+ (I°Mxon versus the vinyl ether concentration. A linear relationiship was
observed with siope Kg;,. These linear plots and the fluorescence spectra are shown in
Figure 2.8. The efficiencies (K, ) for quenching the CBMBF; excimer fluorescence are

SV

summarised in Tabie 2.10.

Table 2.10 Quenching efficiency of DBMBF; monomer (K7, ) and
excimer (KS, ) fluorescence by vinyl ethers in THF

ethylvinyl  isobutylvinyl  phenyl vinyl
Quencher ether (17) ether (19) ether (13)
Kg, (M7)° 2302 22202 14203
Koy (M7y° 21£02 23101 74210
Ko o0y ° 227+04 196+ 0.3 17.0+03
. (21.2 £ 0.6)

Notes: ° [DBMBF,] =5 x 10° M, excited at A, = 365 nm and monitored al Ao = 417 nm;
* [DBMBF ;] = 0.20 M, excited at i, = 365 nm and monidored al i, = 440 nm for

measuring K, and at ko = 524 nm for measunng Ky, .
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2.1.2.3 Studies on the Photoreaction Quantum Yieid

(a} Solvent Effect

A solvent effect, similar to that found in the DBMBF-cyclic diene system, was
observed in the photoreaction of DBMBF, with vinyl ethers {Table 2.11). Quantum yields
for the photoreaction of DBMBF, (0.03 M) with isobutyl vinyi ether (19, 0.30 M} or phenyi
vinyl ether (13, 0.20 M) were determined in different solvents, using a Rayonet

g Lo Yol oY

phoioreactor equipped with a 350 nm light source. To avoid the thermal reaction of iVE,

Table 2.11 Quantum yields of the photoreaction of DBMBF; with isobutyi
vinyl ether (IVE) and phenyl vinyl ether (PVE) in different solvents *

10°®, of Adducts Dimers of PVE
Solvent £ from IVE from PVE 10°0; 14:15
CH,CN 375 0.32 0.22 10.4 6:4
CH.Cl, 8.93 1.26 -
THF 758 0.96 1.69 0.29 -
dioxane | 2.21 | 1.52 4.44 0.66 -
ether 4.34 2.52 8.83 1.40 53:1
benzene 2.27 4.37 10.7 1.11 22:3
toluene 2.40 4.50 13.0 - -
pxylene | 227 | 415 16.2 1.87 9:1

Notes: ¥ A3 mi solution of DBMBF; (0.03 M) in the solvent was purged with N, for 4 min,
and then the viny! ether was added to an IVE concentration of 0.3 M ora PVE
concentration of 0.2 M. Iradiation was usually conducted at 350 nm for 30 min, bul the
sample of PVE in an aromatic soivent was irradi. ;ed for 15 min. The conversion of

DBMBF, was less than 15%.



2 6-lutidine (1.1 x 10° M) was added before irradiation. The irmadiation time was
comtrotied to limit the percentage conversion of DBMBF; to less than 15%. The results
in Table 2.11 showed that the dimerization of phenyl vinyl ether was dominant in the

polar solvent acetonitrife, but in benzene solvents adduct formation predominated.

(b} DBEMBF, Concentration Effect

The quantum yield for photoadditions of DBMBF; to vinyl ethers was determined
in THF as a function of the DBMBF; concentration. Throughout the experiments, the
concentration of vinyl ether was maintained at 0.30 M while that of DBMBF; was varied
from 0.01 10 0.20 M. The results, summanized in Table 2.12, indicate that the quantum

yield of adduct formation depends on the concentration of DBMBF..

Table 2.12 DBMBF, concentration effect on its phoioaddition to
isobuty! vinyl ether (IVE) and ethyl vinyl ether (EVE) in THF

[DBMBF ] 10°®,, of Adducts
M from IVE from EVE
0.01 0.89 1.59
0.03 1.03 2.02
0.05 1.18 2.42
0.07 1.36 271

Notes: * A 3 mL solution of IVE (0.3 M) with varying concentrations of DBMBF; was
purged with N; for 4 min at ~6 °C and irradiated at 350 nm for 30 min. In the
photolysis of EVE (0.3 M), the vinyi ether was added by injection after the
DBMBF; solution had been deaeraled.



{c) Vinyl Ether Concentration Effect

The quenching of DBMBF, excimer fluorescence by cyclic dienes or vinyl ethers
suggested the involvement of the excimer serving as a reactive species in the
photoreactions of DBMBF,. To correlate the quenching of excimer fluorescence with the
photoreactions, the adduct quantum yield was studied as a function of substrate
concentrations.

The THF solution of DBMBF; {0.20 M) and varying concentrations of ethyi vinyi
ether (EVE, 0.063 - 0.57 M) was irradiated at 350 nm in a Rayonet photoreactor for 35
minutes. The incident light intensity was determined using the benzophenone-
benzhydrof actinometer.”™ GC analysis showed that the major product arose from the
photoaddition of DBMBF; to EVE, while only a trace of the by-product 24 was detected.
The analysis also showed that the adduct quantum yield increased with an increase in

the concentration of EVE (Tabie 2.13). The Stern-Volmer plot of 1/®, versus 1/[EVE]

1

(Eq. 2.17A in section 2.2.5) was linear, giving an intercepi-siope ratio as Kf, = 18.4 M

{Fig. 2.9}.
The quantum yields for the photoaddition of DBMBF; (0.20 M) to isobutyl vinyl

ether (IVE, 0.076 ~ 0.57 M) were determined in a 30 min irradiation time. The data are

listed in Table 2.14, and the double reciprocal plot of 1/®, versus 1/]IVE] yielded K%, =

14.5 M calculated according to Eq. 2.17A (Fig. 2.10).
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Table 2.13 Quantum yields of the photoaddition of DBMBF; (0.2 M) to EVE

in THF: ethyi vinyl ether {EVE) concentration effect.

{EVE] 10°0, 1/[EVE]
1
M of 18 M’ A
0.063 1.99 15.87 50.3
0.11 253 9.09 39.5
0.19 278 5.26 36.0
0.57 3.46 1.75 289
K, 18416
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[EVE]' M?

Fig. 2.9 Siemn-Voimer plot of 1/d, vs. 1/[EVE] for the cycloadditon of

g

DBMBF,

T

e o 1 | oy

ic ethyi vinyi ether in THF.
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Table 2.14 Quantum yields of the photoaddition of DBMBF; to IVE

in THF: isobutyl vinyl ether (IVE) concentration effect.

fiVE] 10°D, 1/]IVE]
0.076 1.67 13.17 59.8
0.11 2.09 9.09 47.9
0.19 2.42 5.26 413
0.57 2.86 1.75 35.0
K%, 145+1.3
60 .
55 _ /,//, -
50 -
((p A) , - *
45 -
re
40 = /‘////
35 = /’/// -
30 d A [] 3 [ 1 v 1 = ] 1
) 2 4 6 8 10 12 14
[Iver!, mt?

Fig. 2.10 Stem-Volmer plot of /@, vs. 1/[IVE] for the cycloadditon of

DBMBF; to isobutyl vinyl ether in THF.
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All of the Stem-VYolmer quenching constants (Ksy) of the DBMBF,-vinyl ether
systems are summarized in Table 2.15. The constant K, was obtained from the
fluorescence quenching of excited DBMBF, monomer ( at [DBMBF;] =5 x 10° M)
according to Eq. 1.16. Kg;, was derived from the fluorescence quenching of DBMBF,
excimer (at [DBMBF:] = 0.2 M) according to Eq. 1.18, and also at this concentration of
DBMBF,, K, was determined from the measurements of the adduct quantum yield
according to Eq. 2.17A. In examination of Table 2.15, it is noticeable that the value of
K%, is comparable to Kg, at the high concentration of DBMBF; (0.20 M). This indicates

that the excimer fluorescence quenching is related to the adduct formation, namely at
[DBMBF;] = 0.20 M, the photocycloaddition of DBMBF; to vinyi ethers is dominaied by

an excimer mediated reaction.™?

Table 2.15 Comparison of Stern-Volmer guenching constants

Vinyi ethers Koy, M’ K, M’ K%, . M’
EVE, 17 23+02° 227+04° 184+£1.8°
212+06° 175+15°
IVE 19 22+02° 196+03° 145+1.3°
18.7+3.0°
PVE, 13 34+03° 17.0+03° 146+26°

Notes: ? Data from Table 2.10; ® From Table 2.13; ° From Table 2.14;
? The repeated experiment results; ° From Table 5.11.



2.2 Discussion
2.2.1 An Overview

The photolysis of DBMBF, with 1,3-cyclohexadiene (CHD) or pheny! vinyi ether
{PVE) resulted in the formation of products in two types: the sensitized dimerization of
CHD or PVE and the cycloaddition of DBMBF; to the diene or vinyl ether. The products
are dependent on the solvent (Tables 2.3 and 2.11). In acetonitrile, the excitation of
DBMBF; in the presence of CHD leads mainly to a radical cation [4 + 2] dimerization of
the diene, and a frace amount of tniplet CHD {2 + 2] dimerization. The radical cation
CHD™ is thought to be formed by single electron transfer from the diene to the singlet
excited state of DBMBF,,"™ as in the Diels-Alder dimerization of CHD under PET
conditions (Table 1.1).7 %% This electron transfer is consistent with expectation from

the Rehm-Weller equation:™ %%

AGer = EY —(E° + Es) + C (Eq. 2.7)

| ¥ 3

where EJ" is the oxidation potential of CHD, E° is the reduction potential of DBMBF,
Es is the singlet energy of excited DBMBF;, and C is the interaction energy of the ion

pair formed at an encounter distance a = 7 A (-0.06 eV in CH;CN).!'¢

Table 2.16 Physical Constants of Cyclic Dienes and DBMBF;

Ees (V) Ecw (V) Es, (eV) Er, (eV)
DBMBF, -0.91" 2.45° 3.19° 269°
CHD ; - 1.58°% 1.53° 3.25 4.21°¢ 2.29"
1,3-COD -~ 1.897 - 3.04-3.17
PVE - 1.627 - -

Notes: ° vs. SCE in acetonitrile; ® Ref. 58a; °Ref. 83a; ?Ref. 14; ° Ref. 38a; 'Ref. 3;
9Ref. 87: " Ref. 36b, 87 and 79; 'Rel. 79; ’ Ref. 28b.
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Phenyl vinyt ether (PVE) is also an electron-rich alkene whose radical cation
mediated [2+2] dimerization has received much attention > %% ¥} a chain reaction of
PVE™ is reported to occur upon sensitization of the singlet excited 9, 10-dicvanocanthra-
cene in acetonitrile (Scheme 1.2).%*7 Other photoinduced dimerizations of vinyl ethers,
such as ethyl vinyi ether (EVE), has been accomplished using 1,4-dicyanonaphthalene
or 1,4-dicyanobenzene as the acceptlor sensitizer.*” With the sensitization by DBMBF,,
PVE gave the [2+2] dimers 14 and 15 as the major products in acetonitrile. Since the
dimer ratio followed a known product patiem of the reported chain reaction {Eq. 1.7),%®
it appears that the PVE radical cation is generated in the reaction of singlet excited
DBMBF; with PVE in acetonitrile.

The yield of DBMBF; sensitized dimerization decreases with a decrease in the
solvent polarity (Tables 2.3 and 2.11). Since the endo-{4+2] dimerization of CHD is the
major route of radical ion reaction, its yiekd is reduced sharply on going from the polar
sofvent acetonitrile to the less polar soivent ether. In the less polar solvents, the main

reaction becomes the photocycloaddition of DBMBF, to CHD.

Scheme 2.3:
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Scheme 2.3 is proposed to describe the photocycloaddition of DBMBF; to cyclic
dienes (or vinyl ethers). The photocycloaddition proceeds via A, an exciplex between
singlet excited DBMBF,; and the ground state olefin, which then is converted to the
cycloadduct B. Hydrolysis of B produces the 1,5-diketone product. Adducts containing
a stable cyclobutane ring have been isolated in the photoaddition of enaminoketonato-

boron difluoride, a DBMBF, analogue, to trans-stilbene ™!

F, F Enaminoketonatoboron Difluoride:
B, R
o N R = R = phenyl, a DBMBF, analogue
R’ = alkyl and phen
H R kyl and phenyl

The singlet excited state of DBMBF; can be quenched by cyclic dienes and vinyl
ethers at the diffusion controlled rate. % The quenching process is related to the

photocycloaddition to DBMBF,. Thus, a similarity between the Stem-Volmer constants

obtained from the quenching of DBMBF; fluorescence by 1,3-COD ( K;V ) and from

measurements of the adduct quantum yield (K;, . in Table 2.7) has been observed.
From these Kgy - values, the rate constant (k,) of quenching the singlet excited DBMBF,
by 1,3-COD can be calculated. For example, the K{, = 3.7 M of fluorescence
quenching in dioxane (Table 2.7) leads to the rate constant k, = 1.1 x 10°° M's™ by
using Eq. 1.16 in Section 1.6.1; the KX, = 3.1 M” from measuring the adduct quantum

yields in dioxane (Table 2.7) leads to k; = 1.0 x 10" M's™, according to Eg. 2.15A in
Section 2.2.5. The two different measurements produce the comparable k, - vaiues
(Table 2.17). This supports the contention of Scheme 2.3 that the photoaddition is

initiated by collision of the singlet excited state of DBMBF; with 1,3-COD.
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Table 2.17 Comparisen of quenching rate constants
in the DBMBF,-1,3-COD photoreaction °

| Quenching rate constant (ko, M's )
Sovient from quenching fluorescence from measuring adduct formation
Dioxane (1.1 £0.1)x 10" * (1.0£02)x10"°°
THF (24+03)x 10" “ (29+0.4)x 10" °

Notes: ? k, is calculated according to Eqg. 1.16 or £q. 2.15A from the corresponding Ksv-
data, where 1, = 0.34 ns and k, = 2x 10" M's™; ® From Ksy = 3.7 M with
[DBMBF;] = 5 x 10° M (Table 2.7); © From Ksy = 3.1 M"* with [DBMBF,] = 0.03 M
(Table 2.7); ¢ From the Ksy = 8.1 M with [DBMBF,] = 5 x 10° M (Fig. 2.1);

° From Ksy = 4.2 M with [DBMBF;] = 0.2 M (Table 5.10).

Upon the quenching of singlet excited DBMBF, by a cyclic diene or vinyl ether,
one of the possible consequences would be formation of an exciplex between the
excited DBMBF; and the donor olefin (Scheme 2.3). The existence of exciplexes and
excimers was demonstrated by Forster'” > and Weller long ago,” but the intervention
of these species in photocycloaddition reactions was not established until the 1970's1'®
Since then, exciplexes have often been postulated as intermediates in donor-acceptor
photoreactions.” % '® Since the photoadditions of DBMBF; to simple olefins have
been postulated to proceed via an exciplex mechanism, it is logical to postulate the
participation of the DBMBF-diene or vinyl ether exciplexes in the photoreactions.

The exciplax mediated cycloaddition reactions are often concerted and give the

product with specific stereochemistry that is determined more by n-orbital overlap than



by steric effects.”*! Our observations of DBMBF, photoadditions to electron donor
olefins are consistent with the properties of an exciplex reaction. For example in the
photoreaction of DBMBF, with 1,3-cyclohexadiene (CHD), the head-tc-head addition
product should result from a face-to-face configuration of the DBMBF; - CHD exciplex

intermediate with the most r-orbital overiap.

F“' /F
Y
o ;
head-to-tail head-to-head
orientation orientation

As a complication to the exciplex mechanism, the photoaddition of GBMBF; to
CHD is found to be quenched by increasing the CHD concentratior: (Fig. 2.6). This
conceniration increase aiso promotes the endo-{4+2] dimerization of CHD even in the
less polar solvents, such as xylene, benzene, dioxane and THF (Table 2.8). Schuster et
al. have reported the similar observation in the 1,4-dicyanonaphthalene (DCN) sensitized
dimerization of CHD, where the increase of CHD concentrations yielded more endo-

®7% Because the radical cation CHD" is not formed by

[4+2] dimer in benzene.
sensitization of DCN in this nonpolar solvent, the endo-[4+2] dimerization of CHD is
suggested to proceed via a triplex intermediate, *“DCN-CHD-CHD, and the formation of
the triplex is through interception of the DCN-CHD exciplex by CHD.®"* % gimilar
triplex formation in CHD dimerization, sensitized by 9,10-dicyanoanthracene in CH;Cl,,

was also suggested at high substrate concentrations.””>* Our observations of the
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CHD conceniration effect on DBMBF, photoreactions (Table 2.8) are consistent with the
DCN-CHD reaction pattems. In the solvent xylene, benzene, dioxane or THF, the
enhanced endo-{4+2] dimerization of CHD may similarly result from a triplex
intermediate, *“DBMBF-CHD-CHD. To form this triplex, the DBMBF,-CHD exciplex

should be intercepted by CHD, and the interception quenches the formation of adduct.

2.2.2 Intermediacy of the DBMBF_Benzene Excipiex: ("AR)

Exciplexes of cyanoarene compounds as electron acceptors with alkylbenzenes
as donors have been the subject of recent interest !> "> ?"* It is noteworthy that
quenching of singlet excited DBMBF; (5 x 10° M) by benzene, toluene and xylene in
acetonitrile also leads to a strongly emissive exciplex (*AR).”*>% %2 n neat benzene,
toluene or xylene, the exciplex emission spectrum is observed as a red-shifted, strong
and structureless fluorescence band. The DBMBF;-arene exciplexes are characterized
by a longer lifetime (2.1 ns in benzene and 15 ns in xylene) and higher fluorescence

quantum yield (®f = 0.44 in benzene and 0.59 in xylene).*** Consequently, in studies

of the photoreaction of DBMBF-, with cyclic dienes or vinyl ethers in aromatic solvents,
the properties of *AR must be taken into account.

Excitation of DBMBF; in benzene leads first to the singlet excited DBMBF; (*A)
which may react ‘n several ways (Scheme 2.4). In the absence of cyclic dienes or vinyl
ethers and at [DBMBF,] = 5 x 10° M, the long lived exciplex "AR is the principal excited
species. In the presence of the donor olefin, the mole ratio of benzene (11.3 M) :
DBMBF; (0.03 M) : olefin (0.3 M) is estimated to be 100 : < 0.3 : < 3 for the typical

photoreaction run in benzene solvent. Siiii we wouid expect that the excipiex *AR
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Scheme 2.4:

Ak AR excipiex formation: k["A}iR]
D.k, ST
v >  p-D encounter compiex: K,{"A}iD}
A —» A — Ak
—— TI» *AA excimer formation: k_ [*Al{A]
;._5@__, A unimolecuiar decay: k ["A]

A =DBMBF,; D = Diene, Vinyl ether; R = Arene compound.

should be the principal species for the photoreactions. The following resulls are

obtained to support the inlermediacy of the DBMBF,-arene exciplex:

{1} The fluorescence quenching of DBMBF;-benzene exciplex by cyclic dienes is
not affected by the change of DBMBF, concentrations (Table 2.2), indicating that the
DBMBF;-benzene exciplex is the principal species in benzene.

f2) Also in benzene, DBMBF; photoadditions 1o the cyclic dienes did not show
any dependency upon DBMBF; concentrations (Table 2.4). This finding, combined with
the results in Table 2.2, suggests the dominant role of "AR to react with the olefins by
suppressing the *AA formation (Scheme 2.4).

{3} The fluorescence quenching and the photoaddition of DBMBF; in benzene
can be correlated by comparing the Stem-Volmer constants: the K, = 10.2M" from
quenching the "DBMBF; - benzene exciplex fluorescence by 1,3-COD, and the K, =
10.3M' from examining quantum yields for the DBMBF; photoaddition to 1,3-COD in
benzene (Table 2.7). From these Kgy-values, the rate constant k; of guenching the

DBMBF;-benzene exciplex by 1,3-COD can be calculated. Using the relationship of

ng, = kqTan Where Tx5 = 2.1 nis as the exciplex iifetime, thus the K;, =10.2 M leads to



ky=4.9 x 10° M's"and the K}, = 10.3M " leads 1o k; = 5.0 x 10° M's™". This

consistency in kyvalues presents a clear nstration that, in benzene, the

tion of DBMBF; to 1,3-COD occurs primarily from the DBMBF-arene exciplex

AR (Scheme 2.4).
Although the reaction of DBMBF -benzene exciplex with cyclic dienes resufts in
adduct formation, it is not known whether a triplex is formed dunng this reaction process.
A triplex can be formed through the reaction of excimers or exciplexes.™ ™ =% For
exampile, the riplex "(ST-ST-F) was proposed in the reaction of trans-stilbene excimer
~(ST-ST) with dimethyl fumarate (F).™? In other examples, the quenching of an
exciplex *{AD) by the same molecule D 7™ 0% %% o0 5 different one™ also resulted
i the formation of triplex. However, the reaction of exciplex substitution was also
reported in the quenching of an exciplex “{cyanoarene-anethole) by aniline. This
guenching resulled in a new emission that was assigned o the exciplex of
reaction. " * |n the pholoreactions of

*{cyancarene-aniline} from the substitution
DBMBF; with cyciic dienes m aromatic solvents, the quenching of exciplex *AR by the
diene (D} may either form a nonemissive triplex *(ARD) or proceed via an exciplex

substitution to form *AD. Either possibdity should Jead to the adduct formation.

2.23 The Role of DSMBF,; Excimer. “(AA)

it is reported that the photoadditions of DBMBF; to simple olefins involve reaction
of the , excimer. ™™ This excimer reaction was proposed on the basis of

fluorescence quenching measwrements and dependence of the adduct formation on
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A concentration dependence has also been observed in the photocycloaddition of

DBMBF; to cyclic dienes or vinyl ethers in non-aromatic solvents. The following findings
suggest a dual pathway, initiated from the excited DBMBF; monomer and from excimer,
for the DBMBF.-diene photcreactions. However, the quenching of DBMBF; excimer can

be the main route of DBMBF; addition to vinyl ethers.

(1) The fiuorescence quenching expenments show that the DBMBF, excimer is
more efficiently quenched than the singiet excited DBMBF; by either cydlic dienes or
vinyt ethers (Fig. 2.2B and 2.8},

{2) The photocycloaddition is dependent on the DBMBF: concentration in non-

aromalic solvents, The adduct quantum vield increases with higher concentrations of
DBMBF; (Fig. 2.4 and Table 2.12);

{3} Under similar conditions, both the fluorescence quenching of the DBMBF,
excimer by vinyl ethers and the measurements of adduct quanturn yield produce the

~omparable Stem-Volmer quenching constants (Ksy, in Table 2.15). The results indicate

that, at high [DBMBF ], the cycloadduct formation is initiated mainly by the quenching of

the DBMBF, excimer with viny! ethers.

The observalion detailed i point 3 also implies that, in the DBMBF,-vinyl ether
system, the excimer formation can dominate over the other bimolecular quenching
pracesses in non-aromatic solvents (Scheme 2.4). For example, the relative rates of

excimer ("AA) and monomer (*A) reactions can be estimated upon the concentrations of

AA tonmaticn _ kL JAIA] 27 x10"x0.2

= = — = 2.6
chimg * A by EVE k {DE"A] 0.7x10" x0.3




Rate of quenching* AAby EVE _ k,7,,[D] 0.63x10° x36

= 9
Rate of quenching * A by EVE k,7,[D] 7x 10" x0.34

iy

In the above eguations, ethyl vinyl ether (EVE) is used as quencher. The rate
constant for quenching the singlet excited DBMBF; by EVE is calculated to be k, = 7 x
10° M"'s” from Kg, = (k. 7, ) =2.3 M" in THF (Fig. 2.7). The rate constant for excimer
formation is k., = 2.7 x 10"° M’s™ from Fig. 4.9 in acetonitrile. The rate constant for
quenching the excimer by EVE is k, = 0.63 x 10° Ms™ from K= (kyy Tan ) =227 M
in THF (Fig. 2.8). The lifetimes 1, = 0.34 ns and tas = 36 ns in aerated acetonitrile!®®
were used in the above calculations. Based on these estimations, both the formation of
DBMBF; excimer and its quenching by EVE are predominant over the competing

reaction of singlet excited DBMBF; (*A) with EVE.
in the reaction of DBMBF, with 1,3-COD, the rate constant k, =25 x 10" M's™

is from KT, = 8.1 M in THF (Fig. 2.1) and k, = 1.5 x 10° M's™ is from K3, =56 M in
THF (Fig. 5.5). Similar estimations suggest that even at 0.2 M DBMBF;, the monomer

("A) reaction is still significant. This can be understood on basis of the following

Rate of " AA formation _ kalAI'A] _ 27x10°x02 _ o,
Rate of quenching * A by COD k. [D'A] 25x10° x03 ~

Rate of quenching "AAby COD _ k,1,,[D]  15x10° x36

= = = 6.4
Rate of quenching * A by COD k,t,ID] 25x10" x0.34

considerations. In view of the relative quenching rate, while the singlet excited DBMBF,

(*A) has a higher reactivity than the DBMBF, excimer (*AA) towards 1,3-COD, the long
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lifetime of *AA is mostly responsible for the selective quenching of *AA by 1,3-COD.
However, in view of the excimer formation, the competition for capturing *A by DBMBF,
itseli (kn{"AJ{A]) and by the donor 1,3-COD (k,[*A]{D]) should determine the pathway of
photoreactions. When the rate constants k, and k,, are similar, higher concentrations of

1,3-COD than DBMBF; should promote the reaction through the monomer pathway.

2.2.4 The Intermediacy of the DBMBF-Olefin Exciplex (*AD)

2.2.4.1 Mataga and Weller's equations

It is generally known that the extent of charge transfer (CT) in an exciplex can
change with the solvent polanity and that the electronic structure of the exciplex will
determine the selectivity of its subsequent reactions.”® Polar solvents increase the CT
extent of an exciplex, and the resultant changes in electronic structure of the exciplex
have been used to account for the variation of the emission quantum yield and lifetime of
the exciplex with the variation of solvent polarity [ 1% 57-920-31d The CT content within
an exciplex can be so strongly promoted by the solvation that the exciplex dissociates
into a solvent-separated ion pair (SSIP), which may then initiate ionic reactions. An

empirical relationship of the exciplex ionic dissociation with the solvent polarity (€) has
been established by Mataga and Weller (Scheme 2.5).% %

Scherme 2.5:
-+ Dt ionic dissociation

*AD
‘% A + D emission, intersystem crossing
and chemical reaction.



Mataga proposed an empirical equation (Eq. 2.9) that correlates log(1/®)) to

1/e,** where the quantum yieid of the exciplex dissociation (®;) was defined as:

& = : (Eq. 2.8)

log(é— ~-9)=2 4+ ¢ (Eq. 2.9)

which assumes unit efficiency for exciplex formation. The two constants p and g are
independent of solvent. Weller also found that rate constant of the exciplex dissociation
(ki) is much more dependent on solvent than the rate constant (ko) of other non-radiative
and radiative decay.®® The empirical equation (Eq. 2.10) suggests that a semi-

logarithmic plot of Ink; vs. 1/e should be linear. According to Eq. 2.10, ink; is related to

the differential solvation of *AD and SSIP./*7

2.3x10° e2 1 1
;= 2T exp(- - = Eq.2.10
ki n, xp( EH( 3 a ) (Eq. 2.10)

In this equation, 77 is the solvent viscosity (in cP), ¢ is the dielectric constant of
the solvent, k is the Boltzmann constant, a = 7 A is the centre-to-centre distance of

SSIP, and d = 3 A is the interplanar separation in the exciplex.

2.2.4.2 The relationship between ®, and k;
The quantum yields for the photoreactions of DBMBF; (0.03 M) with cyciic dienes
(0.30 M) or vinyi ethers (0.30 M) were determined in various soivents, ranging from

acetonitrile to xylene (Table 2.3 and 2.11). The quantum yield (®,) for the DBMBF;
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photoaddition to the cyclic diene or vinyl ether is defined in Eq. 2.11, based on Scheme
2.6. InEq. 2.11, ®, is the product of the efficiency (n) to form the exciplex *AD and the

efficiency to form the adduct from the exciplex (k,), in competition with the unimolecular

decay (kp) and the ionic dissociation (k;).

Scheme 2.6:
}v AT + D+ ionic dissociation
*AD —-—k’i——-r Adduct product formation
Ko
\ A+ D unimolecular decay
kP
by =n (Eq. 2.11)
kp £k, +k,
n Ko |
or k={(— —-1- —)k; (Eq. 2.12)
@, k,

Based on Eq. 2.11, the variation of adduct quantum yields (®a), with solvent
polarity, should be caused mainly by exciplex ionic dissociation (k;). In contrast, the
processes of the exciplex decay (kp) and product formation (k;) depend very little on the
solvent.®®* Given these approximations, the change in rate constant k;, as a function
of solvent polarity (¢), should be proportional to (n/®@,) in Eq. 2.12. Therefore, it is
possible to correlate the adduct quantum yield (®,) with the solvent polarity {(€) in a
similar way to that of Ink; vs. 1/ein Eq. 2.1 0.7 Based on this idea, the correlation of
In(1/®,) vs. i/e was examined using the adduct quantum yieids of Table 2.3. The
obtained plots are linear as shown in Fig. 2.11 for the substrates CHD and 1,3-COD in

all solvents but dioxane and the aromatic solvents.
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Fig. 2.11 Plots of In (1/®,} vs. 1/¢ for the photoaddition of DBMBF, to

CHD (e) and 1,3-COD (0) in various solvents:
1, acetonitrile; 2, acetone; 3, CH.Cl,; 4, THF; 5, THP; 6, dioxane;
7, ether; 8, benzene; 9, toluene; 10, p-xylene.

2.2.4.3 The empirical solvent polarity scale: £ and E{30)

The deviations from the linear fit in Fig. 2.11 are probably caused by the solvent

polarity scale (&) which is only an approximation of the real solvation of the exciplex

intermediate. A complete description of solvation would take into account all types of
intermolecular forces,”® including nonspecific electrostatic forces (Coulombic, dipole-
dipole and Van der Waals’ forces) in a macroscopic scale and specific hydrogen
bonding, electron donor-acceptor interaction, etc. in a microscopic scale. Because the
intermolecular forces function not only within solvent-solute, but also in solvent-solvent
and solute-solute interactions, the structures of the solvent and solute must be also

considered. Since the € -scale can only describe the solvent effect on a macroscopic



scale by disregarding specific intermolecular interactions, the structural effect of

dioxane and the polanzability of aromatic solvents are not reflected.

The Ex(30) scale, a well-known empirical solvent polarity parameter,®'* ™™ is one

of the most comprehensive measures of solvation. Proposed by Dimroth and
Reichardt,”"*™® this solvent polarity scale Ex(30) is defined as the molar transition energy
1700)

of a pyridinium-N-phenolate betaine dye, (2,4,6-triphenyl-1-pyridinio)-phenolate,

measured from its intermolecular charge transfer (r - n*) absorption band at the longest

Ex(30) = h = 28591 x 10%v (cm™) (Eq. 2.13)

h = Planck’s constant; ¢ = the velocity of light; N, = Avogadro’s number;
A and v = the wavelength and the wavenumber of the excitation light

corresponding to the charge transfer transition. E+(30) unit: kcal/mole

wavelength (An.x) of its UV spectrum. Because of the negative solvatochromism of the

betaine dye, a larger E;(30) value should correspond to a higher solvent polarity.

Table 2.18 Empirical solvent polarity parameters®

Solvent CH.CN acetone CH.Cl, THF THP

£ 37.5 20.7 8.93 7.58 5.60°

E+(30), kcalimol | 456 422 40.7 37.4 36.6
Solvent ﬁ dioxane ether benzene toluene p-xylene

£ 221 434 2.27 2.40 227

E+(30), kcal/mol 36.0 345 34.3 33.9 33.1

Notes: ? From Ref. 81a and 81b; ® From Ref. 81b and 81c.
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Fig. 2.12 Correlation between E1(30) and 1/¢ of the following solvents:

1, acetonitrile; 2, acetone; 3, CH,Clk; 4, THF; 5, THP; 6, dioxane;

7, ether; 8, benzene; 9, toluene; 10, p-xylene.

The Er(30) values of 10 solvents are shown in Table 2.18, together with the plot
of Ex(30) vs. 1/cin Figure 2.12. It shouid be noted that deviations similar to those seen
in Fig. 2.11, are again observed for the solvents dioxane, benzene, toluene, and p-

xylene.

2.2.4.4 The relationship between In(1/®,) and E{30)

Previous studies have correlated the rate constants of photoreactions to the
E+(30) scale.?®*® % |5 the work of Evans et al., a linear relationship corresponding to
equation 2.12 was demonstrated for the 9,10-dicyanoanthracene sensitized dimerization
of phenyl vinyl ether (PVE).”® A mechanism similar to Scheme 2.5 was proposed for

the quenching of 9,10-dicyanoanthracene fluorescence by PVE, and the rate constant
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(k,) was linearly related fo the rate of exciplex dissociation (k). The observed linear plot
of In{kg) vs. Ex(30) therefore represents a linear correlation of In{k;) to E+(30). This semi-
logarithmic plot supports the mechanistic postulate, and corresponds to a linear free

{1008, 1OT]

energy relationship.

In section 2.2.4.3, the E+(30) scaie was introduced as a measure of solvent
polarity, and found to be linearly related to 1/e for some non-aromatic solvents (Fig.

2.12). Encouraged by the work of Evans,”™ Peters!"® and Pac"*™®, we decided to
replot the adduct quantum yields (in Fig. 2.11) as a function of the solvent polarity

E+(30). Fig. 2.13 and 2.14 show the semi-logarithmic plots of in{1/®,) vs. E+(30) for the

photocycloaddition of DBMBF; to cyclic dienes (Table 2.3) and vinyl ethers (Table 2.11).

For comparisons, the double reciprocal plo's of In(1/d,) vs. 1/E4(30) are displayed in

Appendix I.

The plots in Fig. 2.13 and Fig. 2.14 support our postulate of exciplex
intermediacy in DBMBF; photoreactions with cyclic dienes and vinyl ethers (Scheme
2.6). Based on the foregoing discussions, a comprehensive picture of the DBMBF,
photoreactions can now be given as follows:

(1} The excipiex of DBMBF;-cyciic diene or DBMBF;-vinyl ether responds to
solvent polarity and partitions among ionic dissociation, formation of addition product,
and decay to starting maternals (Scheme 2.6).

(2} The exciplex of DBMBF; with conjugated cyclic dienes must have a high
charge transfer character. This accounts for the poor yield of adduct and the strong
tendency for solvent induced dissociation of the exciplex. However, the exciplex of
DBMBF; with 1,5-COD consists mainly of its local excited state and leads to the high

yield of adduct with litle dependence on solvent polarity (Table 2.3).1% '
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Fig. 2.13 The plots of In(1/®;) vs. E+(30) for the DBMBF, photoaddition to (A) CHD and
(B) 1,3-COD in the solvents: 1, acetonitrile; 2, acetone; 3, CH.Cl;; 4, THF; 5,
THP: 6, dioxane; 7, ether; 8, benzene; 9, toluene; 10, p-xyiene.
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Fig. 2.14 The plots of In(1/®,) vs. E+(30) for the DBMBF; photoaddition to (A) PVE and
(B) IVE in the solvents: 1, acetonitrile; 2, acetone; 3, CHCl;; 4, THF; 5, THP; 6,
dioxane; 7, ether; 8, benzene; 9, toluene; 10, p-xylene.
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(3) In non-aromatic solvents, the singlet excited DBMBF, monomer (*A) and its
excimer ("AA) act as the reactive species (Section 2.2.3). In aromatic solvents, the
DBMBF,-arene exciplex (*AR) mainly initiates the reaction with cyclic dienes or vinyl

ethers (Section 2.2.2). Despite differences in the primary reaction step, the overall

results show a common pattern by linearly relating the adduct quantum yield In(1/®,) to

the solvent polarity E+(30). One possible interpretation is that all of the species (*A, *AA
and *AR) convert to one common intermediate (*AD) upon interaction with an electron
rich olefin (D).

(4) The plots of In (1/d4) vs. E1(30) reflect the relative rate of the exciplex
dissociation in different solvents. This may mean that the ionic dimerization of 1,3-
cyclonhexadiene or phenyl vinyl ether, according to Scheme 2.6, should be initiated
mainly from the solvent induced exciplex dissociation.

The exciplex of DBMBF. with electron-rich olefins should be considered as an
intermediate in acetonitrile, even though there is large exothermicity for the electron
transfer from the electron-rich olefins to the singlet excited DBMBF.. An example is the
DBMBF; sensitized isomerization of quadricyclane (QC) to norbormadiene (NBD), where
the radical ion QC" is thought to arise from exciplex dissociation of *(DBMBF.-QC) in
acetonitrile.”® 7" Also according to Farid's work on the mechanism of exciplex
formation in cyanoarene-alkylbenzene systems, the formation of a polar exciplex can

occur in a solvent as polar as acetonitrile even with an electron transfer exothermicity as

large as AGer = -1 eV %7

2.2.5 Mechanistic Considerations

On the basis of the above discussions, Scheme 2.7 is postulated for the overall

photoreaction of DBMBF, with electron-rich olefins. Under steady-state conditions, the

93



total quantum yield of the cycloaddition reaction (®,) is expressed by Eq. 2.14 (the

derivation is given in Appendix I}, which includes the efficiency of adduct formation
from an exciplex *AD and the sum of the efficiencies for excipiex formation from the

different species A, "AA and "AR.

Scheme 2.7
Km Kyy
fé A M D
i . N
v ez
e "A il ‘AR
A T— R k4 ar D
i K, v
E————;———» A T *AD ————-l- Adduct
. ks\
. D
'
e » A+ D*

here A = DBMBF,; R = Benzene, Toluene or Xylene; D = CHD, 1.3-COD or Vinyl ether.

k 1 Alk,  K,(Rlk,
on = — (ellks | KRRy o)
k, +Ko +K, T, +K [Al*K,[RI+K,[D] 154 +k, (D]  Tan +KglD]

(Eq. 2.14)

The interpretation of each term of Eq. 2.14 is as follows:

Ky

—_— the efficiency for the exciplex "AD to form adduct;
k, +kg +k;

EA} ) kn?
T, P4k, ~[Al+k [R]+k [D] rM+kW§

the efficiency of "AD formation via "AA,;



ey [R] g
Ty W (A K [+ b, [D] Tt + ko [D]

the efficiency of *AD formation via “AR;

t
il - K /
ﬁ:i + ﬁmﬁﬁ‘ﬁ* ka‘zﬁﬁﬁ* k,[D] ’

Before Eq. 2.14 cam be analyzed, it is necessary 10 discuss the reaction

| DBMBF, (*A) in different solvents. This is done in Table

The solvents chosen here represent non-aromatic and aromatic solvents,

respectively. Inspection of Table 2.19 leads 1o two conciusions: (1) in the non-aromatic
solvent THF, the reaction of singlet excited DBMBF; (*A) with 1,3-COD is the

process is the

reaction of singlet excited DBMBF; with the arene to form the DBMBF -toluene exciplex

("AR).

Table 2.19 Reaction probabilities of singlet excited DBMBF, ("A) with
1,3-COD (D) or toluene (R} m THF and in loluene

* ﬁ‘ » ; » ﬁ o] » ﬁ »
; AWM %kgg A AWAD A ——» AR

THF 72% 26.1% 66.7% -

Toluene 1.7% 6% 15.4% 76.9%

IBF,] = 0.03 M, [1.3-COD]=03M k.=27x 10" M s {lrom Fig. 4.9}
' gy e . e ;B IERY e, e SIS 7 SN mo_ o L o e
By= =298 x10"s"™ K, =25x 10" M's" (from Kg,=8.1 M in Fig. 2.1);

ke = 4 x 10° M s ™ and neat toluene is 9.35 M.



Based on the analyses of Table 2.19, three extreme cases can be considered:
{1} Singlet excited DBMBF,; monowm

)er as the pnncipal reaction species.
In non-aromatic solvents, the k,[R] term shouild be zero. At [DBMBF,] = 0.03 M
and [1,3-COD] = 0.3 M, the excimer formation is insignificant to atfect adduct formation

(Table 2.19), so that the equation 2.14 becomes:

E‘&ﬁ k
= = — O]
ke, vy kT R JA]+k [D]

®

F L‘," A YJ! @g,f‘g’;‘t .
Loy Bk, T PRAAL T {Eq. 2.15)
o, e K {8}

» »

According 10 equation 2.15, the double reciprocal plot of 1/@, vs. 1/{D] should be linear
with an intercept-siope ratio conresponding 1o the Stem-Voimer quenching constant:

Kgw =Ml (7, + koA (Eq. 2.15A)

This expression is identical to that of ilt:zl from the fluorescence quenching experniments

TIOVRS - [ - ) —_— . B B - P
n Eq. 1.16 where Kk, coresponds to k). Thus, gven the kfetime 1,, the DBMBF,

R

concentration and the rate constant k., the quenching rate constant can be calculated
by two ways: from the measured K, 10 give k,, and from K, lo give k;. Theoretically,
both k, and k, in Scheme 2.7 are identical, i.e., as the rate constant for quenching of the
singlet excited DBMBF, ("A) by 1,3-COD. Expenmentally, the values of k, and k, were
found to be consistent and are shown in Table 2.17.

{2) Exciplex DBMBF .-arene (*AR) as the pnncipal reaction species.

in aromatic soivents, the exciplex AR formation shouid be dominant among all
reactions: k.[R] >> ,[D]. and the excimer formation is negligible (Table 2.19). Then the




, K k IR k
Q’A& = . P : — ei I - 2 [D]
ko +kp +k;, 1, +Kk JAI+K[R] 1,4 +k,[D]

I kg +k, . kA
or —_— a+ _E___i)(j + Eﬁi..}ﬁ;[__;)(-; + -1_ i) (Eq. 2.16)
P, ks k.[R] KoTan [D]

H

At constant concentrations of [A] and [R], the double reciprocal plot of 1/®, vs.
1/D] should be linear and the intercept-siope ratio should give:  K¥, = keTar
The quenching rate constant k; of exciplex *AR by 1,3-COD can thus be obtained from
the experimental values of K%, and K§, in Table 2.7 (see Section 2.2.2).

{3) Excimer ("AA) as the principal reaction species.
In the photoreactions of DBMBF; with vinyl ethers, the DBMBF; excimer reaction
prevails at concentrations of DBMBF; higher than 0.20 M in THF. As the k[R] term is

zero in non-aromatic solvents, equation 2.14 can be simplified to:

G’A = z g X ; e
k, +kp vk, T, + K [A]+ Kk, D] T, +k,[D]

K k, [A] K,
; (—elflEe i) (o)

Based on our calculations conceming the relative rates of DBMBF, excimer (*AA) and
monomer (*A) reactions with ethyl vinyl ether (Section 2.2.3), the reaction of DBMBF,

excimer with the vinyl ether dominates over the reaction of the DBMBF; monomer. If the

ke-term is relatively unimportant, (1. + kn[A]) > kD], then Eq. 2.17 can be simplified to

Eg. 2.

= kP km(A] kﬂ
ky ko +k, T, +K [A] 1o +ky[D)

[0]



k, +k. 1 1
D 1 4 1+ ————1—) (Eq. 2.17A)

kaa [A] kﬁTAA [D}

or = {1 +

L
@, k

Here a linear relationship can be established by plotting 1/®, against 1/[D]. The

intercept-slope ratio of this plot should be: KY, = ki1 Taa, where ki is the rate constant

for guenching the DBMBF; excimer and 1a, its lifetime. It is noticeable that this Stern-

Volmer constant K¢, should be identical to K3, (= k;* Tas) from the excimer

fluorescence quenching in Eq. 1.18 (Section 1.6), since both K%, and Kg,, are reflecting

the same quenching process. A good consistency in these experimental Ksy-values
should be seen as a support for the intermediacy of DBMBF; excimer. Table 2.15
shows such agreement in the reactions of DBMBF, excimer with vinyl ethers and

supports the reactive role of DBMBF; excimer in adduct formation.

2.3 Conclusions and Proposals

The following conclusions are reached as a resuit of the investigations in this
chapter:

(1) Singlet excited DBMBF; is quenched at close to the diffusion controlled rate
by electron-rich olefins, conjugated cyclic dienes and vinyl ethers. This quenching may
iead to radical cation dimerization of olefins in more polar solvents and cycloaddition of
DBMBF; to an olefin in less polar solvents (Tables 2.3 and 2.11). Both processes are
proposed to proceed through a common intermediate, the DBMBF,-olefin exciplex

(Scheme 2.7).

98



(2) The presence of the polar DBMBF-olefin exciplex is inferred from solvent
effects on photoreactions of DBMBF, with conjugated cyclic dienes and vinyl ethers.
The ionic dissociation of DBMBF.-olefin exciplexes competes with the cycloadduct
formation and follows a linear correlation with the empirical solvent polarity E+(30) (Fig.
2.13 and Fig. 2.14).

{3) The efficient photocycloaddition of DBMBF, to the non-conjugated cyclic
diene, 1,5-COD, depends very little on the solvent (Table 2.3). This reflects the less
polar nature of the DBMBF-1,5-COD exciplex.

(4) The formation of an emissive DBMBF; excimer promotes the
photocycloaddition of DBMBF; to electron-rich olefins. With the conjugated cyclic
dienes, the cycloaddition follows a dual pathway involving both the singlet excited
DBMBF, monomer and its excimer (Fig. 2.2B, Fig. 2.4 and Table 2.19), but with vinyl
ethers the excimer reaction predominates (Table 2.15).

(5) In aromatic solvents, the singlet excited DBMBF; converts to its emissive
exciplex with a solvent molecule. It is the DBMBF;-arene exciplex that reacts with
electron-rich olefins to form cycloadducts (Tables 2.2, 2.4, 2.7 and 2.19).

There are still unanswered questions in Scheme 2.7 regarding the formation of
the DBMBF-olefin exciplex (*AD), as a precursor of the cycloaddition product. For
example, it is not known how the DBMBF, excimer (*AA) and the DBMBF;-arene
exciplex ("AR) react with an electron-rich olefin (D) to give addition product via the
exciplex precursor {*AD). It may occur through exciplex substitution, and / or triplex
(*AAD) or ("ARD) may be involved.

The transient emission or absorption spectroscopy should be examined in the
reactions of excimer (*AA) or exciplex (*AR) with a quencher olefin. In this way, one

may observe and study the possible triplex intermediate. Altematively an intramolecular



DBMBF, excimer may be derived from the irradiation of the BF;-complex of 1,1,5,5-
tetrabenzoylpentane. This compound is expected to allow a DBMBF, excimer analogue
fo be studied at relatively low concentration. A synthesis of 1,1,5,5-tetrabenzoylpentane
was attempted by reaction of dibenzoyimethane enolate with 1,3-dibromopropane or 1,3-

propanediol di-p-tosylate, but was unsuccessful.

X = CF5, CH,, Cl and OCH,

There are other derivatives of dibenzoylimethane (X = CF3, CHs, Cl and OCH3)!'®
whose BF:-complexes, as analogues of DBMBF,, are promising to be the electron
acceptor sensitizer. Their different structures due to substituent effects may lead to new
photophysical and photochemical properties. Studying these properties should provide

insight into the mechanicail details of PET reactions of 1,3-diketonatoboron difluorides.
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CHAPTER THREE
PHOTOREACTION OF DBMBF, WITH CYCLIC DIENES
IN BINARY SOLVENT MIXTURES

in chapter two, the photoreactions of DBMBF, with cyclic dienes or vinyl ethers
have been investigated in neat solvents. A linear correlation was observed between the
logarithm of adduct quantum yield In{(1/®,) and the empirical polarity scale E1(30) of the
neat solvents. However, guestions were raised concerning whether a similar linear
relationship of In (1/®,) vs. Ex(30) should be ailso observed if the photoreactions of
DBMBF; with cyclic dienes were examined in binary solvent mixtures.

In this chapter, the effect of binary solvent mixtures on the photoreactions of
DBMBEF; is to be investigated using binary solvents with polarities ranging from

acetonitrile to p-xylene.

3.1 Results

3.1.1 Quantum yield determinations in binary solvent mixtures

3.1.1.1 CH;CN - Toiuene and CH,;CN - Xyiene mixtures

The guantum yields were determined in the solvent mixtures of acetonitrile and
arene, to examine the effect of solvent polarity on the photoreactions. The experimental
procedure was similar to that described earlier (Section 2.1.1.3). The E(30) values of
binary solvent mixtures were calculated according to equation 3.1, derived for a

thermodynamically ideal solvent mixture."® The reason for using Eq. 3.1 is discussed

Ex(30) = xaEx(A) + xaEx(B) (Eq.3.1)

Xa + Xg = 1
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in Section 3.2.1.1. In Eq. 3.1, xa and xg are the mole fractions of the component
solvents, and Ev(A) and E;(B) are the empirical solvent polarity parameters of pure
solvent A and pure solvent B.

The quantum yields of adduct formation (®,) and dimer formation (®p) are
measured as a function of the xylene or toluene mole fraction. The resuits are listed in
Tables 3.1 and 3.2 for the photoreactions of DBMBF, (0.03 M) with CHD (0.3 M) in the
CH;CN - xylene and CH;CN - toluene solvent systems.

in Table 3.3, the quantum yields of the DBMBF, photoreaction with 1,3-COD are

also given as a function of the p-xylene mole fraction in acetonitrile.

Table 3.1 Quantum yields of DBMBF, photoreactions with CHD

in acetonitrile-xylene solvent mixtures

p-Xylene  [Xylene] E+(30) 10°D, CHD dimer ratio
O,
mole % M (kcalimole) | (of 6) Po (243):(4+5) 2:3
in CHsCN
0 0.0 456 0.287 0.04° 100 : 0 7.3
1.1 0.2 455 oe 0.17° 100 : O 7.3
27 0.5 453 be 0.32° 100 : O 6.7
57 1.0 44.9 be 0.47° 100 : O 6.1
8.8 1.5 445 1.82° 0.59° 100 : O 5.7
12.2 2.0 44.1 1.82%°¢ 0.56° 99.2:0.8 5.7
40.3 5.0 40.6 1.09° 0.15 96.8:3.2 4.8
54.3 6.0 38.8 0.35% 0.043 929:7.1 4.4
71.8 7.0 36.6 0.97% 0.007 73.3:26.7 2.9
95.4 8.0 337 13.8? 0.008 58.6:40.4 1.8
100 8.2 33.1 26.0° 0.014 73.6:26.4 2.2

Notes: ? Samples of [DBMBF,] = 0.03 M and [CHD] = 0.3 M were irradiated at 350 nm for 30
minutes; ° No adduct was detected on GC; € Irradiation for 10 minutes.
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Table 3.2 Quantum yields of DBMBF, photoreactions with CHD

in acetonitrile-toluene solvent mixtures ?

Toluene  [Toluene]  E{30) 10°®, CHD dimer ratio
mOIe 0/0 /3 q)
M (kcal/mole) | (of6) o (2+43) : (4+5) 2:3

in CHsCN
0 0.0 45.6 0.56 0.050 99.9:0.1 8.1
11.7 2.0 44.2 0.99 0.250° 899.1:0.9 7.7
35.7 5.0 41.4 1.65 0.130° 972:28 6.5
46.3 6.0 40.2 0.99 0.046 952:48 5.8
58.7 7.0 38.7 0.90 0.009 89.2:10.8 4.8
81.6 85 36.1 3.40 0.001 71.9:28.1 2.2
100 9.4 33.9 22.3 0.006 849:15.1 2.7

Notes: ? Samples of [DBMBF,] = 0.03 M and [CHD] = 0.3 M were irradiated at 350 nm for 40

minutes; ® Irradiation for 10 minutes.

Table 3.3 Quantum yields of DBMBF, photoreactions with 1,3-COD

in acetonitrile-xylene solvent mixtures®

p-Xylene [Xylene] E+(30) 10°®,

mole % M (kcal/mole) (of 12) 10"

in CHyCN

0 0 45.6 ~0.09 1.3

27 0.5 453 0.11 3.9
12.1 2.0 44.1 0.12 6.1
29.1 40 420 0.12 6.5
54.3 6.0 38.8 0.20 1.8
71.8° 7.0 36.6 0.58 0.8
95.4° 8.0 337 16.1 1.8
100° 8.2 33.1 48.1 5.8

Notes: ? Samples of [DBMBF,] = 0.03 M and [1,3-COD] = 0.5 M were irradiated
at 350 nm for 190 minutes; ” hradiation for 60 minutes; ° As a complex mixture.
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The above data are summarized in Fig. 3.1 and 3.2:
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Mole percentage of xylene or toluene in CH,CN
Fig. 3.1 Adduct quantum yields (d5) as a function of the mcle fraction of toluene or
xylene in acetonitrile: (1) ®, of 12 in CH;CN-xylene (®); (2) ®; of 6 in CH;,CN-

xylene (aA) and (3) in CH,CN-toluene (x). (Data from Tables 3.1, 3.2 and 3.3)
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Arene mole % in acetonitrile
Fig. 3.2 Dependence of the [4+2] dimer quantum yield (dy) of CHD upon the mole
fraction of arene in acetonitrile: (1) in CH;CN-xylene (e), (2) in CH;CN-toluene (0)
and (3) in CH.CN-benzene (a). (Data from Tables 3.1, 3.2 and 5.16)
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interestingly the quantum yields of 2 and 3, from the [4+2] dimerization of CHD
(0.3 M) sensitized by DBMBF, (0.03M), exhibited a maximum &g = 0.6 at xylene mole
fraction of 10% in acetonitrile (Fig. 3.2). Under these optimized solvent conditions, the
dimerization reaction was further examined as a function of the CHD concentration. The
dimer quantum yield (®p) of 2 and 3, listed in Table 3.4 and Fig. 3.3, showed a large
sensitivity to the CHD concentration. The dimer ratio remained constant throughout the

CHD concentration range.

Tabie 3.4 The dimer quantum yield (®p) of CHD sensitized
by DBMBF; in acetonitrile containing 10% xylene.”

[CHD] [4+2] dimer ratio
M o 2:3
0.010 0.076 85:15
0.0125 0.104 86:14
0.015 0.153 86: 14
0.02 0.165 86: 14
0.0286 0.252 86:14
0.050 0.395 86:14
0.10 0.640 86:14
0.30 0.590 85:15
0.50 0.420 85:15
1.00 0.263 85:15

Note: * Samples of DBMBF, (0.03 M) and CHD were irradiated at 350 nm for
3 minutes. No [2+2] dimers 4 and 5 were detecled in the photolysis.
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Fig. 3.3 The [4+2] dimer quantum yield (®p) of CHD cosensitized by
DBMBF; in acetonitrile with 10% xylene: CHD concentration effect.

in summary, an efficient Diels-Alder dimerization of CHD was found with DBMBF;
and xylene as the cosensitizers in acetonitrile solvent. Interpretation of the above
results allows the foliowing conclusions o be made:

{1) Adduct quantum yields of the DBMBF; photoreaction with cyclic dienes are
nearly constant at &, = 10> when the mole fraction of xylene or toluene (xs) is less than
0.8, but the quanium yields increase sharply at xsz > 0.8 (Fig. 3.1);

{2) The [4+2] dimerization of CHD is sensitive to the mole fractions of xylene or
toluene (xzz). The dimer quantum yield ($p) sharply increases at xez < 0.1, but
decreases at xzz > 0.1. A maximum of & = 0.6 is observed at x«z = 0.1 (Fig. 3.2);

{3) The CHD concentration effect reveals a self-quenching process which causes

a decrease in dimer formation at [CHD] larger than 0.1M (Fig. 3.3).
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3.1.1.2 Binary solvent mixtures of benzene-ether types

In benzene-ether solvent systems, correlations of adduct quantum yield (®,) with
the benzene mole fraction (xsz) showed a similar pattern to that observed in the
acetonifrile-xylene system (Fig. 3.1). The adduct quantum vield (®,) increased with
greater xsz-values, but the increase of @, as the function of xsz became smailer in the

following sequence: THF - benzene, dioxane - benzene and THP - benzene, to ether -
benzene (Fig. 3.4}. In diethyl ether-benzene solvent mixture, the adduct quantum yield
@, is almost constant despite large changes in the mole fraction of benzene (xgz). This

may be attributed to the similar solvent polarities of ether and benzene, with the E+(30)

16
1 e ° *®
14 4 L J ” [ A - j‘
; j
12 - -/
] L/
10- e 2
< 7 o " a f;
S 8- /
S R
L o Ci .
614 ° .. /
4; © . e
] ‘ﬂ' c ///A/
2 &Awwﬂmﬁ‘//
o | § A4 i id } ¥ ¥ d ) | *
0 20 40 60 80 100

Benzene mole percentage

Fig. 3.4 Photoaddition quantum yield (®,) of DBMBF; (0.03 M) to CHD (0.3 M) as a
function of the benzene mole fraction (x=): in ether-benzene (®); in THP-
benzene (O); in dioxane-benzene (a) and in THF-benzene (A); All the data are

from Tables 5.9, 5.10, 5.11 and 5.12.
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values of 34.5 and 34.3 kcai/mole respectively. The variation of adduct quantum yields

is thus related to the change in solvent polarity.

3.1.1.3 CH,CN - THF and CH,CN - Dioxane Mixtures

in CH3CN - THF and CH;CN - dioxane solvent mixtures, there should be nc
invoivement of the DBMBF,-arene exciplex intermediate. Examination of the
photoreactions of DBMBF, (0.03 M) with CHD (0.3 M) or 1,3-COD (0.3 M) in these
solvents demonstrated a similar solvent effect patiern: the decreased solvent polanty
enhanced the DBMBF; cycloaddition reaction but depressed CHD dimerization (Tables

3.5 and 3.6).

Table 3.5 Quantum yieids of DBMBF; photoreactions with CHD
in CH;CN - THF solvent mixtures®

THF mole % E+(30) 10°0, CHD dimer ratio
NCH,CN  (kcalmole) | (of6) 0P (2,3):4+5 2:3
o 45.6 0.30 32.0 96.2:3.8 7.8
216 43.8 0.49 9.4 83.8:16.2 55
49.0 41.6 0.68 6.1 57.8:42.2 23
72.0 39.7 0.68 5.1 43.8:56.2 12
85.2 38.6 0.93 5.3 36.7:63.3 0.71
100 37.4 1.80 6.5 32.0:68.0 0.42
Note: ? lrradiation for 60 min.
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Table 3.6 Quantum yields of DBMBF, photoadditions 1o 1,3-COD
im CHL,CN - dioxane solvent midures *

Dioxane E+(30) 10°d,

Eﬁiﬁ?& Y= mg&d” Expeﬁmen!aﬁ ¢ { of 12 )

O 45.6 456 ~0.09

235 43.3 452 0.18
47.9 41.0 43.7 027
776 382 41.3 0.76
921 3.8 383 1.36
100 36.0 36.0 322

ation for 170 rmin.; ° Based on Eq. 3.1; “ From Rel. 105,

3.1.2 The dehydrogenated coupling reaction of p-xylene sensitized by DBMBF,

Two coupling products of p-xylene were found In < 1% GC yield based on

tion of pxylene (2 M) and DBMBF; (0.01 M) was

Wmﬁwﬁ’ﬁﬁﬁ an acetionilriie sol
irradiated at 350 nm for 4.5 hours. Both compounds had a molecular on of miz = 210
on pattems in the MS identical 1o the standard compounds: 4-

(26, minor). /™

105



The structure of the major compound 25 was confirmed by GC coinjection with
an authentic sample prepared by refluxing p-xylene with CuCL. " The Friedel-Crafts
alkylation of 4-methylbenzyl chloride with p-xylene also produced the same
diaryimethane product.”™ The minor compound 26, which is possibly a radical coupling
product, can be prepared from the photolysis of xylene with acetone or quinone as a
sensitizer [ '

it was found that p-xylene couid quench the singlet excited DBMBF efficiently in
acetonitrile (k, = 1.5 x 10" M's").* At [xylene] = 1.3 M, the quenching resulted in a
fotal disappearance of DBMBF; fluorescence. The emission of DBMBF,-xylene exciplex
began to appear al [xylene] > 5 M and became stronger at higher xylene concentrations.
It was also found that this exciplex fluorescence could be quenched by conjugated cyclic
dienes CHD (k; = 3.8 x 10° M 's 'y and 1,3-COD (k. = 0.8 x 10° M's™) in pure xylene
soivent®™ As a consequence of this quenching, the presence of conjugated cyclic
dienes drastically reduced the coupling reactions of xylene.

in the absence of a conjugated cyclic diene, the formation of the coupling
product, sensitized by DBMBF; {(0.01 M) in acetonitrile, was investigated as a function of
xylene concentration (Fig. 3.5). The highest yield of products 25 and 26 occurred at
[xylene] = 4 to 5 M, or at a xylene mole fraction of 0.3 - 0.4. The product yield then
decreased at the concentration of xylene greater than 5 M since the emission of
DBMBF,-xylene exciplex became its major decay route.™

In the presence of lithiurn perchlorate (LiICIO.), the sensitized coupling reaction of

p-xytene was enhanced, consistent with a salt effect in acetoniirile (Table 3.7).
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Fig. 3.5 Relative yields of (25 + 26) as a function of p-xylene concentration:
[DBMBF;] = 0.01 M and the product yield in neat xylene defined to be 1.00.

Table 3.7 Salt effect on the p-xylene coupling reaction in
the presence of DBMBF, (0.01 M) #

p-xylene mole % [p-xylene] [LiCIO,] Relative yield

in CHaCN M M of (25 + 26)
122 2 0.00 1.00
122 2 0.01 1.76
2.2 2 0.20 1.55

Note: ® Irradiation at 350 nm for 3 hours.
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3.2 Discussion

3.2.1 Solvent efiect on DBMBF, photoreactions in binary solvent mixtures

3.2.1.1 The E;(30}-values of binary solvent mixtures

E+(30) values of pure solvents are widely used as comprehensive solvent polarity
measures, but the E+{30) values for binary solvent mixtures should be used with caution.
This is due to the preferential or selective solvation of the pyridinium N-phenolate
betaine dye by the polar solvent component. In most cases, the binary solvent mixtures
behave as non-ideal solvents, and the experimental E1(30) values of the mixtures are
not linearly related to the solvent composition (Fig. 3.6).'
it may not be valid to apply the preferential solvation of the betaine dye to

measuring the solvation of other solutes with different chemical structures,!'® '
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Fig. 3.6 Correlations of the experimental E+(30)-values with mole fractions of acetonitrile
in the binary dioxane - CH;ON (0) and benzene - CH,CN (X) systems '™
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because preferential solvation is dependent on the solute nature or its chemical
structure. The E;{30)-values of solvent mixtures are actually a microscopic scale
measure of solvent polarity, i.e., around the solvation shell of the betaine dye molecule.
In applying the E+(30) scale, there is an assumption that the interactions between the
solvent and the betaine solute should represent those interactions betweet. the solvent
and the particular substrate. However, in binary solvent mixtures, this assumption can
break down, especially when there are strong interactions between solute and solvent
molecules.

In choosing a solvent polarity scale for DBMBF; photoreactions in binary solvent
mixtures, we faced two difficulties: (1) the experimental Ex(30) values for solvent
mixtures may not be suilable to describe our experiments, due io concems about the
observed preferential soivation, and (2) experimental E+(30) values for most of our
soivent mixtures are not available in the literature. Therefore, we used equation 3.1 to

caiculate the composite E+{30) values for the binary solvent mixtures.

3.2.1.2 Preferential sclvation in DBMBF, photoreactions
The DBMBF; photoreaction with conjugated cyclic dienes in binary soilvent
mixtures showed a marked similarity to the reactions in pure solvents. For example, the

solvent polarity determines the adduct quantum yield (®,) in binary solvent mixtures
(Fig. 3.1 and 3.4). However, in contrast to the linear relationship of in(1/®,) to E+(30) in
pure solvents (Fig. 2.13), the comresponding plots of In(1/®,) vs. E+(30) for DBMBF;

photoreactions in binary solvent mixtures are curves (Fig. 3.7 for the data in Tables 3.1 ~

3.3 and Fig. 3.8 for Tables 3.5, 5.12, 5.14 and 5.15).
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Fig. 3.7 Plots of In{1/®,) vs. E1(30) for DBMBF; photoreactions with cyclic dienes in
binary solvent mixtures: 1,3-COD in xylene - CH;CN (@), CHD in xylene - CH;CN (a)
and in toluene - CH;CN (A). (Datla are from Tables 3.1, 3.2 and 3.3)
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Fig. 3.8 Plots of In(1/®,) vs. E+(30) for DBMBF; photoreactions with CHD in binary
solvent mixtures: benzene - ether (x), benzene - dioxane (0), benzene - THF (A)
and THF - CH;CN (@). (Data are from Tables 3.5, 5.12, 5.14 and 5.15)

Both figures exhibit a trend where a decrease in adduct quantum yield (®,)
occurs when solvent polarity E+(30) is increased. But in Fig. 3.7, the addition of a small

amount of acetonitrile to the DBMBF ~diene solution in xylene or toluene caused a

bigger drop in ®,. This suggesis that the solvent polarity around the local solvation shell

SERS ST G T 2SS 2%

of the DBMBF;, - olefin exciplex may actually be much higher than the bulk media as a
resuit of preferential solvation. We believe that the exciplex intermediate is solvated
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selectively by the more polar acetonitrile molecules, thus the exciplex ionic dissociation
should be enhanced and the adduct formation depressed. This provides a rationale for
the curvature of In{1/®,) - E+(30) plot.

it should be also noted in Fig. 3.7 that some triangle-points deviate from the
In(1/®4) curve plot, within the range of Ex(30)-values from 39 to 46 kcal/mole
(corresponding to the mole-percentage of xylene or toluene from ~54% to 0% in
acetonitrile). This deviation in adduct quantum yields (®,) coincides with the
cosensitized CHD dimerization by DBMBF, and xylene (Tables 3.1 and 3.2, Fig. 3.2).
At E1(30) = 44 kcal/mole {p-xylene% = 12), the dimer quantum yield ®p = 0.6 was
observed for CHD (Fig. 3.2), but the adduct quantum yield (d,) was < 0.002 for the
photocycloaddition of DBMBF, to CHD (Table 3.1). Although the ®,— variation in this

part is not understood yet, it is evident that the dimerization of CHD is the dominant

process here and warrants further investigation.

3.2.2 Cosensitized Diels-Alder dimerization of 1,3-cyclohexadiene

Benzene, toluene and xylene can all enhance the DBMBF, sensitized [4+2]
dimerization of CHD in acetonitrile. For example, the dimer quantum yield (®p) shows a
sharp increase on an addition of small amount of xylene to the acetonitrile solution (Fig.
3.2). A maximum dimer quantum yield appears at about 1.5 M xyiene, and further
addition of xylene reduces the dimer formation reaction because the overall solvent
poiarity should decrease with the increased xylene concentration.

Taking the above observations into consideration, Scheme 2.7 must be modified

to refiect the enhanced CHD dimerization. We propose that the cosensitized CHD
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dimerization is mediated by the radical cation CHD"™. With regard to the formation of this
radical cation, there would be two possibilities (Scheme 3.1): (i) it is formed through a

econdary electrol

n transfer process from CHD to the radical cation xylene™ that is the
fonic dissociation product of the DBMBF-xylene exciplex *(AR) in acetonitrile; (i) itis
formed by a triplex *(ARD) mechanism in which an inner-sphere electron transfer occurs
from CHD to excited DBMBF, mediated by xylene molecule, followed by the triplex

dissociation to give CHD™ (Scheme 3.1).

Scheme 3.1: The initiation of CHD*

- D
A + Rt
Y
ki .
A Z: *A ——%——-» AR ——» A“RD"""—'—E——-—‘“’ A+ R+ D*
i
[
Ky ko
I——D—* *A-D —_— *AD ———» Adduct
' ; kp
: K
’ YL A + D
L

-------- » A+ D+

A =DBMBF,, R=Xylene, D=CHD.

Here Ko is the rate constant of ionic dissociation for the exciplex AR, and k., is for the
triplex *ARD dissociation.

Based on this scheme, p-xylene could have two functions in the DBMBF;
photoreaction: (1) to quench singlet excited DBMBF, forming the exciplex *AR, which
favours the cycloaddition pathway in a nonpolar solvent and dissociates in a polar

solvent to give a xylene radical cation causing subsequent CHD dimerization, and (2) to
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change the solvent polarity, which will affect the decay pathways of the DBMBF,-xylene
exciplex. In quenching the singlet excited DBMBF, fluorescence, there was a complete
disappearance of the fiuorescence emission when the guencher p-xyiene reached 1.3 M
in acetonitrile.” When [p-xylene] = 6 M, the overall solvent polarity was significantly
reduced, and a very weak amission band of the exciplex began to emerge, and this
emission continued to increase at higher xylene concentrations.®™¥ But at {pxylene] < 6
M, the exciplex decayed mainly through nonradiative pathways. One possibility is the
ionic dissociation of the DBMBF-xylene exciplex, leading to p-xylene coupling product
formation in the absence of cyclic dienes (Fig. 3.5). In the presence of CHD and at [p-
xylene] < 2 M, the solvent polarity is still close to that of acetonitrile, thus it is possible
for the exciplex "AR (or the triplex “ARD) to decay by an ionic dissociation which initiates
the reaction of CHD dimerization (Scheme 3.1).

Accorcing to Scheme 3.1, the effect of CHD concentrations on the dimer
quantum yield (dp) should be pnmarily determined by two competing processes between
kef*AJ[R] via the exciplex AR and k.["A}{D] via the encounter complex A D in
acelonitrile. It should be noted that the latter pathway is not as efficient as the former
one in the dimer production (Tables 3.1 and 3.2). The competition for capturing the
singlet excited DBMBF; (*A) by xylene (R} or by CHD (D) can be analyzed by comparing
the rates of k[*AJ{R] and k.[*AJ{D}:

Rate of * AR formation _ KRICA] _ 15x10°x15
Rate of quenching * A by CHD k,[DIFA] ~ 3.1x10" x0.1
here k. = 1.5 x 10" s"M' is for quenching DBMBF, fluorescence by p-xylene in

acetonitrile,*” [R] = 1.5 M is the xylene concentration corresponding to the highest ®y in
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Fig. 3.2, and [D} = 0.1 M is the CHD concentration corresponding to the highest @p in

Fig. 3.3. Itis estimated that at a fixed xylene concentration (1.5 M), an increase of
{CHD] from 0.1 to 0.3 M will reduce the relative rate of k["A}{R] to k{"AJ[D] from 7 to 2.
This can provisionally explain why high concentrations of CHD should depress the
formation of exciplex AR and reduce the dimer preduction (Fig. 3.3).

The following findings are put forward to support the postulate of exciplex *AR
dissociation followed by a secondary electron transfer between the xylene radical ion
and a CHD molecule:

(1) Under comparable conditions, the enhancement of dimer production by
arene molecules is in the order p-xylene > toluene > benzene. This is consistent with
the trend in exciplex polarity, /.e., "DBMBF-xylene > *DBMBF -toluene > *DBMBF2-
benzene. A more polar exciplex dissociates more readily in polar solvents.

(2) The quenching rate constant (k;) of DBMBF. monomer fluorescence by the
arene in acetonitrile shows a similar order: p-xylene (1.5 x 10"° M''s™") > toluene (4 x 1C°
M's")> and benzene (-10° M's )% 7 The strongest quenching of singlet excited
DBMBF, by p-xylene results in the most enhanced dimer production.

(3) The secondary electron transfer is a highly exothermic process. For each
reaction below, an electron franster from CHD to the arene radical cation (R") has a free
energy change of AGer <-0.2V (Eq. 3.2), and it has been argued that values of this
magnitude are sufficiently exothermic for the electron transfer 1o proceed at the
2o}

diffusion-controlled rate.

R+ D - R + D" AGer = EZ - E (Eq. 3.2)

Compound: Xylene Toluene Benzene CHD

E™: 206 225 263 1.55 V {vs. SCE in CH,CN)
AGgr 051 070 -108V
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(4) In the absence of 1,3-cyclohexadiene, the photolysis of the DBMBF; - xylene
system in acetonitrile yields the xylene coupling products 25 and 26, and the coupling

ﬂ o~

s observation is consistent with ionic

v b Bure svomnbb ~Elmndo FTbi~ 73
reaction is promoted by salt effects (Tabie 3.

dissociation of the DBMBF-xylene exciplex.

Howeve:, there are some arguments against the above postulate of DBMBF,-
xylene exciplex dissociation in acetonitrile. CIDNP studies on the DBMBF;-toluene
exciplex in CD;CN suggested that the exciplex did not form its solvent-separated ion
pair.” When the DBMBF,; - toluene exciplex reacted with norbormnadiene (NBD), the
formation of the triplex *(DBMBF,-Toluene-NBD) was proposed as a key step tc initiate
the isomerization of NBD to quadricyclane (QC).”* Similar to this NBD reaction, the
DBMBF,-toluene or xyiene excipiex may aiso react with CHD to form a tripiex
intermediate in the sensitized CHD dimerization. CIDNP studies should lend support to
the possibility of a triplex *ARD in Scheme 3.1.

Listed in Table 3.8 are the results of the exciplex fluorescence quenching by 1,3-
cyclohexadiene (CHD). The quenching efficiency (KZ;, ) reflects the lifetime of exciplex

in following order: "DBMBF;-xylene > *“DBMBF.-toluene > "DBMBF.-benzene, but the

Table 3.8 Fluorescence quenching of DBMBF, exciplex (*AR) by CHD'*

Exciplex "AR R = p-xylene R = toluene R = benzene
(solvent) {xylene) (toluene) (benzene)
Ko (= KoTex),” M 56.6 252 18.8
Texs NS 15.0 4.1 2.1
ko, x 10°, M's” 38 6.2 9.0

Note: * Kg, is Stem-Volmer quenching constant, k, is the rate constant of quenchii. g
*AR and 1. is the lifetime of *AR.
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quenching rate constant (k,} follows a reverse sequence for: *“DBMBF.-xylene <
*"DBMBF -toluene < "DBMBF;-benzene (Table 3.8). Although it is not clear yet whether
these exciplex quenching resulls are related to the proposed intermediacy of a triplex
(*ARD), an orbital energy diagram for *AR exciplex formation and quenching by CHD
(Fig. 3.9) can be proposed, using the FMO model suggested by Caldwell to explain the
quenching of excipiexes and excimers by various electron donor quenchers. "}

The data for the FMO diagram are listed in Table 3.9, in which the ionization
potential {IP) is related 1o the HOMO and LUMO energies by

Enomo = -IP and Ewmo = -IP + Es

Since IP values refer to the gas phase, the data for the singlet excited state (Es) were
taken from measurements in the nonpolar solvent cyclohexane. In addition to the
HOMO-LUMO energies for the acceptor DBMBF; and the donor components of the
exciplex (Fig. 3.9), the energy gap between the exciplex orbitals ¥, and ¥; could be

estimated as the transition energies of the exciplexes, measurable from their emissions

For the exciplex of DBMBF, with p-xylene, each exciplex component has a
ditferent HOMO and LUMO, and orbital interaction between DBMBF, and xylene leads to
four exciplex orbitals (¥;, ¥, ¥ and ¥, Fig. 3.9). The HOMO, - HOMOx, interaction
produces ¥, and ¥;, and LUMO, - LUMO; produces ¥; and ¥.. Since ¥; and ¥,
contain more xylene character, and ¥ and ¥, have more contribution from DBMBF,,
the transfer of an electron from xylene (HOMOR) to *DBMBF, (HOMO,) can be nearly
complete in the excipiex formation. This accounts for the high charge transfer (CT)
character of the DBMBF; - xylene exciplex. However, this CT feature decreases in the
exciplexes of DBMBF; with tofuene and benzene. As shown in Fig. 3.9, there is



Table 3.9 HOMGC-LUMO energies of DBMBF,, CHD and the arenes

P EA Es Evnan

(ev)® (ev)® (eV)® (ev)”

DBMBF, (9.06) © - 3.19%" -5.82

Benzene 923 -1.15 476 ~-4.47

Toluene 8.80 -0.40 4.61 -4.19

p-Xylene 8.44 -1.07 4.51 -3.93

CHD 8.25 -0.73 425 -4.0
1,3-COD 8.40 - -~ -

Notes: ? Vertical ionization potential cited from Ref 111; ° Electron atfinity cited from
Ref. 112b; ° The energy of the singlet excited stale measured in cyclohexane
solvent, from Ref. 112b; © The energy of the LUMO: E.yuo = {-IP + E:) as
defined i Ref. 3; © Estimated from the corresponding value of E,, = 2.45 V.

Table 3.10 Transition energy of exciplex *AR in cyciohexane

Transition energy
Exciplex "AR A7 m (eV)*
*“DBMBF-benzene 413 3.00
*DBMBF ~toluene 429 2.89
*DBMBF ~xylene 448 277

Notes: * Ao, is the wavelength of exciplex emission, cited from Ref. 58;

jated from Ao according o Eq. 2.13.
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no efectron transfer in the DBMBF-benzene exciplex, i.e., this exciplex has the least
charge transfer character.

in guenching the exciplex "AR by CHD, an electron will be transferred from the
HOMO of CHD to the exciplex orbital ¥; (Fig. 3.9). Since the exothermicity of this
process is determined by the energy difference between HOMOg and ¥,,"™ the rate
constant (k) for quenching the exciplex emission by CHD is expected in the following
order for: “DBMBF-benzene (9.0 x 10° s M) > *“DBMBF;-toluene (6.2 x 10° s M) >
*"DBMBF -xylene (3.8 x 10° s M, in Table 3.8).

A geometric requirement for quenching the exciplex *AR by CHD can be

suggested based on Fig. 3.9, namely, "(A>-- R*---- D). Because an electron is

transferred from the HOMO; of CHD to the exciplex orbital ¥; that is localized on the

arere (R = p-xylene), the electron donor CHD should preferentially approach the
exciplex from the arene side, where the partially positive charge is developed. For such
a structure, a triplex "ARD can be expected 1o form upon further orbital interactions.

As a summary of this chapter, the photoreactions of DBMBF; with conjugated
cyclic dienes were investigated in binary solvent mixtures. The plots of the adduct
quantum yield, in{1/@,), versus the compcsite E+{30) scale {or the solvent composition)
show a nonlinear relationship. This is rationalized as a result of the preferential solvation
of DBMBF ,-diene exciplex in binary solvent mixtures. A very efficient Diels-Alder
dimerization of CHD is found to proceed by the cosensitization of DBMBF; and xylene in
acetonitrile. The sensitized dimenzation of CHD is ascribed to the reaction of a
DBMBF,-xylene exciplex which has a longer lifetime than singlet excited DBMBF; itself.
The reaction of this exciplex may invoive either its ionic dissociation or its interaction with

CHD to form a triplex intermediate.
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CHAPTER FOUR

PHOTOCYCLOADDITIONS OF DBMBF, TO ELECTRON - DEFICIENT OLEFINS
o,B-UNSATURATED CARBONYL COMPOUNDS

4.1 Results

4.1.1 The profiles of photocycloadditions

Photolysis of DBMBF; and an «,B-unsaturated ketone or ester in acetonitrile

leads to the efficient [2+2] cycloaddition, by way of a presumed cyclobutane intermediate

which undergoes ring opening to give triketone products.

Scheme 4.1:
= A F.B FB
B, C O5—Ph (‘e Ph
O hv (-s
&i + >=§( o - p (‘ 5 p
Ph Ph o o
(27) o] o)
head-to-head head-to-tail
O Q O o)
H,0 Ph Ph
— -+
O
Ph
Ph
(28) (29)

The photocycloadditions are regioselective and adopt a head-to-head orientation

for most of the substrates listed in Table 4.1. However, additional 8-methyl substitution
{compounds 27, 33 and 46) leads to a head-to-tail orientation. It should be noted that

methyl methacrylate (31), which has a-methyl substitution, displays the best reactivity



among all of the substrates (Table 4.1). P otolysis of DBM with mesityl oxide (27) or
methyl methacrylate (31) does not produce an adduct.

The results of photocycloaddition of DBMBF; to «,B-unsaturated ketones and
esters are summarized in Table 4.1. The structures of the addition products were
determined on the basis of spectral data (Table 5.8). In general, the mass spectra
showed a molecular ion peak consistent with addition of DBM to the olefinic substrate,
and IR and NMR confirmed the presence of benzoyl and phenacyi groups in the
adducts. If the chiral carbon atom in an addition product is vicinal to two carbonyl

groups, its methine proton has a larger chemical shift § > 5.7 (or 4.5) ppm. This
indicates a head-to-head orientation. If the chiral carbon is adjacent to only one
carbonyl group, the methine proton has a lower chemical shift 8 < 4.3 (or 3.9) ppm,

indicative of head-to-tail orientation. The coupling patterns of these methine protons

give the information about the relative position of the benzoyl and phenacyl! groups.

The cycloaddition of DBMBF, to mesity! oxide

The photocycloaddition of DBMBF; to mesityl oxide (27) in acetonitrile yielded
two products after 5 hours of irradiation. The type A and type B products have been
proposed previously for the photocycloadditions of DBMBF; to acyclic enones (Scheme

4.2),**" corresponding to a head-to-head orientation between DBMBF; and the enone.

Scheme 4.2;
O O o O
O e -
P Ph tpea Qs type B S
- Ph 3 sy 4 c
? A orbar ?
AY
\ o Ph
head-to-head
addition (28)
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Table 4.1 Photocycloaddition of DBMBF, (0.05 M) to «,B-unsaturated
carbonyl compounds (0.5 M) in acetonitrile

L Addition Product )
Substrate (hr? |  (head-to-head) (head-to-tail) y‘?,f Dy °
o O
[+
mesityl oxide o o
O&
Ph Ph
>=\e/ 2 (28) 3 | 017
£ Ph
© (29)
(27)
o Ph 34
O
Ph
(30)
methyi o O
methacrylate
CHO Ph
zl);oms 2 85 | 0.35
Ph
B (32)
o O
ethyl crotonate 10 Ph
65’
6 0~ '\Ph o o 0.027
t
\WOE (34} EtO Ph
o 16
(33)
Ph
(35)
(0]
crotononiiriie © W‘Y\Ph
CH,CH=CHCN | 26 sef | -
(36) Ova
Ph
(37)
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Table 4.1 (Continued)

tira Addition Product
Subsirate a . yield © P, €
{hr) (head-to-head) (head-to-tail) o A
O
acrylonitrile Ph .
== 26 59 - -
CN
(38) Ph
, e (39)
cyclopentenone o
‘ i O
!
& 25 P*‘Ph 61! | 0.003
0
cyclohexenone o
]
N 15 47' | 0.007
O
- (42) : 43)
2-cyclooctenone |
o o o
O 22 46' | 0.052
. ~ Ph
Ph
(44, 0.08 M) ©
) (45) -
O o
i Ph
37 n 44 | 0.006
0
......... 46) @n_
5,6-dihydro- o
2H-pyran-2-one X 1
o o “Ph
; g ¢ 37 {,,?3 —
s
; days o
(49)
(48)




Table 4.1 (Continued)

tiras Addition Product >
Substrate (hn)? (head-to-head) (head-to-tail) yl?’/!d ®a ¢
2-cyclodode- o ©
cenone Ph
h 42’
O
O
16 (51)
0.057
e~ ? 1§
(50,02 M) e o
14
N/
(52)

Notes: ? The irradiation time (1.« ); ° The isolated chemical yield is based on consumed
DBMBF;; in most cases the conversion is greater than 95%. “ Quantum yield of
adduct formation. ¢ A known compound identified by X.E. Cheng,*¥ and the
yields of products are based on GC analysis.  The substrate is a £- / Z-mixture
(41 /59), based on "H NMR analysis, with a DBMBF; conversion of 47%. ' Two
diastereomers were found with cis- and frans- onentations of the two hydrogen
atoms on the chiral carbons. ¢ DBMBF; conversion 25%. "~ DBMBF, conversion

70%.

These two types of addition product should be readily distinguishable by their NMR

spectra. One of the products in the photoreaction of DBMBF, with mesityl oxide was

easily recognized as the B type adduct 28. The presence of a chiral center at the

methine carbon leads to nonequivalence of the methylene protons of 28: 2.96 ppm



(Hc, d, J = 17.8 Hz) and 3.63 ppm (H., d, J = 17.8 Hz).*? However, the second product
was not a type A product shown in Scheme 4.2. This new product has a parent ion peak
of m/z = 304, corresponding to the adduct of DBM to mesityl oxide minus H,O. The
fragmentation pattem is not complex and is dominated by loss of a benzoyl fragment.
The C NMR spectrum showed only one carbonyl carbon, with a chemical shift of 203
ppm, larger than that of benzoyl group (< 200 ppm). This suggests that the carbony!
group is adjacent to a dimethyl substituent which could hinder C=0 conjugation with a
phenyl ring. In addition to the eight carbon peaks of two phenyis, four olefinic carbons
appeared at 151.4, 147.1, 125.6 and 104.5 ppm. The first three are quaternary carbons,
showing the chemical shift pattern of a furan ring.®™ The 'H NMR spectrum exhibited a
singlet for the olefinic proton at 6.66 ppm, together with two singlets in a 1 : 2 ratio for
the methyl substituents. The collective data strongly suggested the cyclized structure 30.

When the phoiocycioaddition of DBMBF, with mesityl oxide was followed by GC,
the product profile revealed an additional product 29 (Fig. 4.1). This compound
appeared to be a major component in the early stages of photolysis, and then decreased
with prolonged irradiation and finally yielded the major cyclized product 30.

The photoreaction was also carried out with similar regioselectivity and chemical
yields in dichioromethane, THF and benzene solvents (Table 4.2), except that in THF
solvent the new product 29 dominated throughout the photolysis.

the structure of 29 was assigned on the basis of the following analysis. In the 'H
NMR spectrum a quartet at 4.25 ppm was assigned to the methine proton attached to
the chiral carbon atom. Compared to the singlet peak at 5.74 ppm from the methine
praton of the hezd-10-head adduct 28, this chemical shift indicated the presence of one

adjacent carbony! group. In the °C NMR, one carbonyl peak appeared at 206.8 ppm,
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Fig. 4.1 The product profile of DBMBF, photocycloaddition reaction with mesityl oxide in
CH;CN: DBMBF; (=); product 28 from head-to-head addition (e); and from head-
to-tail addition (29, a and 30, x).

Table 4.2: DBMBF ., photoaddition to mesityl oxide in different solvents®

Product Distribution total chemical
Solvent . e
head-to-head head-to-tail yield %
CH,CN 36 64° 62
CH.Cl; 36 64" 66
THF 36 64° 58
Benzene 37 63° 63

Notes: ® lradiation for 5 hours; ° Cyclized product 30 only;

° Product 30 and 29 in the ratio 25 : 75.
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corresponding to a non-conjugated C=0. In the mass spectrum, cleavage at C-C

bonds B to the carbonyi groups produced benzoyl and dimethyi substituted phenacy!

fragments. This compound was sensitive to acid, and addition of one drop HCI solution
in acetonitrile (overall [H'] < 0.1 M) caused its rapid conversion to the cyclized product
30 (Scheme 4.3). The solvent THF, which is more basic than the other solvents in Table

4.2, can retard this acid catalyzed dark reaction.

Scheme 4.3: Acid catalysed cyclization

Ph pn

The cycloaddition of DBMBF, to ethyl crotonate and crotononitrile
The photocycloaddition of DBMBF; to trans-ethyl crotonate 33 yielded two
primary cycloaddition products in acetonitrile. The major one (34) displayed an Ry of

0.13 and the minor one (35) an Ry of 0.08 on TLC (SiO,, hexane / ether=6/ 1)
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immediately after photolysis. Column chromatography gave the minor product (Rf =

0.08) in pure form. Its molecular ion (m/z 339 in CI-MS) corresponds to the sum of DBM
and a protonated crotonate molecule. Loss of an ethanol gave the base peak at m/z
293. Two methine protons (H, and H,) attached to chiral carbon atoms exhibited
multiplets at 3.82 and 3.87 ppm respectively, indicating one adjacent carbonyl group
compared to the methine proton with 8 = 4.6 ppm in 34 having two neighboring C=0.
The vicinal coupling of H, to a CH, (H: 3.13 ppm with J = 17.5, 4.2 Hz and H 3.56 ppm
with J = 17.5, 8.5 Hz) confirmed the connection of a phenacyl chain a to the acetate
group. The above data are consistent with the structure of product 35 from a head-to-
tail addition of DBMBF; to ethyl crotonate.

From the column chromatography, the major product 34 (R¢ 0.13) was found to
be a mixture with a new spot at R; 0.11 on TLC (SiO;, hexane / ether=6/ 1).

Immediate separation of the mixture using TLC produced two ether fractions, each
containing one component and giving one spot on TLC. In the presence of silica gel,
those in ether became equilibrated after a few days. The mixture of product 34 from
column chromatography was used for structural analysis.

The MS (E}) spectrum of 34 exhibited a weak molecular ion at m/z 338, indicating
the addition of DBM to ethyl crotonate. The major cleavages consisted of the loss of
benzoy! and phenacyl fragments. With NMR analysis, the mixture was well resolved and
showed two sets of spectra. In the 'H NMR, two doublet peaks of methine H, appeared
at 4.52 and 4.56 ppm indicating head-to-head orientation of DBMBF, and ethyl
crotonate. The ratio of two isomers was calculated to be 3 : 1 on these methine protons.
in the *C NMR two sets of carbonyl peaks appeared at 198.5 + 0.1, 194.8 (overiap) and

169.2 + 0.1 ppm. Though the configurations of the products remain unknown at this
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stage, the spectroscopic data suggest that the primary head-to-head addition of
DBMBF; to frans-ethyl crofonate yields the erythro-diastereomer at R¢ 0.13 which then

isomerizes to its threo-diastereomer at Rf 0.11 by enolization of the 1,3-dicarbonyl

system (Scheme 4.4). This conjecture is supported by the observation that proton H,
undergoes H / D exchange after several days in CDCI,;-D,0O solution containing pyridine.

Scheme 4.4: the enolization

o ii'a() O (o)
Ph OEt Ph %, . OEt
— Ha
Ph Ph
erythro-34 threo-34
Ha
\ N /
Ph OEt
Ph

The photocycloaddition of DBMBF; to crotononitrile 36 follows a similar stereo-
chemisiry to the reaction of ethyi croionate 33 and yields the erythro-diastereomer 37 as

a primary adduct which then isomerizes to give the threo-37 (Table 5.8).

The cycloaddition cf DBMBF, to cyclic enones

Two types of products were usually observed for the photoreactions of DBMBF;
with cyclic enones: dimerization of the cyclic enones and cycloaddition of DBMBF,. The
former reaction can be initiated by direct photolysis and is well-known.!"*® The latter

reaction afforded mainly one head-to-head addition product.
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The photoaddition of DBMBF; to 2-cyclohexenone 42 showed mainly one product
spot at Rf 0.17 on TLC (SiO;, hexane / CH,Cl,/ ether = 3/ 0.9/ 0.4) with a very faint
spot at R 0.13. Column chromatography afforded only the preduct of Rs 0.13 (43),
presumably a result of isomerization of the product of Rs 0.17.

The product 43 had a parent ion at m/z 320, equal to the sum of DBM and
cyclohexenone. A doublet peak in the 'H NMR appeared at 4.51 ppm and is assigned to
the methine proton H, on the carbon atom vicinal to two C=0 groups. The vicinal
coupling constant is *J,, = 9.2 Hz, which corresponds to axial - axial coupling of the H,
and H; protons of cyclohexane ring.m“’“ %! The two side chains of the adduct therefore

have a trans-configuration and adopt an equatorial - equatorial conformation:

Ph

The analytical sample of this frans-addition product (trans-43) contains 9 ~ 10% of its
cis-isomer (cis-43), which has a methine proton at 4.86 ppm with U = 4.9 Hz (axial -
equaltornal).

The photoreaction of DBMBF; with 5,6-dihydro-2H-pyran-2-one 48 is very slow.
After several days of photolysis, one product spot was observed at R 0.11 (SiO;,
hexane / ethyl acetate = 4/ 1). Chromatography gave the product which appeared at R¢
0.09 (SiO., hexane / dichloromethane / acetone = 2/0.9/0.1). The compound had a
doublet methine proton H, at 4.59 ppm (J., = 8.2 Hz), which follows the coupling pattern

of the analogue trans-43. Therefore, the product was assigned to structure 49 (Table
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4.3). The cis-49 (9%) was also seen in the "H NMR spectrum of the adduct, with a
doublet at 5.07 ppm and a vicinal coupling constant J,, = 4.6 Hz (Table 4.3).

Two adducts were isolated from the photocycloaddition of DBMBF; to 2-
cyclododecenone 50. The structure of the major product 51, white powder, was
determined mainly from the following spectral data: (1) its Ci-MS spectrum showed a
parent ion at m/z 405 (M+1), equal to the sum of DBM and cydiododecenone; (2) the
"*C NMR spectrum had three carbonyl absorptions at 196.13, 199.28 and 206.09 ppm,
among which the C=0 peak at 206.09 ppm corresponds 10 a cyclic ketone moiety; (3)
*H NMR showed a doublet at 4.92 ppm for the methine proton H, with a vicinal coupling

of J; = 11.1 Hz, similar to the NMR-absorption pattern of the frans-adducts of Table 4.3.

Table 4.3 Chemical shift and coupling constant of the methine proton (H,)
in cis-and frans- addition products, (in CDCl,)

(cis-43) {cis-49) {cis-41) {cis-45}) {os-51)
& (ppm) 4.86 5.07 476 493 521
e (H2) 49 4.6 78 36 35
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The structure of trans-51 was tentatively assigned. The minor product 52 was obtained
as siicky ol showing Carbomnyl peaks at 212 .58, 185.99 and 195.80 ppm. The CI-MS
spectrum had a parent ion at m/z 405 (M+1), which cleaved o give the DBM (base peak)
and the cyclic enone. This compound also showed a methine H, at 6.14 ppm (U, = 9.1
The photocycloaddition of DBMBF; 1o 2-cyclooctenone 44 showed initially one

E‘Ez}; deshicide

major spot at By 0.25 and a minor product at Ry 0.31 on TLC (SiO;, hexane / EtOAc =5/

1). After column chromatography, the ongmally minor spot of Ry 0.31 increased at the

expense of the major spot. Preparative TLC eventually produced two mixtures used as
analytical samples: one contained 75% of the product Ry 0.25 (cis-45) and the other

89% of its isomer Ry 0.31 (rans-45). The parent ions were found at m/z = 348 on GC-

EI-MS. The "H NMR and ""C NMR spectra showed two sels of peal s arising from the
mixture of cis- and rans-45. For cis-45, the methine protons appeared as a doublet at

4.9G ppm (H,, J.» = 3.6 Hz) and a muitiplet at 3.45 ppm (H,), which 1s consistent with the

cbhservations made on the ¢is-adducts, such as cis-8 of addition of DBMBF, 10 1,5-

coctene.”™’ Therefore the cis-configuration was assigned 1o the benzoyl and

s, [n trans-48, the methine protons appeared al 4.88 ppm (H,;, d.

WW@ g et ant
Juo = 11.0 Hz) and 3 44 ppm (H,, m), foliowing the coupling patiem of trans-8.*"

S o
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Table 4.4 "H NMR analysis of the transformation
between cis- and trans-45

Time Percentage % °
Sample (days) cis-45 trans-45
o 75 25
1 29 70.6 29.4
260 50.8 49.2
0 1 89
2 28 -5 ~a5
260 5 95

Note: ° The percentage of each diastereomer was caiculated by integration of the methine
proton peak (H, at 4.88 ppm for rans-45 and at 4.93 ppm for cis-45). The two
analytical samples, one containing 75% of ¢15-45 and the other 89% of trans-45, were
dissolved respectively in chioroform-d solvent and submitted to 'H NMR measurements.

A time-dependent "H NMR analysis, o examine the thermal stabiiity of these two
diastereomers, showed an equilibrium between cis-45 and trans-45 (Table 4.4).

As summanzed in Table 4.3, the chemical shifts and vicinal coupling constants of
the methine proton H, exhibited some reguianties related to the structures of the addition
pradiucts of excited DBMBF; to cyclic enones: (1) the chemical shift of H, in the cis-
adduct is larger than that of s frans-isomer; (2} the vicinai coupling of H, fo H; in the

cis-adduct is smalier than that of the frans-isomer.

The cycloaddition of DBMBF; to isophorone
The photoaddition of DBMBF, to isophorone 46 is rather slow, but it is

regioselective and stereoselective giving only one head-to-tail addition product 47, as
described below. The parent ion of m/z 362 lost its side chains to give fragments of m/z

= 257 (57%) and 105 (benzoyl, 100%). Three carbonyls were seen in the “C NMR at
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199.43, 205.45 and 206.93 ppm, but the methine proton (H,) appeared at 3.20 ppm,
indicating only one adjacent carbonyl group. The H, proton is coupled to methylene
protons H,, at 2.65 ppm (J = 18.4, 2.7 Hz) and Hy at 4.34 ppm (J = 18.4, 7.6 Hz). As the
methylene protons (H,, and H} belong to a phenacyl substituent, their coupling to H,

suggested that the phenacyl was attached o to the isophorone carbonyl. Such a product

arises from a head-to-tail orientation between DBMBF; and the isophorone.

4.1.2 The photodimerization of cyclic enones in the presence of DBMBF,

The photodimerization of cyclic enones has been studied extensively.!"™

Detailed investigations have been made on 2-cyclohexenone (42, CH), 2-cyclopen-
tenone (40, CP) and isophorone (46). The photodimerization of CH and CP are highly
efficient vielding cis-anti-fused head-to-head and head-to-tail cyclodimers from a triplet
excited enone (Eq. 4.1)."" The dimer formation could be initiated either by direct
photolysis of CH or CP in acetonitrile or in other solvents using a variety of light sources

(313 nm, "™ 360 nm'" "™ or medium pressure mercury lamp with Pyrex fitter!’'! ), or by

Eq. 4.1:
0 O o o
[1.%
N
CH,CN
‘ O

{42) (54) (55)
sensitizations of benzophenone (E; 69 kcal/mole) and acetophenone (Ex 73
keal/mok Pgmﬁp

Table 4.5 lists the singlet (Es) and triplet (E;) state energies of CH and CP,
together with those of DBMBF,. The data of this table suggest that a triplet sensitization
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from the triplet excited DBMBF; to the cyclic enone should be possible but not very
favorable, because of the endothermic energy transfer process. Table 4.6 lists the data
of enone UV absorption which exiends to more than 300 nm, as shown by the UV
specira of 2-cyclohexenone in acetonitrile (Fig. 4.2). This UV absorption should allow

the cyclic enone to dimerize directly under our photolysis conditions in the presence of

DBMBF; (Aex = 350 nm).

Table 4.5 Singlet and triplet energies of cyclic enones

Compound Es (kcal/mole) Er (kcal/mole)
DBMBF; 73 62
2-cyclohexenone 80° 61,° 62.6,° 63
2-cyclopentenone 83° 74,7 73°

Notes: ® From Ref. 3: ° From Rel. 115; ° From Ref. 118; ? From Ref. 119,

It has been found that photolysis of DBMBF; with the cyclic enone (CH or CP)
resulted in a dimerization, and this was assumed to be a DBMBF; sensitized reaction.*”
Aiming at examining the efficiencies of dimer formation by a sensitization and by a direct
photolysis, the following photodimerization of cyclic enones was performed with and
without the presence of DBMBF;.

Photolysis of an acetonitrile solution of CH (0.3 M) or CP (0.3 M) at 350 nm

yielded dimers in high quantum yield {®g), but under the same conditions, the presence
of DBMBF; reduced &, by 50-fold (Table 4.7). The decrease in dimer production could

be attributed to competing light absorption by DBMBF; (Table 4.7). Clearly, direct
photolysis is mainly responsible for the formation of enone dimers. The sensitized
dimerization of cychic enone by DBMBF, showing a different dimer distribution, must be

inetficient.
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Fig. 4.2 UV spectra of A: 2-cyclohexenone (6.1 x 1 0° M, inset: 4.3 x 10* M)
and B: DBMBF; (5 x 10°° M) in acetonitrile.
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Table 4.6 Absorption data for conjugated cyclic enones

Compound Solvent Az, DM € Ref.
223 9310
Cyclohexenone CH;CN 330 329 this work
217 7640 -
Cyclopentenone CH;CN 316 30.7 this work
CH:CN 228 (223) 6790 (7600) this work
Cyclooctenone | i, - clohexane) | 317 (321) 73.4 (70) [120]
235 13700
Isophorone MeOH 311 50 {1130}
576 T
DBMBF; CH,CN 365 41700 this work
378 37200

Table 4.7 Photodimerization of cyclic enones (0.3 M) in acetonitrile

in the presence and absence of DBMBF;, 7., = 350 nm.

DBMBF, : Absorption % * Dimer Ratio
Enone ? . , ®p 7 . .
: M - (DBMBF; : Enone) C ( head-to-head : head-to-tail )
003 | 995 : 05 0.003 20 : 1
CH |
4 | o 0 : 100 0.12 23 : 1
0.03 996 : 04 0.006 22 1
cp |
@) | o 0 : 100 0.37 09 : 1
Notes: ° Estimated from Fig. 4.7 ° &, is the totai quantum yieid of dimer formation which was

analysed by GC. The absorbed photons by both DBMBF, and an enone are 15t = 980 x
10 Einstein, where the irradiation time (f) is 120 min.
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For cis-2-cyclooctenone 44, it is known that isomerization to give trans-44 occurs
upon excitation and that this dimerizes in the dark, yielding cyclobutane dimers with
unknown stereochemistry (Scheme 45)-%?@} An authentic sample of the dimers was
prepared according to the literature.?* The photolysis of cis-44 (0.2 M) in heptane,
using 2 Hanovia medium pressure mercury arc lamp (200 W) with a Pyrex filter,
produced a mixture of dimers (GC yield 30%). Noticeably, if the same sample of cis-44
in heptane was irradiated at 350 nm in a Rayonet photoreactor, no product was
detected. However under this condition, photolysis of an acetonitrile solution of cis-44 (1
M) and DBMBF; (0.03 M) for 3 hours produced not only the expected addition product
45 (yield 77%) but also two new products 53 in the ratio of 81 : 19 on GC (yield 2.4%).
The new products showed parent ions at m/z 248, corresponding to the dimer of 2-
cyclooctenone, but was nol the same as the authentic dimer samples analyzed by
coinjection on GC. *C NMR (DEPT method) sorted the carbon atoms of the major
component of 53, showing the absence of a cyclobutane ring and only one bond
connection between a cydiooctanone and a cyciooctenone. At the terminus of this

linkage were two tertiary carbons in different chemical environments (8 56.1 and 40.0

ppm in Table 5.8), indicating that one may be a carbon a to a carbonyl group and the
other a carbon at the B-position. The connection sequence for the protons was traced
by 20-COSY, which revealed the structure of 53 fo arise from a coupling reaction of
cyciooctenone (Scheme 4.5). Following the identification of this product, we realized
that it must be formed in a thermal reaction. Indeed, the addition of boron trifluoride
etherate 1o an aceionitrile solution of 2-cycioocienone (0.4 M) ied to a rapid dark

reaction which gave the product 53 (Scheme 4.5).
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4.1.3 Steady state fluorescence quenching

The fluorescence quenching of DBMBF; (5 x 10™ M) showed surprisingly high
quenching constants (Ks.) for some enones’*” at the excitation wavelength of i, = 365
nm. It was found later that the anomaly of Ks,-values for those enones was caused by
the quencher absorption of excitation light at 365 nm.”™ This competing absorption
was a problem in the flucrescence quenching of DBMBF; at 5 x 10° M but could be
avoided by shifting the excitation wavelength (2.} from 365 1o 390 nm, where the enone
showed no absorption. At the high concentration of [DBMBF;] = 0.1 M, no difference
was found for the fluorescence quenching at 4., = 365 nm or at 2., = 390 nm.

When the guenching was done by directly injecting the neat quencher into
DBMBF; solution, the concentration of DBMBF, would slightly change. This dilution
effect was cbserved on the DBMBF, excimer emission due {o its DBMBF; concentration

ence. In addilion to this, there is also a spectrum overlap between the excited

DBMBF,; monomer and excener fluorescence peaks at [DBMBF,] > 0.10 M (Fig. 4.4). In

both cases, cormections are made and described in the experimental section.
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The typical quenching of DBMBF; fluorescence by methyl methacrylate is shown

n Fig. 4.3, at a DBMBF; concentration of 5 x 10°® M, and in Fig. 4.4A where a 0.1 M

DBMBF; solution was used. Both figures suggest that excited DBMBF, monomer is
mainly quenched (KG, = 1.1 M) while excimer quenching in the 0.1 M DBMBF; is
insignificant (Kg, = 0.09 M™). Similar quenching experiments using mesityl oxide led to
the same conclusion, where the Stem-Volmer constant is K3, = 2.3 M for quenching

DBMBF, monomer and K&, = 0.14 M” for quenching DBMBF, excimer (Fig. 5.7 and 5.3).

The fluorescence quenching of DBMBF, excimer by 2-cyclooctenone is seen in
Fig. 4.4B, where the decrease in the excimer fluorescence intensity at 520 nm is in

contrast to the unchanged monomer emission at 437 nm.

Kg, =1.120.1 M7

1.25 y:

s
o
/
1.20- /
: /j’
a4 P
V4

sy

} * /fé
- a2  a v 'uw“ ® L] 3
0.90 005 0.10 0.15 0.20
375 415 4535 495 nm [pMethyl methacrviaie], M

Fig. 4.3 The quenching of DBMBF; (5 x 10® M) fluorescence by methyl methacrylate in
acetonitrile: excited at 1, = 390 nm, monitored at Auqs = 416 nm and Kg, = 1.1 M™.
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Fig. 4.4 The quenching of DBMBF; (0.1 M) fluorescence in acelonitrile: (A) by methy!
methacrylate, K2, = 0.09 M"; (B) by 2-cyclooctenone, KS=027M".
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Table 4.8 Stermn-Volmer constants (Ksy) for quenching DBMBF; fluorescence

by «,p-unsaturated ketones and esters in acetonitrile
At [DBMBF,] = 5 x 10° M-

[Quencher] P KT, (M)’ 109%™
Quencher * (M) (eV) (non-corrected) _ (corrected) (M-‘s-iq)c
MMA (31) 0.023~0.18 10287 1.26,1.1; 1.1,1.0; 3.2, 3.0;
MO (27) 0.022 ~ 0.23 9.119 23" 6.9
CH (42) 0.026 ~ 0.47 9279 0.26, 0.24; | 0.76, 0.71:
CO (44) 0.075 ~ 0.30 9.18°¢ 1.3" 3.8
CD (50) 0.023 - 0.11 1.50 14 4.1
At [DBMBF;] = 0.10 M:
[Quencher] K™ K™ (M) 107k
Quencher * (M) (Mﬁ;" (non-correct\;d) (corrected) (M"Sj)'
MMA (31) | 0.093-049 | 0.61,066; | 0.06,0.05 0.09,0.05; | 0.25, 0.14;
MO (27) | 0.044-0.21 0.81 0.08 0.14 0.39
CH (42) 0.10 ~ 0.54 -0 0.16, 0.18; | 0.44, 0.50;
CO(44) | 0.076-037 ~0 0.27,0.23; | 0.75, 0.64;
CD (50) 0.023 - 0.11 ~0.05 117 1.4 3.9

Notes: * MMA refers to methyl methacrylate, MO to mesityl oxide, CH to 2-cyclohexenone, CO to
2-cyclooctenone and CD to 2-cyclododecenone. ” The quenching constant for excited
DBMBF, monomer fluorescence at e, = 390 and Amen = 416 nm. € The rate constant of

quenching excited DBMBF, monomer caiculated from Kg,= K3 T, where 1, = 0.34 ns.

“ The correcied quenching constant for DMBBF, monomer at A
nm. ° The quenching constant for DBMBF; excimer fluorescence monitored at 520 nm.
/ The rate constant of quenching DBMBF,; excimer calculated from K3, = k&* 14 where

Tas = 36 ns in aerated acetonitrile.® 9Ref. 111. " Ref. 58b.
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In summary, Table 4.8 shows two patterns of the DBMBF; fluorescence
quenching at different DBMBF; concentrations: (1) At [DBMBF;] =5 x 10® M, only the
quenching of the excited DBMBF, monomer was observed, but (2) at [DBMBF;] = 0.10
M, the quenching of the long lived DBMBF; excimer became significant, especially when

cyclic enones were used as the quencher.
As a result of excimer formation, the Kg, - values decrease with an increase in
the DBMBF; concentration (Table 4.8). The concentration effect of DBMBF, on Stern-

Volmer quenching constant was further investigated, using methyl methacrylate as a

quencher (Table 4.9).

Table 4.9 Stern-Volmer quenching constant (Kg, ) at various DBMBF; concentrations

in acetonitrile, methyl methacrylate as quencher (0.023 ~ 0.12 M) ?

[DBMBF;] | Pmon K, 1/Kg,
M nm M M
5x10° 422 1.45 0.69
25x107? 426 1.25 0.80
5x 107 431 1.05 0.95
7.5x 107? 437 0.95 1.05
0.10 437 0.78 1.28

Note: ? 2o = 365 nm

4.1.4 DBMBF, Fluorescence Quenching by 2-Cyclopentencne

it was found that DBMBF; fluorescence was quenched differently by 2-cyclopen-

tenone (CP) in acetonitrile with [DBMBF;] =5 x 10° M and 0.10 M. At the lower
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concentration, DBMBF; fluorescence emission arose mainly from the excited monomer
species, and no fluorescence quenching was cbserved with the quencher CP, even up
to [CP] = 0.56 M (Fig. 4.5A). At the higher concentration of DBMBF;, the fluorescence
quenching of DBMBF, excimer by CP at 520 nm was accompanied by the enhanced
fluorescence intensity of the singlet excited DBMBF, monomer at 437 nm (Fig. 4.5B).
This measurement was conducted with the front-face illumination method (Fig. 5.1) in a
MPF 44B fluorometer, and reproduced in another fluorometer PT!1 LS-100.

This increase in the intensity of DBMBF; fluorescence at 437 nm might be a
delayed fluorescence phenomenon, arising from the quenching of DBMBF; excimer by
2-cyclopentenone. As the lifetimes of excited DBMBF; monomer {(0.34 ns) and excimer

{~50 ns) were already known in deaerated acetonitrile, it was expected that the
delayed fluorescence could be demonstrated by monitoring the decay profile of DBMBF;
fluorescence at 437 nm, using a single photon counting technique. If the enhancement
of fluorescence intensity at 437 nm was refated to the quenching of DBMBF

fluorescence at 520 nm, then the cdecay profile, monitored at < 437 nm, would produce a
lifetime value corresponding to that of the DBMBF; excimer. This was not the case.
The fluorescence decay was monitored at 420 nm, and the lifetime was found tobe < 2
ns (overlapped with the flash lamp profile). Therefore, the results of Fig. 4.5 remain

unexpiained.

4.1.5 Quantum yield determination

The quantum yields for the photocycicaddition of DBMBF; to methy! mesthacrylate
b Y

(31, MMA) and mesityl oxide (27, MO} were delermined in acetonitrile as a function of

DBMBF, concentration (0.01 ~ 0.07 M), at a substrate concentration of 1 M. The
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results indicate a decrease in adduct production with an increase in the DBMBF;

ration (Table 4.10).

Table 4.10 Adduct quantum yield (&) of DBMBF, pholoreactions with
metihyd methacrylate (MMA) and mesityi oxide (MO):
DBMBF. concentration effect *

[DBMBF,] Addiuct of MMA Adducts of MO
M ¢ D Dz

0.01 0.42 0.14 0.13
0.0G6 0.38 .15 G.14
0.05 0.35 0.13 o1

0.07 0.24 0.08 0.09

Note: * All measurements were carried out in a Rayonet pholoreactor with
350 nm light sources. Iradiation was for 5 minutes. The subscnpt HH
refers head-to-head and HT refers (o head-1o-tad onentations.

a function of MMA concentrations were analysed according 1o Eq. 4.2 {Section 4.2).

The plot of 1/¢ versus 1/[MMA] was linear, and gave the Stem-Volmer quenching

constant (K., ) for MMA as the ratio of imiercept 10 slope (Fig. 4.6).




Table 4.11 Dependence of adduct quantum yieid {®) on
methyl methacrylate (MMA) concentration,” [DBMBF,] = 0.01 M.

[MMAT ”
" @ o’ MMA]”

0.062 0.051 19.61 16.13
0.077 0.063 15.88 12.99
0.099 0.071 14.09 10.13
0.138 0.106 9.47 7.25
0.243 0.153 6.54 412
0.904 0.440 2.26 1.1

Ksu 128 + 0.47M"

Note: “ The solution of DBMBF, and MMA was irradkated
with & 350 nm light source for 5 minutes.
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Fig 4.6 Stern-Volmer plot of ¥/ vs. 1/[MMA] for photocycicaddition

of DBMBF; 10
methyl methacrylate (MIMA) im acetonitrile: K%, = 1.28 M
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in the photoreactions of DBMBF; with cydic enones, the studies of adduct
quantum yields were complicated by: (1} a competing fight absorption by the cyclic
enones, which led to dimerization {®p = 0.19 for cyciohexenone (0.9 M) in acetonitrile at
313 nm"""¥ and at 350 nm); (2} the fact that adduct formation was slow (Table 4.1), and
higher concentrations of cyclic enones were needed for the quantum yield studies; (3)
the finding that the addifion product decomposed during GC analysis so that adduct yield
had 10 be estimated from the sum of the product fragments.

Despite these difficultie:
with 2-cyclohexenone and 2-cyclopentenone were examined as a function of the

. the quanium yieids of the photoreactions of DBMBF;

DBMBF, concentration. To estimate the percentages of light absorption by DBMBF; and
by the cyclic enone in acetonitrile, a working plot was established (Fig. 4.7). In doing the
plot, the light absorption of DB
measured separately by area integration of the molar absorption coefficzent (€4). The

ABF, or the cychic enone in varying concentrations was

integration range is within 350 + 40 nm that corresponds to the RPR 350 nm lamp profile
{Fig. 4.8) and covers the absorplions of DBMBF, and the enones at 350 * 40 nm (Fig.

4.2). Then the percemtages of ight absorption by DBMBF, were caiculated and plotted

against the concentration ratio of the enone to DBMBF; (Fig. 4.7).

In a typical run, a 3 mlL deaerated acetonitrile solution of 2-cyclohexenone (0.85
| with a RPR 350 nm light source. The

M) and DBMBF; (0.01 - 0.07 M) was photolyse
absorbed light intensity was measured with the benzophenone - benzhydrol actinometer,
sed by GC and HPLC. The results are listed in Table

s yield of adduct decreases with a increase n the

AL 25, Mm@mmg‘wmmm*mm
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the percentage of light absorption
by DBMBF,

Fig. 4.7 The abs:

: S
- “
.
(g
T — ) = E H - H * i
‘ . ey ~ P
3 20 L o4

crpy ot
JTOLON pereenag

Lo T = =
e e —— ‘—’—'__"_‘A: =
L = ==
oo
SPECTAAL DSTAS
oo e Gt _ . -
e ACK UISHTT PHOSTHOR 55




Table 4.12 Effect of DBMBF, concentration on the adduct guantum yield (®,) of

the DBMBF; photoreaction with 2-cyclohexenone (CH, 0.85 M) ?

[DBMBF;] Adducts Dimers Absorption%b Photons taken by (D/ D)
M by G_g HPLC (10,6 mole) DBMBF; : CH DBMBF: : CH by GC by HPLC
(107 mole) (10° Einstein) °
0.01 53 3.2° 10.3 845:55 386 : 22 1.0 1.0
0.03 44 31° 5.6 982:1.8 401 - 7 08 1.0
0.05 38 26° 3.0 99.3:0.7 405 : 3 07 08
0.07 38 28° 27 $38.5:0.5 406 2 07 0.8
Notes: ° A 3 mL acetonitrile solution of CH (0.85 M) and DBMBF, (0.01 ~ 0.07 M)

was purged with N for 4 min. and then irradiated at 350 nm for one hour (t).
The absorbed light intensity (I.,) was measured to be 6.8 x 10°® Einstein / min

6 g . . -
so that It = 408 x 10” Einstein. After photolysis, DBMBF; was precipitated by

N

evaporating the solvent and mixing the residue with hexane / ether (1/1). Upon
GC analysis, the solution showed the peaks of the internal standard (eicosane) at
RT 2.16 min, unreacted DBMBF; at 5.07 min, one minor peak at 9.54 min and
three major peaks at RT 10.39, 10.88 and 12.53 min from the decomposed
adducts (on an OV-1 15 m x 0.2 mm capillary column at 245 °C). &, is the

adduct quantum yield at [DBMBF;] = 0.01 M and ® are the quantum yields at

[DBMBF;]} = 0.03, 0.05 or 0.07 M.

 From the plot in Fig. 4.7

¢ Calcuiated from 408 x 10°® x absorption%

¢ Relative to benzophenone (intemal standard) monitored at 250 nm



Table 4.13 Effect of DBMBF, concentration on the adduct quantum yield (®,) of
the DBMBF, photoreaciion with 2-cyclopentenone (CP, 0.85 M) #

[DBMBF;] { Adducts Dimers | Absorption%° | Photons taken by
M | (10°mole) (10°mole) | DBMBF,: CP | DBMBF, : CP | 10°, (3)_ )a
(10° Einstein) © @,
0.01 3.6 10.2 962:3.8 398 : 16 0.9 1.0
0.03 3.7 71 989:1.1 409 : 5 0.9 1.0
0.05 3.2 42 99.4:0.6 412 : 2 0.8 0.9
0.07 3.7 4.1 996:0.4 412 : 2 0.9 1.0

Notes: ° A 3 mL acetonitrile solution of CP (0.85 M) and DBMBF, (0.01 ~ 0.07 M) was
photolysed as described in Table 4.12. The total photons absorbed by DBMBF;
and CP were Lt = 414 x 10° Einstein. Upon GC, the decomposed adduct peaks
emerged after the internal standard (eicosane) at RT 2.47 min and unreacted
DBMBF,; at 5.77 min, and appeared from RT 7.67, 8.03, 8.29, 8.42 10 9.41 min
(on an OV-1 15 m x 0.2 mm capillary column at 240 °C).
® From the piot in Fig. 4.7
¢ Calculated from 414 x 10° x absorption%

yield seems invariant to the DBMBF; concentration (Table 4.13), the decomposition of
the product on GC makes these resuits unreiiable.

For the quantum yield of dimer formation from the cyclic enone, CH or CP, the
approximation was made that the DBMBF; sensitized cyclic enone dimerization could be
neglected, because the high enone concentration was used (0.85 M) and the high

efficiency of dimer formation was observed from direct photolysis (¥ = 0.18 for CH and

0.34 for CP at 0.85 M""™)). The dimerization of the cyclic enones shown in Tables 4.12

and 4.13 was not investigated further.
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4.2 Discussion

DBMBF; undergoes an efficient [2+2] photocycloaddition reaction with o, 3-
unsaturated ketones and esters to give 1,5-diketones. Photolysis of DBM itself with
mesityl oxide or methyl methacrylate, under our experimental conditions (about 3 hours
of irradiation), does not lead to addition.

Two onentations are found in the photoreactions of DBMBF,: a head-to-head
approach is most common (Table 4.1), but a head-to-tail is found when the substrate
contains additional B-methyl subsiituents. In addition to regioselectivity, the DBMBF;
photoaddition to the «,f-unsaturated carbonyl compounds shows a stereoselectivity in
the cis-configuration of the benzoyl and phenacyl side chains. This primary adduct
converts by enolization to the more stable trans-isomer (Table 4.4).

Scheme 4.6 is proposed for the photoreaction of DBMBF; with the acyclic
substrates, methyl methacrylate and mesityl oxide. Several experimental findings

support this mechanistic postulation:

(1) In the quenching of DBMBF; fluorescence, the substrates react with the
singlet excited DBMBF; monomer with high efficiency, and the reaction with the excimer
is insignificant (Table 4.8);

(2) The adduct production tends to be reduced by an increase in the formation of
DBMBF; excimer or by an increase in the DBMBF; concentration (Table 4.10), so that

acyclic substrates react with the singlet excited DBMBF,; monomer;

(3) There is good agreement between the rate constant k] =3.2x 10°M’'s”

(Table 4.8) from the fluorescence quenching and k, = 4.1 x 10° M’s™ from measuring
the adduct quantum yields (Table 4.11). This indicates that the same singlet excited

DBMBF, monomer reacts with methyl methacrylate in fluorescence quenching and forms
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adduct. The rate constants k, from fluorescence quenching and k, from quantum yield

studies refer to the same process of quenching the singlet excited DBEMBF; (*A) by a

quencher (D) in Scheme 4.6.
Scheme 4.6:
P , )
A A -—%—-——r- *AD —&* Adduct
, ]
‘é"m kdxi
*AA A + D

This Scheme gives the guantum vield of adduct formation (®,) as equation 4.2:

K., K

Ox = = (D] (Eq. 4.2)
kp*‘i'g(m T, +k, [Aj+K,[D]
or
K, ik _[A
._1.._:{1* Q‘»)(1+fa& m{j“_]_')
(bﬁ* kﬁi kt ID§

Here 1, is the intrinsic lifetime of singlel excited DBMBF; in acetonitrile (0.34 ns).**
The double reciprocal plot of 1/d, vs. 1/{D] of the substrate should be linear with a ratio

of the intercept to slope giving the Stem-Volmer quenching constant (KZ,, , in equation

4.3):
v K Ky T +k_[A
the intercept = (1 + —=) and the slope = (1 + —=)(—2— ml ])’
Ko K., k,
this Ky, = ool (Eq. 4.3)
' the slopc T, +k, [A]

From f.uorescence measurements, the Stem-Volmer analysis of quenching the

singlet excited DBMBF; should lead to the Eq. 4.4 according tc Scheme 4.6:
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¥ e —& oo ke Ta[D] Eq. 4.4
— = = 4 T -
@, . 4k [A] * (Eq.44)

s

presence of quencher (D), and the Stem-Yolmer quenching constant (Kg, ) is shown

k

as: Ko = kgta = ———2— = K! Eq. 4.5
That is: kg = Kk« and T4 = —:‘r‘l‘*—-
kA

here 1, is the actual lifetime of singlet excited DBMBF,, including its bimolecular decay
kn{*AJJA]. The rate constant k, is derived from the fluorescence quenching and k, is
derived from the quantum yield measurements, but both k; and k, refer to the same
quenching process in Scheme 4.6 as correlated by Eq. 4.5.

With the known lifetime 1, the rate constant of excimer formation k., the

concentration of DBMBF; and the Stern-Volmer quenching constant K, , we can either
calculate the quenching rate constant k, from Eq. 4.3, or determine k, from fluorescence
quenching experiments (Kg, ) by Eq. 4.5.

The Stemn-Volmer constant K, of quenching excited DBMBF; monomer
fluorescence is concentration-dependent because of the DBMBF; excimer formation, as
has been described in Eq. 4.5:

or ! = ! + S—*—"*#[A] (Eq. 4.5A)

Koy KT, K,

According 10 this equation, we correlate the Stem-Volmer quenching constants in Table

4.9 as 1/Kg, to [A], the concentration of DBMBF,. A linear plot was observed in
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Fig. 4.9 Dependence of Stem-Volmer quenching constanis (KT, ) on DBMBF;

concentration in acetonitrile, methyl methacrylate as quencher.

Fig. 4.9. From the intercept (1/ k1. = 0.65 M) and slope (k./k; = 6.0}, the rate constant
k, of quenching singlet exciled DBMBF, by methyl methacrylate and the rate constant k.
of excimer formation can be calculated respectively. Using 1, = 0.34 ns as the intrinsic
ietime of the singlet excited DBMBF; in acetonitriie, we oblain the following rate
constants, k, = 4.5x 10" M's " and k,=27x10"M"s".

in Scheme 4.6, we assume that an exciplex intermediate is the precursor of the

ion product. An energy transfer from the singlet excited DBMBF,; monomer to

icrylate or mesityl oxide is unfikely due to their large difference in singlet
expecied that these electron-deficient donors conform to the

photoreaction patiemn of simple olefins, =™ **/

160



in contrast to acyclic substrates, cyclic enones quench DBMBF; excimer
selectively at high DBMBF, concentrations (Table 4.8). However, this excimer
guenching has not been related to the photocycloaddition process. The adduct quantum
yield studies are complicated by the low efficiency, the dimerization of cyclic enones
from direct photolysis and the failure to achieve product analysis by GC. Qualitatively,
although the increase of DBMBF, concentration should produce more DBMBF; excimer,
the quenching of DBMBF; excimer by cyclic enones does not lead to the higher quantum
yieid of adduct formation.

in summary, DBMBF; reacts with a,B-unsaturated ketones and esters from its
singlet excited state to give 1,5-diketones via a [2+2] cycloaddition. The regioselective
and stereoselective photocycicaddition is proposed to proceed by way of an exciplex
imermediate. The formation of the DBMBF; excimer is an energy-wasting step at least
in the photoreactions of DBMBF; with acyclic substrates. The lack of excimer reactivity
towards electron-deficient «,f-unsaturated carbonyl compounds is in striking contrast to
the highiy efficient reaction of DBMBF; excimer with electron-rich cydlic dienes and vinyl
ethers. Compared to the triplet dimerization of cyclic enones by the direct irradiations,

the sensitized cyclic enone dimerization by DBMBF; is inefficient.
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CHAPTER FIVE

EXPERIMENTAL

5.1 General conditions

5.1.1 Chemicals

Reagent grade solvents were used for preparative photolysis, and spectrograde
solvents were used for spectroscopic studies and quantum yield measurements.
Spectrograde acetonitrile {BDH) was used as supplied for fluorescence quenching
experiments. Reagent grade tetrahydrofuran (BDH) was freshly distilled from sodium
benzophenone-ketyl. Reagent grade diethyl ether (BDH) was dried and distilled from
sodium prior o use. Reagent grade acetone (BDH) was dried and distilled with
phosphorus pentoxide. Reagent grade acetonitrile (Fisher) was used as supplied for
photoreactions. Spectrograde dichioromethane (Mallinckrodt), spectrograde p-dioxane
{Anachemia), certified or spectrograde benzene (Caledon), spectrograde toluene
(Caledon) and reagent grade p-xylene (Fisher) were used as supplied for solvent effect

For chromatography, reagent grade hexanes (BDH}, acetone {(BDH),
dichloromethane (Anachemiaj, diethyl ether (BDH or Anachemia) and ethyl aceiate
(BOH) were used as supplied.

The deuterated solvents chioroform-d (CIL), benzene-d; (Aldrich), acetone-d;

{!{CN) and tetrahydrofuran

d; {Aldrich) were used as supplied for NMR studies.
Dodecane (Matheson), hexadecane (Sigma, 99%), eicosane (Aldrich, 99%) and

octadecane (Eastman) were used as intermal standard compounds for GC analysis.



Acetophenone (Aldrich or Matheson), acetylacetone (Aldrich, 99%) and
benzonitrile (BDH) were distilled before use. Benzophenone (Fisher or Aldrich) and
benzhydrol (Matheson) were used as supplied. Dibenzoyimethane (Aldrich) was used
without further purification. LiCIO, (Aldrich, 95+%) was used as supplied. Nitrogen gas
was purified by scrubbing through concentrated sulfuric acid and then through
pctassium hydroxide pellets.

Oiefins and a,B-unsaturated compounds used for photoreactions and

fluorescence quenching were freshly distilled before use. They were: 1,3-cyclohexa-
diene (Aldrich, 98%), 1,3-cyclooctadien (Columbia Carbon 97%, with 2 ~ 3% of 1,5-
cyclooctadiene), 1,5-cyclooctadiene (Aldrich 99+%), ethyl vinyl ether (Aldrich 99% or
Easiman), isobutyl vinyl ether (Aldrich 99%), 3,4-dihydro-2H-pyran (Aldrich 97%), methy!
methacrylate (Anachemia), ethyi crotonate (Matheson), methyl vinyl ketone (Aldrich
99%), mesityl oxide (Matheson), acrylonitrile (Matheson), crotononitrile (Aldnch 99%), 2-
cyclohexenone (Aldrich 97%}), 2-cyclopentenone (Aldrich 98%), isophorone (Aldrich,
97%)}, cyclooctanone (Aldrich 98%) and cyciododecanone (Aldrich 99%).

2-Cyclooctenone was prepared from cyclooctanone.?” 5 6-Dihydro-2H-pyran-2-
one was prepared by refluxing vinylacetic acid with paraformaldehyde in acetic acid.!"*
2-Cyclododecenone was synthesized starting from cyclododecanone."™ Phenyl vinyl
ether was prepared from 2-bromoethyl phenyi ether.™ "2

5.1.2 Analytical equipment
Melting points (mp) were determined on a Fisher-Johns apparatus and are

uncorrected. Infrared (IR} Spectra were recorded with a2 Perkin-Elmer Model FT 1605
spectrophotometer using a neat liquid film, nujol mull or KBr peflet. Uitraviolet and
visible spectra (UV / VIS) were taken with Milton Roy Spectronic 3000 Array or Varian
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Cary - 210 Spectrophotometers. Mass spectra (MS) and Gas-chromatography-mass
spectra (GC - MS) were obtained on a Hewlett-Packard 5985B GC-MS system either by
electron ionization (El, at 70 €V} or by chemical ionization {Cl). Proton nuclear magnetic
resonance ("H NMR) spectra were recorded with Bruker AMX 600, Bruker AMX-400 or
Bruker SY-100 spectrometers. The splitting patterns of 'H signal are presented as s
{singiet}, d (doublet), t (triplet), g (quartet), or m (multiplet). Chemical shifts are reported
in & values in ppm, and coupling constants (J) in Hz. The chemical shifts of °C NMR
spectra are also reported as & vaiues in ppm reiative to TMS. Elemental analyses were
carried out by Mr. M.KK. Yang using a Cario Erba Model-1106 Elemental Analyzer. Gas
chromatography (GC) analyses were performed on a Hewlett - Packard 5799 and 5890
Series It chromatographer (FID), equipped withan 1I5mx 0.2mm DB -1 or O¥-1 15 m x
0.2 mm capillary column and a Hewlet! - Packard 3390A integrator. Retention times
(RT) are reported in minutes {min}. Preparative high performance liquid chromato-
graphy (HPLC) was performed on a Waters Model 510 HPLC system, equipped with a
Phenomenex Maxsit 10C18 (500 x 2.4 mm} column and a Lambda-Max, Model 481 UV
detector al 250 nm). For PPLC analysis, a Phenomenex Spherisorb 10 ODS(1) column
250 x 4.6 mm was used. Elution was done with a mobile phase of acelonitrile and
water. Steady state fiuorescence specira were recorded on a Perkin-Elmer MPF 44B
spectrophotometer (P11 LS- 100 spectrofivonmeter). Emission specira are uncorrecled.
Column chromatography was carmed out with Merck Silica gel 60, mesh 230 - 400. Thin
fayer chromatography (TLC) was performed on aluminum plates precoated with Merck

nwm, and Spots were visualized with iodine vapor

o ai

or by spraying with a solution of Ce{S0.), (1%} and molybdic acid (1.5%) followed by

heating on a hot plate.

64



5.1.3 Photolysis apparatus (112, 125]

External irradiation method

Apparatus I is a Rayonel Photochemical Chamber Reaclor, equipped with RPR
300 nm (16 x 21 W) or RPR 350 nm (16 x 24 W) lamps. Pyrex tes! lubes (1.2 x 10 cm)
containing samples were put in a “Merry-go-round” in the center of the photoreacior. A

fan inside the reactor circulated the air 1o maintain a constant temperature of 30 ~ 35 °C.

Immersion - Well method

Apparatus It employed a Hanovia mercury lamp as the hight source and is
suitable for large scale photoreactions. It had a cylindrical type of photocell, into which a
water cooled lamp housing was inserfed. The lamp was contained in a double walled
immersion-well structure made of quartz or Pyrex glass. A! the top ¢! the photocell, a
side arm was fitted for connection to a condenser and at the bottom, a gas inlet was
attached to introduce nitrogen or other gas. The photolysis solution could also be stirred
magnetically during irradiation. The volume capacity of the photocell was about 150 mL
and the light source was a Hanovia medium pressure mercury lamp (200 W 654A36 and
100 W 608A36).

Apparatus 11l is similar to Apparatus Il. The difference is that the photocell and
the lamp housing are fused together, thus it is suitable for relatively small scale

photoreactions. The capacity of the photocell was reduced to 50 mL.
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5.2 Fluorescence Studies

5.2.1 General procedures

All fluorescence spectra were recorded at room lemperature on a Perkin-Eimer
MPF 44B fluorometer (uncorrected). Typically duplicale experiments were performed to
obtain a reproducible guenching constant (Ksy), and both values were given in relevant
tables where the quenching resulls needed to be correlated to kinetic analysis of
photoreactions. The reported errors from plols were given as the standard dewviation
from least square analysis using MicroCal Origin Scientific and Technical Graphics in
Window (version 3.0).

The geometry of sampie illumination, as right-angie or front-face iflumination,”*
was adopied depending on the concentration of DBMBF; used (Fig. 5.1). The right-

angle configuration was used when the DBMBF, concentration was lower than 10 M.

.._...,.....’ mw

tmm-in 7
F
F

[p—

{square cuvette) {trianguiar cuvette)

right-angle illumination
front-face illumination

Figure 5.1 Geometric arrangements of the fluorometer cell, here

hv, for incident light and hv, for emission.

For the flucrescence guenching of DBMBF; at 5 x 10° M, the slit was typically set at 3 or
4 nm for both excitation and emission light beam, and the signal gain was set at 3.0. For

[DBMBF;} > 10°* M, the front-face illumination was used to reduce the filtering effect
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caused by the high absorbance of DBMBF; solution. Fig. 5.1 displayed two
configurations for front-face dlumination using square or triangular cuvette on MPF-44B

about 80 - 65 from its illuminated surface

fluorometer. The square cuvette is positioned
to the incident light beam, while the triangular cuvette has an orientation of 40 - 45°
towards the incident beam. For the fluorescence quenching of DBMBF; at 0.10 or 0.2C
M, the shits were set at 10 ' 15 nm and the signal gain was at 1.0. All the fluorescence
quenching spectra from the front-face illumination were obtained using the square
cuvetle configuration, except for the spectra in Fig. 5.3.

Two quenching methods were applied in the fluorescence measurements.

Method One”™ Solutions of DBMBF; (5 x 10° - 5 x10™ M for the monomer
fluorescence and 0.10 or 0.20 M for the excimer fluorescence spectra) in vanous
solvents were freshly prepared before measurements. A 2 mL aliquot of the solution
was placed in a quartz square cuvette {1 x 1 cm). To this solution, a known amount of
neat quencher was directly added with a syringe. The fluorescence spectrum was then
recorded under air. No effects due 1o the presence of oxygen were observed on the
fluorescence intensity of DBMBF (5 x 10 M) or its exciplex with benzene.*® When a

flarge amount of quencher (= 25 ul) was added, a dilution effect on the initial intensity

(1) must be corrected.

Method Two. Sample solutions were freshly prepared in a 5 mL volumetric flask
either from a concentrated stock solution of DBMBF, or by weighing DBMBF; directly
into the flask. After adding a known amount of quencher, the solution in flask was
diluted with solvent to the mark. A 2 mL aliquot of the solution was transferred into a
guartz square cuvette with a volumetric pipette, sealed with a septum and purged with

dry N; for 6 min. The fluorescence spectrum was then recorded.
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5.2.2 The appearance of DBMBF, fluorescence spectrum

The appearance of a fiuorescence spectrum can be affected by the absorbance
of a sample and by the geometry of the sample illumination.” A high absorbance of
the sample can distort its emission spectra due to self-absorption of the emission, even
when front-face illumination is used.”™ This is called an inner filter effect caused by the
overlap between the absorption and the fluorescence spectra of the sampie. Such a
case also occurs in DBMBF; fiuorescence spectra. Upon right-angle ilumination with A,
= 365 nm light, the acetonitrile solution of DBMBF; (5 x 10° M) gave a fluorescence
spectrum with maxima at 398, 417 and 440 nm (shoulder peak).”***? The intensity of
398 nm peak decreased with an increase in DBMBF; concentrations. Relevant to this,
the UV spectrum of DBMBF; (5 x 10° M) showed its absorption close to 400 nm which
increased with [DBMBF,]. At [DBMBF,] = 10> M, only the 416 nm peak was visible when
the sample was excited through front-face illumination (Fig. 5.1).#% Upto [DBMBF.] =
0.10 M in acetonitrile, where the absorbance at i < 423 nm for the DBMBF, sample was

greater than one, the spectrum of DBMBF; fluorescence showed a peak at 440 nm as
the remaining monomer emission, together with a peak at 522 nm assigned to the
excimer.*> % However, it was found that a variation in the orientation of a sample
cuvetie towards incident light beam allowed us to observe the entire DBMBF; fiuore-
scence specfrum even at [DBMBF;] > 0.10 M (using the front-face illumination on a PT1
LS-100 spectrofluorimeter) 5%

On MPF-44B fluorometer, the front-face illumination was found to involve two
orientations for the illuminated surface of the flucrometer cell towards incident light (Fig.
.1). When the fluorescence of DBMBF; (0.10 or 0.20 M) was measured using square

cuvette configuration, the obtained spectra showed only two peaks of 440 and 522 nm
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(Fig. 2.8 and 4.4). But when the fluorescence was recorded through trianglar cuvette
configuration, all the peaks of 398, 417 and 440 nm were observed together with the

excimer emission at 522 nm (Fig. 5.3).

5.2.3 Corrections in DBMBF, fluorescence quenching

5.2.3.1 DBMBF, monomer fluoiescence quenching

For the guenching of DBMBF; monomer fluorescence, the working concentration
of DBMBF, was usually at 5 x 10° M. A piot of relalive fiuorescence intensity as a
function of DBMBF, concentrations (10° to 1.4 x 10° M) is shown in Fig. 5.2. The
emission intensity showed a linear relationship to the DBMBF; concentration below 4 x
10® M. This can be described by the first term in eq. 5.1 for a weakly absorbing

solution!""%

i

I = Lt (1- 107

]

If = I @ (2.3¢ic - (2.3elc) /2! + - ) (Eq. 5.1)

Here: I is fluorescence intensity, I is the intensity of excitation light,
&y is the quantum yield of DBMBF; emission,

¢ is the molar absorption coefficient,
I is the optical path length and c is the DBMBF; concentration.
Above 4 x 10° M, the plot of emission intensity starts to curve down as a result of inner
fiter effect which is represented by the later terms in eq. 5.1.
When fluorescence quenching was carried out using the direct addition method,
each addition of neat quencher into the DBMBF; solution would exert a dilution effect on
the DBMBF; concentration. Therefore, the initial fluorescence intensity (I°), in the

absence of quencher, should decrease corresponding to each quencher addition. This
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dilution effect on I” can be described by the relationship of the relative emission intensity

{ir) to DBMBF, concentration from Fig. 5.2:

In = 0.1155 + 0.9110 [DBMBF,] - 0.04389 [DBMBF.[ (Eq. 5.2)
]
5
| ]
&
> 47
.g
o s
= v
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o 3- =
=
= ]
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Fig. 5.2 The plot of relative fiuorescence intensity of DBMBF to its concentration
in acetonitrile {i.. = 365 nm and A = 417 Nm).

The correction of dilution effect was illustrated in Table 5.1, using an example of
the fluorescence quenching of DBMBF; by methyl methacrylate (MMA) in acelonitrile
{Fig. 4.3). In this quenching, the r.eat MMA was directly added by syringetoa 2 mL
solution of DBMBF; (5 x 10° M). The fluorescence intensity (i) at 417 nm was measured
and listed in Table 5.1. In the absence of quencher, the initial intensity was I° = 174.2,
but it would decrease with the addition of MMA. The decrease of I° due to dilution effect

follows Eq. 5.2 in which the relative intensity (Ig) is related to the change of [DBMBF;].
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The calculated Ix-values represent the fraction of I’-decrease comesponding o each
MMA additior:, thus the initial intensity (I°) can be correcled upon: 1”2 = 174.2 Iz. The
obtained Slem-Voimer piot was shown in Fig. 4.3.

Table 5.1 Correction of the dilution effect on the quenching of DBMBF;
monamer fiuorescence by MMA in acetonitnie

MMA added  10°[DBMBF,] o1, =17421° 17
®L (M) Mo fat 417 nm) @/ Do
0 0000 5000 10000 1742 1742 1.000
5 0023 4.9875 09983 1739  169.3 1.027
5 0047  2.9751 09967 1736  164.9 1.053
5 0070 4.9628 0.9950 1733 1605 1.080
5 0093 49505 09938 1731 1572 1.101
10 0140  4.9261 09901 1725 1496 1.153
10 0187  4.9020 09869 1719  143.1 1.201
KT, 11£01M

Notes: * The corrected concentration of DBMBF, included the diution effect.
® The relative fluorescence imtensity (1) is firstly calculated by Eg. 5.2
and then normalized by defininy, Iz = 1.000 at [MMA] = 0 M or m the

° 19 . is the comected flucrescence intensity of DBMEF;, in the absence of

?The observed flucrescence intensity, n arbitrary unid.

5.2.3.2 DBMBF; excimer fluorescence quenching
The quenching of DBMBF, excimer fluorescence was carried out empioying the
front-face illumination method, and a square cuvette was used for the sampie solution

{Fig. 5.1). Since the observed fluorescence intensity was found sensitive to the
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fluorometer cell movement, a direct addition method was chosen so that the cell
arrangement was not disturbed. According {0 this method, the neat quencher was
added directly o a 2 mL solution of DBMBF, (0.10 or 0.20 M) and then the fiuorescence
was recorded.

Two comrections were needed in the quenching of DBMBF,; excimer fluorescence.
The first one was due o the diution effect caused by direct addition of neat quencher.
This correction should produce an aciual quenching constant (K3, ) smalier than its

served value. The second correction was due to the spectrum overiap between

DBMBF, monomer and excimer fiuorescence. Where the quenching of DBMBF;
excimer fluorescence was much more efficient than the quenching of DBMBF;
monomer, this spectrum overiap gave rise 10 an increased quenching constant (K<, ) for
excited DBMBF, monomer but a reduced quenching constant (K3, ) for DBMBF,
excimer. Thus the correction of spectrum overlap should produce an actual K¢, -

constant bigger than its observed value.

Spectrum overiap correction

The correction of spectrum overlap was made through the spectral subtractions
that produced the fluorescence profite of DBMBF; excimer. in doing the subtraction, a
profile of DBMBF, monomer fluorescence should be superimposed with a spectrum of
DBMBF; (0.10 or 0.20 M). The overlaid spectra were shown in Fig. 5.3, where the
spectrum A was from the sample of [DBMBF,] = 0.2 M in THF solvent and the spectrum
C was of [DBMBF,] = 0.1 M in acetonitrile. Both fluorescence spectra were recorded by
front-face illumination using a triangular cuvette for the sample solution. The siit for
excitation ight is set at 15 nm and the slit for emission light is at 4 nm with the signal
gain of 1.0 on MPF 448 flucrometer. Under these conditions, the spectra B and D were
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Fig. 5.3 The spectral sublractions of DBMBF, fluorescence: 1 = 365 nm
A: [DBMBF;] = 0.20 M in THF; B: [DBMBF,] = 0.01 M in THF;
C: [DBMBF;] = 0.10 M in CH,CN; D: [DBMBF;] = 0.01 M in CH,CN.
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also recorded using the samples of [DBMBF.] = 0.01 M in THF and acetlonitrile solvent
respectively (Fig. 5.3). The latter two specira were then subtracled from the former
two spectra, in the ways of (A - B) and (C - D). This gives the fiuorescence profite of
the DBMBF, excimer, shown as dash-line peaks in Fig. 5.3.

In Fig. 5.3, the fluorescence profile of DBMBF, excimer showed an overiap with
the peak of DBMBF,; monomer fluorescence. When the excimer profile (dash-line) was

superimposed with the original excimer peak (solid-line} and normalized at 524 nm, the

fraction of spectrum overlap could be estimated. For example in the spectra Aand B
{Fig. 5.3}, a line drawn at 440 nm gave intensity readings of both excimer (1., = 19) and
monomer (I..» = 122) fluorescence, and the ratio of the excimer intensity t¢ the
monomer intensity at 440 nm was fe. / ... = 16% which represented a fraction of the
spectrum overlap at this wavelength. Similarly estimated from the spectra C and D, the
fraction is about 18% at 440 nm. These resuits will be used in the spectrum overlap
corrections of DBMBF, (0.10 or 0.20 M) fiuorescence, which is described below.

in the quenching of DBMBF; excimer fiuorescence by isobutyl vinyl ether (IVE,
Fig. 2.8), a total of 12 pl neat IVE was added to the 2 mL THF solution of DBMBF, (0.20
M), and the dilution ellect was considered 1o be insignificant (< 1%). The initial
filuorescence intensity of DBMBF, at 440 nm is measured 10 be 1., = 141.8 (Table 5.2).
A 16% of this intensity, as estimated from spectral subtractions in Fig. 5.3,

should come from the overlapped DBMBF; excimer fluorescence: i, = 141.8 x 16% =

22.7 at the wavelength of 440 nm. Subtraction of this value from the observed

AAAAA [ERPEE Ppe” I

fiuorescence intensity at 440 nm (i) produces the correcied intensity (I7) for DBMBF,

nce: I = (Lug - i,,) = 141.8 - 22.7 = 119.1. Table 52 lisis all the

corrected intensity of L.y at different IVE], upon which the quenching constants Kg, =
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2.3 and K= 19.6 M were obtained (Table 5.2). The fluorescence spectrum and

comresponding Stem-Voimer piot were shown in Fig. 2.8

Table 5.2 Spectrum overlap correction in the quenching of
DB8MBF, (0.20 M) fluorescence by IVE

{IVE] I, (P s (T 7 Dsza

oy | el 7520 gt TP b/a
0000 | 1418 1752 1.000 27 1191 +.000 1.000 1.000
0.012 1330 138.0 | O.788 17.9 115.1 1.035 1.270 1.227
0.019 129.0 121.0 | 0.691 15.7 113.1 1.051 1.448 1.378
0.027 125.0 1.6.6 0.608 13.8 111.2 1.071 1.644 1.535
0.06G4 122.0 $6.1 0.54S 125 108.5 1.088 1.823 1.676
0046 | 1185 835 0477 10.8 107.7 1.106 2.098 1.897

K.L,=23M KZ=19.6M"

Notes: * The fluorescence intensity of DBMBF, excimer at 440 nm; i,, =22.7 x ( TS );
1752

® The comected flucrescence intensity of DBMSF, monomer at 440 nm: I' = {lues ~ 1, ).

Dilution effect correction

in the quenching of DBMBF, excimer fluorescence by methyl methacrylate (Fig.
4.4A), atotal of 110 uL neat methyi metnacryiate (MMA) was added to a 2 mL CH.,CN
solution of DBMBF; (0.10 M). Two corrections are described below for the spectrum
overiap and the dilution effect. The former correction is shown in Table 5.3 with the
corrected intensity ratio (I° / P of DBMBF,; monomer emission at 440 nm, and the
latter is shown in Table 5.5 giving the corrected intensily ratio (I° / 1)sz of DBMBF;
excimer fluorescence at 520 nm. The combined corrections from Tables 5.3 and 5.5

result in the quenching constant k3, (Table 5.5).
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The spectrum overlap correction follows the procedure just described. Thus from
Fig. 4.4A, the flucrescence infensity at 440 nm (lss) and 520 nm (1:z) were measured

- £ -E = s - g o e i P >
and fisted in Table 5.3. In the abser f MMA, the intensity of DBMBF; flt

Table 5.3 Spectrum overlap correction in the quenching of
DBMBF; (0.10 M) fluorescence by MMA in acetonitrile

[MMA] L fox r
M Losg bs20 1416 295X (1na/141.6) = (Luo~ fed) (" / T)eso
0.00 163.9 1416 1.00 295 134.4 1.000
0.093 152.1 130.2 0.919 7.3 i25.0 1.075
0.183 144.5 121.4 0.857 253 1192 1.127
0.316 1354 1105 0.780 23.0 1124 1.196
KT, '"7 061 M

440 nm is measured to be 163.9, and its 18% is contributed by the overlappad part of
DBMBF, excimer emission: i., = 163.9 x 18% = 29.5 at 440 nm. Subtraction of this
value from .o gives the corrected intensity (I} for DBMBF, monomer fluorescence at
440 nm: I = 163.9 - 29.5 = 134.4. From the values of I, the intensity ratio (I° / I')es; foOr
DBMBF, monomer fluorescence at 440 nm was calculated, and the corresponding

Stern-Volmer quenching constant (K7, =061 M ') was obtained (Table 5.3).
¥

The dilution effect was corrected by a control experiment (Fig. 5.4) which was
carried out together with the guenching experiment under the identical conditions. In the
control experiment, the pure solvent instead of the quencher was added directly to the 2

[P

mi DBMBF; (0.10 M) soiution in the same way as the addition of MMA. Each solvent

- & — ———

addition decreased the fluorescence intensity (I') of the DBMBF;, excimer at 520 nm

(Table 5.4). The intensity decrease could be described by a dilution factor (f), defined
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Table 5.4 Sclvent dilution factor {/) as

relative emission intensily

cH:en  [DoBMBF:]  Intensity (i)

added f —1i1a

(i)

0 0.16C 141.0 1.00
20 0.0930 139.2 0.987
20 0.0980 137.8 0.977
30 0.0966 135.4 0.960
0.0952 133.0 (.943

90 470 550 €30 nm

Fig. 5.4 Solvent difution effect on DBMBF; (0.10 M) fluorescence intensity
in acetonitrile (e = 365 nm)
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to be the ratio of the fluorescence intensity with and without the solvent dilution (Table
5.4).

The diiution factor (f) from the control experiment was then applied io the
quenching experiment. Thus the initial fiuorescence intensity (I°) of DBMBF, excimer
was comrected for each addition of MMA, upon which the intensity ratio (I° / 1)sx of
DBMBF; excimer fluorescence at 520 nm was calculated (Table 5.5). The linear plot of

{I° # D)sz0 £ (I° / )ees versus the concentration of MMA was displayed in Fig. 4.4A with

ex ¥
Koy=0.09 M as a siope.

Table 5.5 Comrection of the dilution effect on the quenching of DBMBF; excimer
fiuorescence (at 520 nm) by methyf methacrylate (MMA) in acetonitrile

MMA added [DBMBF;] Intensity at 520 nm (I°/ Dsag  (1°/ Daso
wL) M) M observed  corecied” =b =a’ b/a
(1) (i = 141.6/)
o 0 0.100 1416 141.6 1 1 1
20 0093 0099 130.2 139.8 1.074 1.075 1
20 0183  0.0980 121.4 138.3 1.139 1.127 1.010
30 0316  0.0966 1105 135.9 1.230 1.196 1.028
3
Ky 0.09M

corresponding f-values are from Table 5.4;
* Data from Table 5.3.
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5.2.4 Stern-Volmer plots for DBMBF, fluorescence quenching

The following figures display the Stem-Volimer plots of DBMBF; fluorescence
quenchings. The quenching experiments foliowed the described procedures in earlier
sections. The pilots of {I”/ De/{I°/ Dmen vs. [D] were obtained by using Eq. 1.18 for the
quenching of DBMBF, excimer. The plots of (I°/ 1) vs. [D] were according to Eq. 1.12 for

DBMBF,-benzene exciplex quenching and Eq. 1.16 for DBMBF; monomer fluorescence

quenching (Section 1.6). Here Kg, refers to the Stern-Volmer constant for quenching
DBMBF, excimer or exciplex, and KZ,, refers to the constant for quenching DBMBF;

monomer fiuorescence.

Cyclic dienes and phenyl vinyl ether as quencher

P
1.6- ’
1
£ .
T 1.4 z "
5 -
= .
T 42 e g
. /,l"'
i 7 T
# ’ /";'
‘g .Q él/' v 4 v £ v B4 bl ] h ®
0.000 ©.005 0.010 G.015 G.020 0.025

Y
Fig. 5.5 Stem-Vohmer plots of DBMBF; (0.20 M) fluorescence quenching

in THF: excited at .. = 365 nm and monitored at 4, = 524 nm

(1) by 1.3-COD (a), K2, =56 + 1 M"; (2) by PVE (m), K5, =17+ 1M’
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Fig. 5.6 Stern-Volmer plots of DBMBF, fluorescence quenching
by cyclic dienes and PVE in different solvents, A, = 365 nm:

(1) CHD, ™ SMBF2] = 0.03 M in benzene, Amn = 441 nm, KS, =214+ 1.1 M";
(2) CHD, [DBMBF_] = 5 x 10° M in benzene, Amos = 424 nm, K& =20.6 £ 1.0 M™";
(3) CHD, [DBMBF2} = 5 x 10° Min THF, Auon = 417 nm, K3, = 11.6 £ 0.3M";

(4) CHD, [DBMBF,] = 0.03 M in dioxane, Ames = 432 nm, K2, = 10.6 £ 0.4 M”;

(5) 1,3-COD, [DBMBF;] = 0.03 M in benzene, Amon = 441 nm, K$y,= 8.8+ 0.4 M.

(6) PVE, [DBMBF2] = 5 x 10° Min THF, Amow = 417 nm, K3, =3.4 0.3 M.
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o,f-Unsaturated ketones and ester as fuencher
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Fig. 5.7 Stem-Volmer plots of DBMBF; (5 x 10° M) fluorescence quenching

by «,B-unsaturated carbonyl compounds in acetonitrile:

(1) mesityl oxide, KZ,=2.3+0.1M";

(2) 2-cyclododecenone, Kg,= 1.4+ 0.1 M™;
(3) 2-cyclooctenone, K3, = 1.3£0.1 M7,
(4) 2-cyciohexenone, K3, = 0.27 + 0.03 M™.

{excited at 2., = 390 nm and monitored at Aqo = 417 NM)
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Fig. 5.8 Stem-Volmer plots of DBMBF; (0.10 M) fluorescence quenching

by a,B-unsaturated carbonyi compounds in acetonitrile:

(1) 2-cyclododecenone, Kg,= 1.4+ 0.1 M™;
(2) 2-cyclohexenone, K2 = 0.16 £ 0.03M™;
(3) mesityl oxide, K&, = 0.14 £ 0.02 M.
(excited at 2, = 365 nm and monitored at Amem = 520 nm)

182



g

1 ‘Ga il kil 1 L H Ll ! L T Ld ]
0.00 0.02 0.04 0.06 0.08 0.10 0.12

[Methyl methacrylate], M

Fig. 5.9 Stemn-Volmer plots of DBMBF; fluorescence quenching by methyl methacrylate
at different DBMBF. concentrations in acetonitrile: excited at A., = 365 nm

(1) 5x 10° M, Jng = 422 nm, K3 = 1.45 M
(2) 2.5 x 102 M, ki = 426 nm, K3, = 1.25 M™;
(3) 5 x 10° M, Ao = 431 nm, KT, = 1.05 M™;
(4) 7.5 X 10° M, dros = 434 nm, KT, =0.95 M™;

(5) 107" M, Rnoei = 437 nm, K3, = 0.78 M™.
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5.3 Photocycioaddition of DBMBF, to eiectron-rich olefins,
cyciic dienes and vinyl ethers

General Procedure

Unless otherwise specified, the following procedures were followed. A solution
of DBMBF; and a diene or vinyl ether was distributed equally amcng several Pyrex test
tubes which were eveniy placed in a “memy-go-round” mounted in the centre of a
Rayonet photoreactor. This photoreactor was equipped with lamps of RPR-350 nm (16
x 24 W) or RPR-300 nm (16 x 21 W). The temperature during photolysis within the
photoreactor was maintained at 30-35 °C by ventilation. The photoreaction was followed
by GC / TLC analysis to monitor product formation and DBMBF, conversion.

After photolysis, the photolysates were usually yellow or brown. A standard
work-up procedure included the flash evaporation of the solvent followed by mixing of
the residue with hexane : ether (2 : 1 by volume) to precipitate unreacted DBMBF,. Final
isolation included filtration, adsorption of the filirate onto a few grams of silica gel and
chromatography on a silica gel column. When the product was sensitive to acidic
condition, it was necessary to wash the photolysate with aqueous sodium bicarbonate
before the evaporation of solvent.

Photoaddition to 1,3-Cyclooctadiene (9)

A 30 mi benzene solution of DBMBF; (1.5 mmol, 0.41 g) and 9 (15 mmol, 1.6 g)
was distributed and sealed under nitrogen into six Pyrex test tubes (11 x 100 mm), which
were irradiated with a RPR 350 nm light source for 22 hours. A thin film of polymer was
observed on the test tubes. The photolysate was concentrated and then mixed with
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hexane : ether (3 : 1). Unreacted DBMBF; precipitated as 0.19 g of yellow powder,
corresponding to a 55% conversion. The solution showed two adduct peaks: the minor
peak had a retention time (RT) of 10.01 min from the reaction of 1,5-COD (7)! and the
major peak of 10.54 min from 1,3-COD (9) based on GC analysis at 245°C.

Chromatography of the crude product, on a 3 x 30 cm silica gel column eluted
with hexane:ethy! acetate (10 : 1), yielded fractions having the peak of RT 10.54 and
then the peak of RT 10.01 min as the major component. The former fraction was further
purified on preparative TLC plates 1o give 0.13 g (43% yield) of a sticky oil which
corresponded to the cis-addition product of 12 from 1,3-COD: GC purity > 93%, Rf =
0.17 (Merck silica gel 60F254, hexane : CH,Cl, : Et,0 =5:0.8: 0.2), Calcd. for
CxH240,: C, 83.13; H, 7.23; found: C, 82.91; H, 7.37.

The second fraction was similarly treated by preparative TLC to afford 12 mg of
oil which contained the major component with RT 10.01 and a GC purity of 69%.
Further separation of this mixture was done by HPLC (Waters Model 510, Phenomenex
Maxsil 10C18 Column 500 x 9.4 mm, CH,CN-H;0), to yield two fractions: the product
with RT 10.01 min (R; = 0.14) and a GC purity of 77% corresponding to the known cis-
addition product 8 from 1,5-COD; the other, RT 9.91 min (R = 0.12) and a GC purity of

87% corresponding to the trans-addition product 12 from 1,3-COD (Table 5.6).

Photocycloaddition to 1,3-cycichexadiene (1)

Photolysis of a 30 mL ether solution of DBMBF, (1.5 mmol, 0.41 g)and 1 (15
mmol, 1.2 g} was conducted for 19 hours. After iradiation, the solution was

concentrated and then mixed with hexane, to precipitate the remaining DBMBF; as 66

' 1,5-COD is an impurity (2-3%) in the 1,3-COD reagent.
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mg of a yellow powder (84 % conversion). The solution showed only one product on
TLC but two peaks in the GC in the ratic 91 : 9.  Chromatography, on 3 x 30 cm silica
gel column with hexane : ethyl acetate of 10: 1 as eluent, yielded 0.14 gof an 0il (35 %

yield) which contained two isomers in the ratio 87 : 13 on GC. Using a hexane :

dichloromethane : ether (5 : 0.8 : 0.2) eluent, TLC showed a major component at R¢ 0.16
and a minor component at R 0.14. Preparative TLC failed to purify the product further.
Spectroscopic data revealed the major product to be the cis-addition product 6 from 1,3-

CHD (Table 5.6}.

Photocycloaddition to ethyl vinyl ether (17)

A 30 mL ether solution of DBMBF; (0.54 mmol, 0.15 g) and 17 (15 mmol, 1.1 g)
was distributed and sealed under nitrogen in 6 Pyrex test tubes. Irradiation with 350 nm
light was carried out for 220 minutes and the originally colorless solution became pale
yellow. Standard work-up recovered DBMBF; as 90 mg of yellow powder (40%
conversion). Chromatography on a 8 x 2.8 cm silica gei coiumn (hexane : ethyi acetate
= 15 : 1) gave 50.4 mg of pale yellow oil as the addition product 18 (79% yield): Rs 0.24

(SiO;, hexane : ethyl acelate =9 : 1).

The cage compound (23)

A 30 mL dioxane solution of DBMBF; (0.9 mmol, 0.24 g) and 17 (9 mmol, 0.65 g)
was irradiated for 4.5 hours. Standard work-up gave DBMBF, 135 mg (45%
conversion). Chromatography with hexane : ethyl acetate (15 : 1) firstly produced 23 mg

of white crystals 23: mp 128 ~ 129 °C (recrystallized from hexane), Cy7H;:0O, calcd: C,
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81.58; H, 5.64; found: C, 81.32; H, 5.70, and then 30 mg of oil as the addition product

18 (24% yieid).

Photocycloaddition to phenyl vinyl ether (13)

Phenyl vinyl ether (13) was prepared from 2-bromoethyl phenyl ether according
{0 a literature procedure.™ ¥ "H NMR (100 MHz, CDCl;) & (ppm): 4.45 (1H, dd, J =
6.1, 1.5 Hz), 4.78 (1H, dd, J = 13.9, 1.5 Hz), 6.67 (1H, dd, J = 13.9, 6.1 Hz), 6.90 - 7.50
(5H, m).

A 30 mL ether solution of DBMBF; {0.54 mmol, 0.15 g) and 13 (6 mmol, 0.72 g)
was irradiated with 350 nm light for 3 hours. The chromatography, on a silica gel
column (17 x 3 cm) eluted with hexane : ethyl acetate (15: 1 to 10 : 1), afforded three
fractions: the first gave 28 mg of yellow oil as the dimers 14 and 15 (84 : 16). The
second gave 94 mg (50% yield) of the addition product 16 as white powder: mp 101 ~
102 °C (recrystallized from hexane), C,sHx0; caled: C, 80.21; H, 5.85; found: C, 80.11;
H, 5.94. The third fraction, 55 mg of yellow powder, was unreactad DBMBF; (63%
conversion).

Further chromatography of the dimers (hexane : ethyl acetate = 20 : 1) yielded
12 mg of the cis-[2+2] dimer 14 as yellowish liquid, showing GC peak of RT 21.25 min
(at 150°C) and Ry 0.42 on TLC (SiO;, hexane : ethyl acetate = 10 : 1), and 4 mg of the

trans-{2+2] dimer 15 with RT 21.61 min and Ry 0.30 under tha same conditions. The El-

RS of 14, showed m/z: 240 (100, M"), 212 (17), 120 (90), 91 (30) and 77 (15). The 'H
NMR spectrum was identical 10 that of the known compound.”™® Both dimers were also
identified by GC coinjection with the authentic material prepared from benzonitrile

sensitized PVE dimerization in acetonitrile solvent'™

187



Photocycloaddition to iscbuty! vinyl ether (19)

A 40 mL ether solution of DBMBF; (0.72 mmol, 0.2 g} and 19 (12 mmol, 1.2 g)
was irradiated for 3 hours. The clear pale yellow solution was worked up to recover 0.12
g DBMBF, (38% conversion). GC analysis at 230 °C showed two product peaks at RT
8.35 min (20) and at RT 2.72 min (23, the cage product). Column chromatography, with
hexane : ethyl acetate at 18/ 1 (v/v) and then at 15/ 1 (viv), afforded the major product

20 (RT 8.35 min) as 56.8 mg of oil (64% yield) with a GC purity of >95%.

The coupling product of DBM with THF

In THF, the 5 hour irradiation of a 40 mL solution of DBMBF; (1.2 mmol, 0.33 g)
and 19 (12 mmol, 1.2 g) yielded, after the standard work-up, 0.16 g DBMBF; (51%
conversion). Chromatography with hexane : ethyl acetate (15 : 1) yielded three
fractions: the first fraction gave 28 mg of the addition product 20 (14% yieid), the
second fraction gave 13 mg of white powder, mp 82 ~ 84 °C; the third fraction gave 18
mg of white powder, mp 60 ~ 63 °C. Both solid products were recrystallized from
hexane and identified to be diastereomers of the coupling reaction product 24 from DBM

and a THF (Table 5.6).
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Table 5.6 Spectroscopic data of the addition products of DBMBF, photoreactions

with cyclic dienes and vinyl ethers.

cis-12

"H NMR (CDCL) é 1.33-1.98 (6H, m), 2.08 - 2.41 (2H, m), 2.70
(H., dd, J = 16.4, 10.0 Hz), 2.89 (Hs, m), 3.11 (H.., dd, J = 16.4,
3.4 Hz), 4.73 (H,, dd, J = 9.3, 3.9 Hz), 5.97 (H., ddd, J = 10.4, 7.8,
7.8 Hz), 6.05 (Hy, dd, J = 10.4, 9.3 Hz), 7.30 - 8.10 (10H, m,
phenyl).

"C NMR (CDCls) & 24.38, 27.18, 29.85, 31.72, 38.48, 39.01,

' 46.64, 125.83, 132.25, 128.10, 128.44 (2C), 128.72, 132.78,
133.083, 136.72, 137.17, 199.56, 201.36 ppm.

- MS (El) miz 332 (M", 4), 314 (M-18, 3), 213 (20), 105 (100), 77
[(35); (Cly m/z 333 (M+1, 100), 213 (15).

IR (NaCi plate) v : 3060, 3028, 2025, 2854, 1681(br), 1597. 1979,
1447, 1405, 1355, 1337, 1290, 1220, 1180, 1003, 971, 909, 849,
776,692 cm’.

 'H NMR (CDCl;) 5 1.29 - 2.48 (8H, m), 2.70 (He, dd, J = 14.1,
10,7 Hz), 2.93 (Hy, m), 3.02 (Hy., dd, J = 14.1, 3.3 Hz). 4.43 (H,,
dd, J = 10.5, 10.5 Hz), 5.38 (H,. dd, J = 10.5, 10.4 Hz), 5.92 (H..
' ddd, J = 10.4, 8.5, 8.5 Hz), 7.42 - 8.06 (10H, m, phenyl).

' °C NMR (CDCL) & 23.42, 28.00, 28.06, 29.38, 37.63, 42.03,
49.94, 128.96, 132.88, 128.41, 128.51 (2C), 128.67, 133.21,

133.52, 136.94, 137.63, 199.96, 202.04 ppm.

MS (El) mv/z 332 (M", 4), 314 (M-18, 3), 264 (2), 213 (25), 105
(100), 77 (28); (Cl) m/z 333 (M+1, 100), 213 (15).
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Table 5.6 (continued)

'H NMR (CDCly) 6 1.75 (Hg, m), 2.10 (Hg, m), 2.14 (H, and Hy, m),
2.81 (Hg, m), 2.95 (H,, dd, J = 17.1, 6.2 Hz), 3.06 (H., dd, J =
17.1,8.1 Hz), 443 (H,, m)*, 5.77 (Hy, ddt, J = 9.7, 4.0,2.2, 2.2
Hz), 5.93 (H., ddd, J = 9.7, 6.1, 3.9 Hz), 7.20 - 8.10 (10H, m,
phenyl). *Note: J.; = 5.1 and J; = 4.0 Hz were obtained from the

decoupling experiments.

3C NMR (CDCl;) § 23.68, 25.17, 32.00, 39.65, 45.84, 124.13,
129.91, 127.98, 128.44, 128.56, 128.72, 132.87, 132.99, 137.16,
137.27, 199.64, 201.26 ppm.

MS (El) m/z 304 (M, 6), 185 (13), 105 (100), 77 (42).
(Cl) m/z 305 (M+1, 100), 185 (10).

IR (NaCl plate) v: 3059, 3027, 2926, 2874, 1682 (br), 1650, 1596,
1580, 1448, 1372, 1320, 1283, 1213, 1180, 1075, 1002, 846, 753,
690 cm’’.

0
g
f s o) P
a
c Ph
h ¥
o]
cis-6
o)
e:|/0 v~ Ph
€
b Ph
o)
18

"H NMR (CsDg) 6 1.04 (CH,, dd, J = 7.1, 7.0 Hz), 2.21 (H,, dddd,

J=145,8.6, 6.8, 5.9 Hz), 2.43 (Hy, dddd, J = 14.5, 7.9, 6.4, 4.8

Hz), 2.73 (H,, ddd, J = 18.0, 6.4, 5.9 Hz), 3.09 (H,, ddd, J = 18.0,

7.9, 6.8 Hz), 3.13 (Hq, dq, J = 9.0, 7.1 Hz), 3.48 (Hs, dg, J = 9.0,

7.0 Hz), 4.73 (H,, dd, J = 8.6, 4.8 Hz), 7.00 - 8.40 (10H, m,
phenyi).

C NMR (CDCly) 6 15.24, 27.50, 33.93, 65.70, 81.35, 128.04,
128.60, 128.67, 128.80, 133.10, 133.43, 135.11, 136.98, 199.64,
' 200.42 ppm.

| MS (El) m/z 191 (96), 163 (10), 145 (22), 132 (12), 117 (60), 105
(100}, 77 (87). (Cl) mvz 297 (M+1, 100), 251 (16), 191 (19).

IR (N&Cl plate) v : 3062, 3028, 2973, 2929, 2873, 1687, 1597,
1580, 1448, 1374, 1223, 1120, 1062, 972, 758, 692 cm™.
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Table 5.6 (continued)

"H NMR (CDCly) 6 2.34 (H,, dddd, J = 14.5,9.1, 6.4, 5.5 Hz),
2.61 (Hy, dddd, J = 14.5, 8.2, 6.4, 4.0 Hz), 3.25 (H,, ddd, J = 18.4,
6.4, 5.5 Hz), 3.45 (H., ddd, J = 18.4, 8.2, 6.4 Hz), 5.65 (H,, dd, J
=9.1, 4.0 Hz), 6.80 - 7.22 (5H, m, oph), 7.42 - 8.30 (10H, m,
phenyl).

3C NMR (CDCL,} 5 27.40, 33.90, 78.92, 115.28, 121.54, 128.05,
128.65, 128.90 (2C), 129.58, 133.24, 133.82, 134.46, 136.84,
157.70, 198.13, 199.27 ppm.

MS (El) m/z 344 (M. 9), 251 (36). 239 (100}, 145 (26), 129 (12),
117 {38}, 105 (80), 95 (18), 77 (62).

IR (NaCl plate) v: 3062, 3040, 2935, 1692, 1682, 1598, 1587,
1494, 1449, 1233, 1225, 1179, 1086, 1001, 975, 910, 754, 732,
690 cm’.

o)
P a
Ph
c
b Ph
o
16
o)
I < “Ph
ek b PR
o)
20

"H NMR (CsDs) 6 0.82, 0.84 (2CH,, d, J = 6.5, 6.5 Hz), 1.82 (H,,
ddqq, J = 6.5, 6.5, 6.5, 6.5 Hz), 2.23 (H,, dddd. J = 14.3,8.9. 6.8,
5.8 Hz}, 2.45 (H,, dddd. J = 14.3, 8.0, 6.8. 4.8 Hz), 2.76 (H., ddd,
J=18.0, 6.8, 5.8 Hz), 2.91 (Hy, dd, J = 8.8, 6.5 Hz), 3.12 (H.,
ddd. J = 18.0, 8.0, 6.8 Hz), 3.32 (Hs, dd, J = 8.8, 6.5 Hz), 4.74

{H,, dd, J = 8.9, 4.8 Hz). 7.00 - 8.50 (10H, m, phenyl).

*C NMR (CDCly) § 19.25, 19.32, 27.47. 28.69, 34.00, 77.08,
' 81.98, 128.01, 128.60, 128.62, 128.86, 133.07, 133.37, 135.14,
- 136.99, 199.54, 200.38 ppm.

MS (El) m/z 219 (89), 163 (100), 145 (17), 117 (49), 105 (57). 85
(10), 77 (52), 57 (47). (C1) mvz 325 (M+1, 100), 251 (93), 219
(85), 163 (61), 145 (16), 133 (41).

IR (NaCl plate) v : 3063, 2957, 2872, 1719, 1690, 1598, 1582,

1472, 1450, 1380, 1249, 1118, 1083, 1047, 759, 713, 690 cm.
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Table 5.6 {(continued)

"H NMR (CDCly) 6 1.10 - 1.90 (2CH,, m), 3.47 (H,.d, J= 17.4
Hz). 362 (M., ddd, J=7.9,7.0,6.0Hz), 368(H., ddd 7.9, 7.0,
7.0 Hz}, 4.10 (H,, d, 17.4 Hz), 4.22 {(H,. dd, J = 6.8, 6.8 Hz2), 4.95
(OH, s), 7.15 - 7.95 (10H, m, phenyl).

C NMR (CDCLy) 6 25.60, 26.42, 45.25, 69.03, 76.87, 84.79,
12631, 126.93, 127.78, 128.22, 128.62, 133.62, 137.22, 142.83,

MS (EIy m/z: 225 (50), 105 (100), 91 (6}, 77 (42), 71 (25).
(CY) m/z 297 (M+1, 17), 279 (M-18, 80), 225 (17), 177 (67),
121 (100).

IR (NaCl piate) v : 3470, 3087, 3058, 3027, 2975, 2952, 2927,
2871, 1669, 1597, 1580, 1494, 1448, 1407, 1355, 1216, 1182,
1063, 1003, 911, 753, 733, 704, 689 cm .

"HNMR (CsDy) & 1.30-2.15 (2CH;, m), 3.45 (H,,d, J = 16.4
Hz), 3.69 (H,, ddd, J = 7.4, 7.4, 5.2 Hz), 3.79 (H,. d, J = 16.4 Hz),
3.95 (H,, ddd, J = 7.4, 7.4, 7.4 Hz), 4.15 {H,, d¢. J = 7.0, 7.0 H2),
5.44 {OH, ), 6.90 - 7.80 (10H, m, phenyl).

MR (CDCLy) 6 25.37, 26.27. 45.28, 69.39, 77.61, 85.57,

125.24, 126.86, 128.10, 128.18, 128.53. 133.31. 137.52, 144.24,
201.77 ppm.

MS (EN) m/z: 225 (43). 153 (41), 120 (10), 105 (100), 77 {42), 71

(607}

IR (NaCl piate) v : 3444, 3086, 3060, 2977, 2872, 1667, 1597,
1580, 1495, 1448, 1405, 1363, 1217, 1182, 1075, 1003, 927, 889,
749, 703 om”.




Table 5.6 (continued)

"H NMR (CDCL)" & 1.93 (H,, dd, J = 1.5, 0.7 Hz), 2.46 (H.. dt. J =
1.5,0.4 Hz), 5.90 (H,, dt, J = 0.7, 0.4 Hz), 7.15 - 7.25 (10H, m,
phenyl). "Note: 20-COSY was done.

"’C NMR (CDCl;) § 19.24 (CH,), 33.72 (CH;), 66.31 (quatemary),
96.56 (CH,), 127.29, 127.64, 128.19, 131.83 (phenyl) ppm.

MS (El) mvz: 250 (M, 25), 233 (M-17, 10), 221 (19), 205 (36), 145
(65), 144 (28), 127 (37), 117 (58), 115 (57), 105 (100), 91 (30), 77
(90}, 51 (23).

MS (CI) m/z 251 (M+1, 100)

IR (Nujol, NaCl plate) v: 3068, 3028, 2997, 2923, 1604, 1503,
1448, 1179, 1142, 1079, 1074, 1052, 1033, 1005, 991, 891, 861,
833, 787, 767, 756, 716, 695, 598 cm™".

"H NMR (C.D:) 6 1.15 - 1.70 (8H, m), 2.00 (H,. ddd. J = 16.5, 6.6,
6.6 Hz), 2.11 (H,, ddd, J = 16.5, 6.0, 6.0 Hz), 3.30 (H,, m), 3.51
(H,, dd, J = 10.9, 1.7 Hz), 3.68 (H., ddd, J = 10.8. 8.0, 3.3 Hz).
3.77 (H., ddd, J = 10.8, 6.5, 3.5 Hz), 3.95 (Hy, m), 6.68 (H,, S).

C NMR (CDCh) 8 19.7€ 22.29, 23.80, 25.98, 30.19, 65.74,
68.66, 79.31, 114.15, 141.42 ppm.

MS (EI) m/z 168 (M, 70), 167 (51), 139 (11), 125 (24), 111
(100), 98 (64). 83 (52), 66 (56). 55 (50).
MS (Cl) mv/z 169 (M+1, 100)

IR (NaCl plate) v: 2935, 2848, 1667, 1440, 1266, 1237, 1151,
1112, 1085, 1052, 1031, 1011, 985, 941, 927, 857, 814 cm™.
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5.4 Radical cation reactions sensitized by DBMBF,

5.4.1 Diels-Alder dimerization of 1,3-cyciohexadiene (CHD)
in xylene-acetonitrile solvent

(a) Authentic sample

Authentic samples of CHD [4+2]-dimers were prepared by the sensitized
dimenization of the diene (1 M) with DBMBF; (0.01 M) in acetonitrile, irradiated at 350
nm.*¥ GC analysis at 110 °C (15 m OV-1 capillary column) showed the endo-[4+2]
dimer 2 at RT 4.96 min and the exo-[4+2] dimer 3 at RT 5.26 minina 9 : 1 ratio. Trace
amounts of the two [2+2] dimers were also seen at RT 5.41 and 6.74 min, and were
identified as the cis-anti-cis (8) and cis-syn-cis dimers (5) by coinjection with authentic
samples prepared by photolysis of an acetonitrile solution of benzophenone (5 x 10° M)
and CHD (0.5 M) at 350 nmfor 1.5 hour. Thisgave2:3:4:5=0.4:223:57.0:
20.374

Direct photolysis of 1,3-cyclohexadiene (0.1 M) in benzene solvent with a 350 nm

light source yielded no endo-{4+2] dimer 2 but only a i : 3 : 1 mixture of 3, 4 and 5 [see.

126}

(b) Preparation of 1,3-cyclohexadiene dimers

An acetonitrile solution (25 mL) of DBMBF, (0.06 M), CHD (0.5 M) and xylene
(1.5 M) was distributed into 5 Pyrex test tubes, purged with dry nitrogen gas for 2 min
and imadiaied for 6 hours at 350 nm. During photolysis, a reference sample containing

dodecane (4 x 10° M) as an intemai standard was followed by GC analysis.
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After photolysis, the clear, pale yellow solution was concentrated under reduced
pressure and hexane was added to precipitate the unreacted DBMBF,. The recovery
was 0.6 g (100%). The filtrate was concentrated and the p-xylene was removed by
distillation. Vacuum disfillation, at ~140 °C / ~90 mmHg, gave 0.48 g (50% yield) of a
colorless liquid, the mixture 2 : 3 (87 : 13).

GC-MS (El) for endo-{4+2] dimer 2, m/z 160 (M”, 12), 115 (4), 91 (13), 82 (24),
81 (15), 80 (100), 79 (70), 78 (6), 77 (18), 65 (4), 51 (4); for exo-[4+2] dimer 3, m/z:

160 (M, 6), 115 (3), 91 (9), 82 (14), 81 (9), 80 (100), 79 (41), 78 (4), 77 (10), 65 (2).

5.4.2 The coupling reaction of p-xylene

Several Pyrex test tubes were loaded with a 3 mL acetonitrile solution of DBMBF;
(0.01 M) and p-xylene in concentrations ranging from 0.2 to 8.16 M (neat). The tubes
were placed in a Rayonet Photoreactor and irradiated with a 350 nm light source for 175
minutes. The DBMBF, was not consumed on the basis of GC analysis. One mL
dichioromethane solution of hexadecane (7.5 x 10 M) was added to each tube, and
product formation was monitored by GC at 180 °C on a 15 meter OV-1 capillary column.
Two peaks were observed at RT 3.49 min and at RT 3.54 min. In the GC-MS (E!)
spectra, the major product 25 (RT 3.49 min) showed: 210 (M", 65), 195 (100), 180 (30),
165 (33), 132 (20), 118 (99), 105 (24), 91 (20), 77 (31), and the minor product 26 (RT
3.54 min) displayed: 210 (M", 25), 105 (100), 77 (9). The mass spectra correspond to
the krown compound 4-tolyi-2,5-xylyimethane and 1,2-bis-(4-tolyi)ethane respectiveiy,m‘
'l The results of coupling product formation as a function of xylene concentration are

shown in Table 5.7 and Fig. 3.5 (section 3.1.2).
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Table 5.7 Relative yields of coupling products as the function
of p-xylene concentration,” [DBMBF,] = 0.01 M

p—Xyleﬁé [p-xylene] E+(30) Relative Product Ratio
e e M (kcalmole) |  yield® @5 : (26)
1.1 0.20 455 1.21 35 65
2.7 0.50 453 2.34 55 45
5.7 1.0 44.9 3.30 73 27
122 20 44 1 455 - -
19.8 3.0 43.1 7.13 81 19
29.0 4.0 42.0 8.84 78 22
40.3 5.0 40.6 9.13 67 33
46.8 55 39.8 5.36 75 25
54.4 6.0 38.8 0.48 - -
71.8 7.0 36.6 -€ - -
95.4 80 33.7 0.48 50 50
100 82 33.1 1.00 36 64

Notes: ? Irradiation for 3 hours; ® The yield of coupling reaction in neat p-xylene is
defined to 1.00; ° No product was detected on GC.

5.4.3 The coupling reaction of 3,4-dihydro-2H-pyran (21)

Boron trifluoride etherate (21.2 mg, 0.15 mmol) was added under N; to a 50 mL
of 1 : 1 acetonitnie - hexane mixture of 21 (7.5 mmol, 0.65 g). The dark reaction
mixture was stirred at room temperature. The bottom acetonitrile layer became red-

yellowish, and the top hexane layer remained colorless. Product formation was
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analysed periodically by GC (140°C). After two hours, the hexane layer was separated,
and found to contain mainly a product of RT 2.68 min on GC. More hexane (20 mL) was
added and the exiraction procedure was repeated in 5 times. The hexane extractions
were combined and concenfrated to give 0.75 g of a pale yellow oil. This was
chromatographed on silica gel column (7 x 3 cm), and elution with hexane : ethyl acetate
(25 : 1) yielded 31 mg of colorless oil (22, 5% yield) showing a GC-purity of 94%.

The structural data of 22 are listed in Table 5.6.

5.5 Photocycloaddition of DBMBF; to electron-deficient olefins
o,B-unsaturated carbonyl compounds

General procedure

A 30 mL acetonitnie solution of DBMBF; (0.05 M) and freshly distilled «,3-
unsaturated ketone or ester (0.5 M} was distributed into six Pyrex test tubes (100 x 13
mm). The solution was purged with dry nitrogen and then placed in the Rayonet
photoreactor for irvadiation with a 350 nm light source. The photoreaction was
monitored by GC or TLC to follow the disappearance of DBMBF;, and was stopped
when the DBMBF; conversion reached more than 90%. The yellowish or brownish
solution was then evaporated in vacuo, and the residue was chromatographed on silica

gel. Some typical runs were described below.
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Photoaddition to methyl methacrylate (31)

OORIDE A 57 o 1 20 PR a4 74
DBMBIF; (0.37 g, 1.36 mmol) and 31 (1.

tn

g, 15 mmol
acetonitrile. After a 2 hour irradiation, GC analysis showed one product peak.
Chromatography using hexane : ethyl acetate (5 : 1) yielded 0.38 g (85% yield) of white
powder which was crystallized from ethyl acetate-hexane to give the product 32. mp:

113.5 - 114 °C, Calcd for CxH2004: C, 74.07: H, 6.17; found: C, 74.07: H, 6.18.

Photoaddition to trans-ethyl crotonate (33)

DBMBF; (0.41 g, 1.5 mmol) and 33 (1.71 g, 15 mmol) were dissolved in 30 mL of
acetonitrile. After a 6 hour irradiation, the yeliow solution was mixed with 20 mL ether,
washed twice with the saturated aqueous sodium bicarbonate and dried over anhydrous
sodium sulfate. Two products were seen on TLC, at RBs 0.13 (34) and R¢ 0.08 (SiO,,
hexane : ether = 6 : 1). Column chromatography and elution with hexane : ether (8 : 1)
gave 0.33 g of oil (65% yield) which contained, in addition to the major adduct of R 0.13,
a second product at R; 0.11. From the following collected fractions, 0.09 g oil (16%
yield) was obtained in GC purity 95% as the addition product of R¢ 0.08 (35).

The mixture of Rg 0.13 and 0.11 was found to be erythro- and threo-34ina3: 1
ratio, based on 'H NMR analysis. Further separation of the mixture on TLC plate
{hexane : ether = 7 :1) failed to produce the pure compound, because of the equilibrium
beiween ihe iwo isomers. The mixiure sampie was used for eilemental analysis, caicd

- o - o 5
<

for Cai20.: C, 74.56; H, 6.51; found: C, 74.42; H, 6.57.
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Photoaddition to mesityl oxide (27)

DBMBF; (0.82 g, 3 mmol) and 27 (2.9 g, 30 mmol) were dissolved in 60 mL of
THF. After a 9 hour irradiation, the yellowish solution was mixed with 40 mL of ether,
washed twice with the saturated aqueous solution of sodium bicarbonate, dried over

sodium sulfate and evaporated. TLC analysis showed three products at Rs 0.47, 0.13

and 0.06 (SiO,, hexane : dichloromethane : ether=5:0.7:03)inaratioof 1:2:4 on
GC analysis. Chromatography on silica gel (30 x 3 cm) with hexane : dichloromethane :

ether (6 : 0.9 ~ 0.7 : 0.1 ~ 0.3) yielded 76 mg of 30 as an oil Rf 0.47 (8%), 110 mg of 28
R¢ 0.13 (11%) and 208 mg of 29 Ry 0.06 (22%).

Samples for elemental analysis were furthe: purified by chromatography:

30: R 0.47 caicd for C;HO,: C, 82.89; H, 6.58; found: C, 82.74; H, 6.46.
28: R§ 0.13 calcd for C;;H04: C, 78.26; H, 6.83; found: C, 78.58; H, 6.93.
29: R 0.06 calcd for C;,H,05: C, 78.26; H, 6.83; found: C, 77.99; H, 6.86.

To a 2.5 mL acetonitrile solution of 29 (8.5 mg, 0.026 mmol) was added one drop
of 6.2 M hydrogen chioride in acetonitrile ( total [HCI] < 0.1 M). The coloriess solution
immediately became pale yellow and a quantitative conversion of the product 29 into 30

was observed by GC and TLC.

Photoaddition to acrylonitrile (38) and crotonitrile (36)

DBMBF; (340 mg, 1.25 mmol) and 38 (663 mg, 12.5 mmol) were dissolved in 25

mL of p-dioxane. After irradiation for 26.2 hours, some polymer had precipitated in the

test tubes. This was collected (0.1 g, insoluble in acetone and water). The filtrate
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contained one major product by GC and TLC analysis. Evaporation and addition of
ether : hexane (1 : 2) gave DBMBF; as a yellow precipitate, 0.28 g (25% conversion).
The filtrate was chromatographed on silica gel using hexane : dichloromethane : ether
(5:0.8:0.2~3.5:0.8:0.2). The pale yellow oil 39 was isolated (66 mg, 59% yield
based on consumed DBMBF;): Rf 0.074 (SiO,, hexane : dichloromethane : ether=3.5:
0.8 : 0.2), calcd for C1aHis0:N: C, 77.98; H, 5.42; N, 5.05; found: C, 78.01; H, 5.53; N,
5.17.

Similar photolysis of a 25 mL p-dioxane solution of DBMBF (340 mg, 1.25 mmol)
and 36 (839 mg, 12.5 mmol) for 26 hrs yielded no polymer. The DBMBF; was recovered
as yellow powder 0.16 g (47% conversion). Chromatography (hexane : ethyl acetate = 8
: 1) produced 100 mg of 37 (41% yield, based on consumed DBMBF;). mp 98 - 99°C,

R 0.21 (SiO,, hexane : dichloromethane : ether = 5 : 0.8 : 0.2), calcd for C1oH1;O:N: C,

78.35; H, 5.84; N, 4.81; found: C, 78.30; H, 5.89; N, 4.69.

Photoaddition to 2-cyclooctenone (44)

2-Cyclooctenone was prepared from cyclooctanone according to a literature
procedure "> DBMBF, (408 mg, 1.5 mmol) and 44 (285 mg, 2.3 mmol) were dissolved
in 30 mL acetonitrile. After 22 hour irradiation, the DBMBF, had almost disappeared,
and one major product was found at R 0.25 and also a faint spot at Rs 0.31 (SiO;,
hexane : ethyl acetate = 5 : 1). The photolysate was mixed with 20 mL ether, washed
with saturated aqueous solution of sodium bicarbonate and dried over magnesium

sulfate. The crude product was chromatographed using hexane : ethyl acetate (9: 1) to
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give 0.24 g of 45, as pale yellow oil (46% yield). This was found as a mixture of two
components with B¢ 0.31 and 0.25.

Further purification was performed by preparative TLC (hexane : ethyl acetate =
13 : 1), to give two mixiures: one contained the products Rf 0.31 and 0.25 in the ratio of
89 : 11 and the other contained the products in ratio 25 : 75 based on 'H NMR analysis.
In CDCl; solution, the ratio changed towards the formation of trans-45 product, Rf 0.31,
on standing in CDCI; solution.

In another experiment, DBMBF; (24.5 mg, 0.09 mmoi) and 44 {372 mg, 3 mmol)
were dissolved in 3 mL of acetonitrile. The solution was irradiated for 3 hours by which
fime DBMBF, conversion reached > 90% by GC analysis. TLC showed two adduct
spots at R¢ 0.17 and 0.13 (SiO;, hexane : dichioromethane : ether=3:0.8:0.2), and

also a spot at Rf 0.09 which could be visualized only by spraying with Ce(SQOs). (1%) and

molybdic acid (1.5%), and heating. The reaction product was chromatographed on a 8 x
3 cm silica gel column with hexane : dichloromethane : ether (6 ~ 3:0.8: 0.2), toyield

%o yiekd) as a nearly 1: 1 mixture of trans-45 (R 0.17) and
cis-45 (Rf 0.13). The following fractions gave 17.5 mg of 53 (R¢ 0.09), a colorless oil

containing two components in the ratio 81 : 19 on GC.

The structural data of compounds 53, cis-45 and trans-45 are listed in Table 5.8.

Photoaddition to 2-cyciohexenone (42)

DBMBF; (340 mg. 1.25 mmol) and 42 (240 mg, 2.5 mmol) were dissolved in 25
mL of acetonitrile. After 84 hour irradiation, the DBMBF; conversion reached 95% (GC).

TLC showed a major product at Rf 0.17 and a minor product at 0.13 (SiO,, hexane :
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dichloromethane : ether = 3 : 0.9 : 0.4). Column chromatography (hexane :
dichloromethane : ether = 3 : 0.8 : 0.2) gave 0.19 g of an oii {47 %), consisting of 90%
1med

trans-43 (R 0.13} and only 10% cis-43 (Rf 0.17). Elemental analysis for C,1Hx03: caled

C, 78.75; H, 6.25; found C, 78.08; H, 6.17.

Photoaddition to 2-cyclopentencne (40)

DBMBF; (408 mg, 1.5 mmol) and 40 (1.23 g, 15 mmol) were dissolved in 30 mL
of acetonitrile. After 25 hour irradiation, GC analysis showed the conversion of DBMBF,
to be 95%. Column chromatography with hexane : dichloromethane : ether (2:2: 0.3)
gave 0.28 g of a sticky oil (61%) which contained 91% frans-41 and % cis-41 based on
'H NMR spectrum. Elemental analysis for C;H504: caiced C, 78.43; H, 5.88; found C,

78.30; H, 6.02.

Photoaddition to isophorone (46)

DBMBF; (204 mg, 0.75 mmol) and 46 (1.04 g, 7.5 mmol) were dissolved in 15
mb of acetonitrile. After 37 hours of irradiation, GC analysis showed that DBMBF; had
almost disappeared. One product spot was observed by TLC at R 0.18 (SiO;, hexane :
ethyl acetate = 6 : 1). The photolysate was mixed with 50 mL ether and washed twice
with saturated sodium bicarbonate solution. The resuifing solution was adsorbed onto 4
g of silica gel and chromatographed on a 27 x 3 cm silica gel column with hexane : ethyl
acetate (9 : 1) to yield 0.12 g {44%) of a pale yellow powder 47. mp 37 - 40 °C, calcd

for CosHs04: C, 79.56; H, 7.18; found: C, 79.19; H, 7.50.
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Photoaddition to 5,6-dihydro-2H-pyran-2-one (48)

5,6-Dihydro-2H-pyran-2-one was prepared’ > by refluxing of vinylacetic acid
{31.6 g, 1 mol) with paraformaldehyde (43 g, 0.5 mol) in 125 mL of acetic acid containing
3 mL concentrated sulfuric acid. Distilled at ~115 °C /18 mmHg gave 5.6 g of 48 (11%).
The GC purity was 98% with RT 3.32 min at 80 °C (on a 15 m OV~1 capillary column).
CsHsO; caled: C, 61.16; H, 6.12; found: C, 60.03; H, 6.26. ‘'H NMR (100 MHz, CDCl5) §
2.33-254 (2H, m), 4.40 (2H, 1), 5.98 (H, dt), 6.93 (H, m) ppm. MS (El} m/z: 98 (M,
23), 68 (M-18, 100).

DBMBF; (272 mg, 1 mmol) and 48 (981 mg, 10 mmol) were dissolved in 20 mL
of acetoniirile. After a 9 day irradiation, GC analysis showed that DBMBF; conversion
had reached 70 %, and on TLC one product spot was found at R¢ 0.11 (SiO,, hexane :
ethyl acetate = 4 : 1). The clear brown photolysate was mixed with 60 mL ether and
washed with saturated agueous sodium bicarbonate. The solution was then adsorbed
onto 3 g of silica gel and chromatographed on a 20 x 3 cm column with hexane : ethyl
acetate (6 ~ 4 : 1) to give 0.11 g of a yellow oil. Further purification was performed by
preparative TLC with hexane : dichloromethane : acetone (2 : 0.9 : 0.1) to yield 84 mg of

a oil (37%) identified as the trans-49 (Rg 0.09). Cis-49 was also observed in the 'H NMR

specirum as ~5% impurity in the isolated product.

Photoaddition to E-2-cyclododecenone (50)

(2) Preparation of E-2-cyclododecenone'™”
2-Phenyjiiniocyciododecanone. To a 38 mL THF solution of diisopropylamine
(8.7 g, 86 mmol) at -78 °C under N,, was added 35 mL of 2.5 M hexane solution of butyl

lithiurn (86 mmol). After stirring for 15 minutes, a solution of cyclododecanone (7.3 g, 40
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mmol) in 9 mi. THF was added and the clear enolate was continued stirring at -78 °C for

one hour. The cooling bath was then removed and the solution was warmed to room
temperature, at which point diphenyl disulfide (10.4 g, 48 mmol) was added. After 1.5
hours, the clear solution was poured into a mixture of 30 mL of 10% aqueous
hydrochloric acid and 160 mL of ether. The top ether layer was washed successively
with the 10% acid and then saturated aqueous sodium bicarbonate, dried and

evaporated. TLC showed the presence of diphenyl disulfide at R¢ 0.71 and the sulfide

product at 0.42 (SiO;, hexane : dichloromethane : ether=5:0.8:0.2).
Chromatography on a 32 x 3 cm silica gel column with hexane : dichioromethane : ether
(6 : 0.8:0.2) yielded a 11 g mixture of 2-phenylthiocyclododecanone and the unreacted
diphenyl disulfide in the ratio 1 : 2 (GC).

A portion of the crude product was purified on a 20 x 20 cm TLC plate eluted with
hexane : dichloromethane : ether (5 : 0.8 : 0.2) to give an analytical sample of 2-
phenylhiocyclododecanone. 'H NMR (400 MHz, CDCl;) 8 1.16 - 1.52 (15H, m), 1.69 -
2.06 (3H, m), 2.50 (1H, m), 2.76 (1H, m), 3.87 (1H, dd, J = 12.4, 3.6 Hz), 7.20 - 7.36
(5H, m, phenyt).

2-(Phenylisulfinyl)cyciododecanone: To a solution of the crude sulfide (~11 g) in
methanol (200 mL) was added dropwise at 0 °C a solution of sodium periodate (2.9 g,
13.6 mmol) in 20 mL water. The unreacted dipheny! disulfide precipitated from the
solution. After 24 hour of stiming at room temperature, TLC analysis showed nearly
complete conversion of 2-phenyithiocyclododecanone at Ry 0.42 to its sulfoxide at Ry <
0.01 (hexane : dichloromethane - ether=5:0.8:0.2).

The mixture was fiftered and the precipitate was washed with 50 mL methanol.
The combined methanofic solution was evaporated, and the residue was dissolved in
150 mL ether, dried over magnesium suifate and adsorbed onto 4 g silica gel and
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chromatographed on a 6 x 5.5 cm silica gel column. Eiuticn with hexane : ether (19~10:
1), then with ether and then with dichloromethane gave 2.82 g of a pale yeilow powder
as a 1 : 1 mixture of two diastereomers of 2-(phenylsulfinyl)- cyclododecanone. 'H NMR
(400 MHz, CDCl5) & 1.12 - 1.42 (12H, m), 1.53 - 1.94 (4H, m), 2.00 - 2.18 (2H, m), 2.40
-2.63 (2H, m), 3.98 and 3.81 (1H,. dd, J = 10.9, 3.2 Hz and 11.8, 3.3 Hz), 7.40 - 7.60
(5H, m).

E-2-Cyclododecenone (50): 2-Phenyisulfinylcyclododecanone (2.8 g, 9.1 mmol)
was dissoived in 50 mL tetrachloromethane. The solution was stirred and heated in an
oil bath at 58 °C under N,. After 39 hour, TLC showed a complete conversion of the

sulfoxide R¢ 0.05 into 2-cyclododecenone Ry 0.34 (hexane : acetone = 15: 1). The

solution was evaporated and chromatographed on a 27 x 3 cm silica gel coiumn with
hexane : acetone ( 50 : 1), to yield 2.03 g of crude 2-cyclododecenone in 85% purity.
Distillation in vacuo atforded 1.2 g of 50 with a GC purity of 96%: C;:HxO calcd: C,
80.00; H, 11.11; found: C, 79.81; H, 10.99. 'H NMR''?" (400 MHz. CDC},): 1.18 - 1.23
(10H, m), 1.57 - 1.66 (4H, m), 2.20- 228 (2H, m). 2.44 - 253 (2H, m), 6.25 (1H, d, J =

16.0 Hz), 6.78 (1H. dt, J = 16.0, 7.0 Hz).

(b} Photocycloaddition of DBMBF; to 2-cyclododecenone (50)

DBMBF; (204 mg, 0.75 mmol) and 50 (540 mg, 3 mmoi) were dissotved in 15 mL
of acetonilrile. After a 16 hour irradiation, GC analysis showed nearly complete
disappearance of DBMBF,. TLC showed products at Ry 0.18 and at 0.13 (hexane :
acetone = 15: 1).

The dark red solution was mixed with ether, and washed with saturated aqueous
sodium bicarbonate, adsorbed onto silica gel and chromatographed on a 30 x 3 cm silica
gel column. Ebution with hexanes gave 0.1 g of an ol containing more than 10



components. Most of these showed simillar dimer fragmentation on GC-MS (El): m/z
360 (M, 18), 342 (4), 275 (3), 233 (5), 222 (8), 207 (10), 193 (9}, 181 (23), 180 (14),
162 (29), 152 (10), 135 (15), 121 (24), 109 (29), 95 (47), 81 (80), 79 {46), 69 (50), 67
(81). 55 (100).

Further elution with hexane : acetone {20 : 1) produced 0.17 g of a yellow solid
(56%), as two components at Ry 0.18 and 0.13 in the ratio ~74 : 26. Recrystaliization
from hexanes yielded 109 mg of the major adduct 51 (Ry 0.18), mp: 155 - 157 °C,
CyH» O, caicd: C, 80.20; H, 7.92; found: C, 79.94; H, 8.01. The mother liquor was
chromatographed on a 20 x 20 om TLC pilate with hexanes  acetone (15: 1) o yield 14

mg of the minor adduct 52 (R 0.13).

The structures of alfl the products were &

spectiroscopic data summarized mn Table 5.8.

Table 5.8 Spectroscopic data of the addition products of DBMBF ; pholoreactions
with: o, J-unsaturated carbonyl compounds.

- "H NMR (C.Di) & 1.50 (2CH,, s), 1.98 (CH,, ), 6.66 (1H, 5), 7.0 -
8.1 (Y0H, m, phenyi).

- C NMR (CDCL) 8 1270, 27.32. 45.21. 104.48, 123.28, 125.6,
127.02.128.04.128.65, 129.41, 131.93, 130.70, 135.0, 147.10,
' 151.40, 203.10 ppm.

MS (EN myz. 304 (M, 6), 199 (100), 105 (20), 77 (25).
(Chy miz. 306 (M+2. ), 305 (M+1, 160}.

IR (NaC! plate) v: 3076, 2977, 2932, 1673, 1595, 1576, 1550,
1480, 1460, 1440, 1382, 1359, 1252, 1220, 1178, 1155, 1090,
974, 934, 804, 766, 727. 700, 670 cm .




Table 5.8 (continued)

(H, dd, J = 17.7, 10.0 Hz), 3.61(Hy, dd. J = 17.7, 2.86 Hz), 4.25
{(H,, dd, J = 10.0, 2.86 Hz), 7.0 - 8.0 (10H, m, phenyl).

C NMR (C:Ds) § 22.85, 24.40, 32.48, 38.40, 48.95, 52.23,
127.73, 127.98, 128.11, 128.40, 130.60, 132.75, 136.62, 138.51,
197.71, 206.80, 209.01 ppm.

MS (El) m/z 322 (M", 2), 304 (M-18, 2), 217 (8), 175 (11), 105
(100), 77 (40). (Cl) m/z. 323 (M+1, 10), 305 (95), 177 (63), 175
(55), 149 (100), 147 (40).

IR (NaCi plate) v: 3058, 2972, 2932, 1704, 1677, 1594, 1577,
1540, 1463, 1443, 1355 1245 1220 1168, 971 753 ?00 cm’

!—‘E%%R gces A 5 1.25 ((';I-tﬂ s) 1.49 (CH3 s) 1.84 (CH s) 2.96
{(Hb,d. J=178Hz),3.63(Hb’,d,J=17.8Hz),5.74 (Ha, s), 7.0 -
8.3 (10H, m, phenyl).

C NMR (C:D.) 6 26.46, 27.45, 30.86, 37.19, 47.59, 64.82,
128.58, 128.82, 128.97 (2C), 132.75, 133.24, 138.52, 139.05,
198.08, 199.90, 202.65 ppm.

MS (El) m/z: 304 (M-18, 4), 203 (22). 161 (25). 105 (100). 77 (62).
(Ch) mvz. 323 {(M+1, 20). 161 (100).

IR (NaCl plate) v: 3074, 2980, 2946, 1715, 1700, 1674, 1602,
1574, 1454, 1360, 1270, 1208, 1188, 1009, 950, 768, 717, 703,
672 cm’.




Table 5.8 (continued)

Ph

Ph

32

'H NMR (100 MHz, CDCls) 6 1.60 (CH. s), 2.47 (H, and Hy, m),
2.98 (H. and H, m), 5.63 (CHg, s), 7.3 - 8.0 (10H, m).

C NMR (CDCly) & 21.57, 30.82, 33.57, 52.49, 56.24, 128.02,
128.48, 128.55, 128.60, 132.84, 133.04, 135.31, 136.68, 174.46,
197.08, 198.95 ppm.

MS (EI) m/z 324 (M", 1), 293 (1), 264 (45), 224 (51), 219 (24),
160 (10), 105 (100), 77 (35). (Cl) m/z 326 (M+2, 20), 325 (M+1,
100), 193 (70), 133 (57), 105 (53).

iR (NaCl piate) v : 2990, 2940, 1730, 1683, 1596, 1579, 1450,
1369, 1296, 1269, 1240, 1267, 1198, 1175, 1102, 1005, 970, 753,
715,700 cm™.

"H NMR (CsDs) 5 1.00 (CHg, 1), 1.20 (CHg, d, J = 6.8 Hz), 3.13
(H., dd, J = 17.5, 4.2 Hz), 3.56 (H., dd, J = 17.5, 8.5 Hz), 3.82
(Hy, m), 3.87 (H,, m), 4.0 (OCH_, m), 7.0 - 8.0 (10H, m, phenyl).

"C NMR (CsD¢) 5 13.77, 15.04, 38.56, 42.00, 43.47, 60.35,
128.04, 128.29, 128.40, 128.54, 132.51, 132.65, 136.68, 136.90,
173.42, 197.28, 201.11 ppm.

MS (Cl) m/z 339 (M+1, 15), 321 (M-18, 25), 293 (100), 161 (14),
159 (15), 135 (54), 121 (25), 107 (25), 105 (63).

IR (NaCl plate) v : 3060, 2980, 2940, 1722, 1682, 1597, 1580,

1451, 1365, 1305, 1268, 1265, 1185, 1035, 1004, 974, 764, 699
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Table 5.8 (continued)

= O
w O

Ph OEt

Ph

34

a mixture of two
diastereomer:
erythro- / threo-
=3/1

eryihro-34

'HNMR (CDCls) § 1.12 (CH3, d, J=7.0 Hz), 1.15 (CH,, 1), 2.85
(H., dd, J = 16.6, 7.7 Hz), 3.13 (Hp, m), 3.35 (H., dd, J = 16.6, 5.5
Hz), 4.13 (OCH, m), 4.56 (H,, d, J=7.2 Hz), 7.3 - 8.1 (10H, m,
phenyl).

"*C NMR (CDCl;) 5§ 13.84, 17.30, 30.04, 43.26, 58.27, 60.95,
128.40, 128.62, 128.84, 128.96, 132.81, 133.29, 137.17, 137.53,
169.10, 194.82, 198.61 ppm.

threo-34

'H NMR (CDCb) & 1.07 (CHs, d, J = 6.8 Hz), 1.17 (CH, t), 2.96
(H., dd, J = 16.3, 9.0 Hz), 3.13 (H,, m), 3.31 (H., dd, J = 16.3, 3.9
Hz), 4.13 (OCH,, m), 4.52, (H,,d, J =7.6 Hz), 7.3 - 8.1 (10H, m,
phenyi).

"*C NMR (CDClL) 5 13.84, 18.39, 30.48, 42.70, 58.42, 61.07,
128.40, 128.62, 128.77, 128.84, 132.73, 133.20, 137.25, 137.63,
169.28, 194.82, 198.34 ppm.

erythro- and threo-diastereomer mixture

- MS (El) m/z 338 (M7, 2), 320 (5), 305 (3), 293 (55), 277 (14), 264
 (31), 247 (26), 233 (59), 219 (67), 192 (21), 173 (10), 147 (6), 105
(100), 77 (33).

IR (NaCl plate) v 3060, 2980, 2940, 1725, 1682, 1597, 1582,
1466, 1450, 1363, 1320, 1220, 1186, 1103, 1036, 1006, 976, 760,

698 cm™.
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Table 5.8 (continued)

Ph

39

'H NMR (CDCL) & 2.28 (Hy, dddd, J = 14.1, 9.7, 5.4, 5.4 Hz),
2.58 (Hy, dddd, J = 14.1, 9.0, 5.3, 5.3 Hz), 3.29 (H,, ddd, J = 18.4,
54,53 Hz), 3.42 (i-!c&;ddd, J=184,90, 54 Hz), 481 (H,, dd, J
= 9.7, 5.3 Hz), 7.45 - 8.30 (10H, m, phenyl).

"C NMR (CDCL) 6 24.44, 34.91, 39.31, 117.21, 128.14, 128.89,
129.10, 129.26, 133.76, 134.68, 134.02, 136.43, 190.90, 198.52
pom.

MS (El) m/z 277 (M, 7), 171 (2), 161 (3), 149 (7), 105 (100), 77
(45).

IR (NaCl plate) v : 3064, 2935, 2251, 1693, 1682, 1597, 1581,
1449, 1412, 1368, 1283, 1261, 1219, 1182, 1160, 1002, 973, 912,
690 cm™.

erythro-37

A—

'H NMR (CDCh) 8 1.13 (CH3, d, J = 6.9 Hz), 3.02 (Hp, m), 3.15
(H., dd, J = 18.6, 3.4 Hz), 3.44 (H., dd, J = 18.6, 10.2 Hz), 5.12
(H.. d, J = 3.6 Hz), 7.40 - 8.25 (10H, m, phenyi).

Note: containing 9.6% of threo-37 showed at 4.64 ppm

(H.. d, J= 4.8 Hz).

"*C NMR (CDCL) § 16.32, 30.29, 43.46, 46.43, 115.93, 128.17,

128.94, 129.24 (2C), 133.90, 134.48, 134.06, 136.52, 191.42,
198.77 ppm.

MS (El} m/z 291 (M', 6), 223 (2), 184 (2), 175 (1), 149 (4), 147
{5}, 120 (10), 105 (100), 77 (51).

iR (NaCl plate) v: 3064, 2970, 2935, 2248, 1688, 1682, 1597,
1581, 1448, 1409, 1367, 1312, 1274, 1220, 1183, 1001, 956, 912,
766, 692 cm’™.




Table 5.8 {continued)

trans-40
with ~9% cis-40.

[ X1 ¥ ELTy™ v & o 6 [ Walel lnﬂH __\
FT ISV iz O .0 C.0T (LT3, i),

3.
7.9 Hz), 3.24 (H., dd, J=16.3, 5.7 Hz), 3.48 (H;, m), 4.21 (H,, d,
J = 10.0 Hz), 7.30 - 8.00 (10H, m, phenyl).

07 (H., dd, J =

"*C NMR (CDCl;) 5 26.94, 36.48, 38.90, 42.61, 63.26, 128.08,

128.54, 128.66, 129.44, 133.28, 133.42, 136.66, 136.95, 195.04,
198.44, 211.72 ppm.

MS (El) m/z 306 (M’, 20), 288 (23), 260 (10), 201 (16), 186 (31),
185 (15), 105 (100), 77 (52).

IR (NaCl plate) v: 3061, 2961, 2905, 1742, 1680, 1596, 1580,
1448, 1405, 1374, 1340, 1273, 1228, 1206, 1182, 1135, 1074,
1091 915, 883, 843, 782 754, 690cm

H NMR {COClL) é 1.60-2.20 (2CH»;, m), 2.50 (H,, "n) 2.60 (Hq,

m), 2.80 (H., dd, J = 17.3, 8.1 Hz), 3.10 (H,, m), 3.15 (H., dd, J =
17.3,45Hz), 451 (H,, d, J = 9.2 Hz), 7.0 - 8.0 (10H, m, phenyl).

"*C NMR (CDCl,) & 24.48, 28.94, 37.35, 41.75, 42.67, 63.31,
128.17, 128.49, 128.66, 128.68, 133.26, 133.32, 136.81, 137.31,
197.71, 198.60, 207.81 ppm.

MS (El} m/z. 320 (M, 4), 302 (50), 215 (32), 201 (35), 105 (100),
77 (40). (CI) m/z 321 (M+1, 100), 201 (70).

IR {(NaCi piate) v: 3061, 2941, 2868, 1711, 1681, 1597, 1581,
1507, 1480, 1448, 1408, 1352, 1289, 1241, 1181, 1160, 1110,
1076, 1048, 1001, 753, 690 cm ™.




Table 5.8 (continued)

cis-45

"H NMR (CDCk) & 1.40 - 2.23 (4CH2, m), 2.40 (Hd, m), 2.90 (Hd',
m), 2.95 (Hc, dd, J = 17.8, 6.2 Hz), 3.25 (Hc', dd, J = 17.8, 7.2
Hz), 3.45 (Hb, m), 4.93 (Ha, d, J = 3.6 Hz), 7.0 - 8.0 (10H, m,
phenyi).

*C NMR (CDCl;) 6 23.82, 27.23, 27.83, 32.45, 33.62, 41.53,
41.91, 60.30, 127.87, 127.97, 128.53, 128.66, 133.03, 135.15,
136.91, 138.20, 198.11, 199.54, 212.20 ppm.

MS (EI) m/z 348 (M".10), 330(48), 320 (23), 302 (17), 243 (54),
229 (46), 201 (90), 120 (30), 105 (100), 77 (50!.

trans-45

"H NMR (CDCL) & 1.30 - 2.00 (4CH,, m), 2.37 (H,, m), 2.75 (H.,
dd. J = 15.8, 9.1 Hz), 2.85 (Hy, m), 3.06 (H.. dd, J = 15.8, 3.3 Hz),
3.44 (H,, m), 4.88 (H,. d, J = 11.0), 7.0 - 8.0 (10H, m, phenyl).

C NMR (CDC},) & 24.04, 26.48, 26.78, 32.08, 35.38, 40.26,
4311, 66.87, 128.16, 128.59, 128.80, 128.87, 133.08, 133.69,
136.87, 136.95, 195.51, 199.10, 210.45 ppm.

MS (EI) m/z 348 (M, 10), 330 {50), 320 (25), 302 (20), 243 (35),
228 /(g1), 201 (95), 120 (33), 105 (100), 77 (60).

IR (NaCl piate) v: 3062, 2931, 2859, 1704, 1680, 1596, 1580,
1447, 1410, 1322, 1269, 1242, 1209, 1181, 1125, 1078, 1002,
971, 760, 690 cm’".
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Table 5.8 (continued)

F‘; NMB {CW%;;} 0.74 (C ‘Uﬂa, b], 1.10 {Cﬁa, S), 1.55 {aﬁg, S),

220(H., d, J=147Hz),2.30 (Hs, d, J=148Hz),238 (Hy.d, J
= 14.8 Hz), 2.65 (Hy, dd, J = 18.4, 2.7 Hz), 2.71 (H.. d, J = 14.7
Hz), 320 (H,, dd, J =76, 2.7 Hz), 434 ( H,, dd, J = 18.4, 7.6 Hz),
7.30 - 8.10 (10H, m, phenyl).

C NMR (CDCl;) 6 27.19, 27.39, 34.09, 34.16, 34.87, 51.06,
53.40, 54.82, 55.72, 128.27, 128.40, 128.45, 128.83, 132.10,
132.92, 137.12, 137.35, 199.43, 205.45, 206.93 ppm.

MS (Ely m/z. 362 (M'. 25), 344 (M-18, 27), 329 (16), 257 (57),
243 (13), 224 (10), 137 (10), 105 (100), 77 (55).

IR {NaCl piate) v: 3060, 2958, 2908, 2873, 1714, 1683, 1597,
1579, 1461, 1448, 1392, 1368, 1324, 1286, 1254, 1212, 1178,
1103 1003 968, 955 910 751, 7‘30 691 cm’.

i—iﬁMﬁiCﬁCB} é 1 &2 227(Hgandi-ig,« m), BOO(HF,dd J=
17.2.7.4 Hz), 3.13 (H., dd, J = 17.2, 5.3 Hz), 3.29 {(H.. m), 4.53
{(OCH;, m), 4.59 (H,. d, J = 8.2 Hz), 7.25 - 8.00 (10H, m, phenyl).

"*C NMR (CDCly) & 27.54, 30.85, 42.55, 54.32, 68.19, 127.95,
128.69, 128.71, 129.15, 133.49, 133.73, 136.36, 136.45, 167.79,
- 195.48, 197.66 ppm.

MS (Chy m/zz 323 (M+1, 46), 203 (100). 159 (50).

trans-49
with ~-9% cis-49.

IR (NaCl plate) v : 3062, 2967, 2913, 1731, 1682, 1597, 1581,
1478, 1448, 1407, 1359, 1364, 1201, 1078, 1001, 955, 912, 754,
690, 648 cm .




Table 5.8 (continued)

frans-51
with ~8% cis-51.

'H NMR (CDCl3) 8 1.20 - 1.50 (8CH,, m), 1.89 ( Hg, m), 2.10 (Hg,
m), 2.86 (H,, dd, J = 16.2, 7.3 Hz), 3.03 (H., dd, J = 16.2, 3.7 Hz),
3.31 (Hy, m), 4.92 (Ha, d, J = 11.1 Hz), 7.30 - 8.00 (10H, m,
phenyl).

"*C NMR (CDCL) 5 21.48, 22.66, 23.85 (3C), 24.72, 25.88,

28.65, 34.76, 37.60, 40.39, 68.04, 128.09, 128.53, 128.83 (2C),
132.91, 133.72, 136.99, 137.19, 196.13, 199.28, 206.09 ppm.

MS (Cl) m/z 405 (M+1, 100), 387 (12), 285 (8), 225 (12), 181
(10).

IR (NaCi plate) v: 3064, 2994, 2862, 1711, 1682, 1670, 1596,
1579, 1467, 1448, 1413, 1359, 1271, 1200, 1181, $120, 981, 960

cm’.

'"HNMR (CDCL) § 1.20 - 1.80 (8CH,, m), 2.21 (Hg, ddd, J = 13.9,

9.1, 3.7 Hz), 2.48 (H.. dd, J = 17.3, 6.0 Hz), 2.58 (Hy, ddd, J =
1 13.9, 8.9, 3.5 Hz), 2.90 (Hc, dd, J = 17.3, 4.0 Hz), 3.09 (Hy, m),
' 6.14 (H,, d, J = 9.1 Hz), 7.30 - 8.10 (10H, m, phenyl).

C NMR (CDCL) 5 22.76, 22.82, 23.44, 24.19, 24.38, 25.71,
 26.07, 28.38, 36.05, 41.40, 42.71, 59.78, 128.50, 128.65, 128.77,

128.86, 133.39, 133.45, 137.16(2C), 195.80, 195.99, 212.58 ppm.

| MS (CI) m/z. 405 (M+1, 24), 387 (5), 299 (5), 225 (100), 197 (20),

181 (10).
IR (NaCl plate) v: 3604, 2933, 2864, 1698, 1667, 1596, 1580,

1469, 1448, 1352, 1321, 1279, 1266, 1207, 1180 cm™.
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Table 5.8 (continued)

53

'H NMR (600 MHz, CsDg) 6 1.03 (Hg, m), 1.19 (He, m), 1.21 -
1.42 (CH,, m), 1.43 - 1.50 (Hg, Hg, m), 1.60 (Hg, m), 1.71 (Hs,
dddd, J = 16.6, 7.5, 5.0, 5.0 Hz), 2.03 (Hs, ddd, J = 13.7, 6.8, 3.4
Hz), 2.15 (Ha, dd, J = 13.2, 11.1 Hz), 2.24 (H,, dd, J = 13.2, 3.4
Hz), 2.26 (Hy, ddd, J = 13.7, 9.9, 3.5 Hz), 2.30 (He, m), 2.45 (H,,
ddddd, J = 11.1, 10.9, 7.3, 3.4, 3.4 Hz), 2.56 (H., ddd, J = 10.9,

17.2,5.7 Hz), 5.76 {Hs, ddd, J = 12.5, 7.5, 6.6 Hz), 5.95 (H«, dd, J

=12.5, 2.0). Note: 2D-COSY experiment was performed.

C NMR (CDCl;) 6 23.43, 23.93, 25.08, 25.35, 27.23, 27.94 and
28.61 (CH,), 31.96 (CH,C=C), 40.01 (CH), 42.54 (CH,C=0),
44.81 (CH,C=0), 56.12 (CHC=0), 132.82 and 140.15 (C=C),
208.71 and 216.68 (C=0) ppm. Note: The assignment was also
based on DEPT spectrum.

MS (EI) m/z 248 (M", 7), 230 (3), 205 (2), 191 (3), 187 (6), 177
(6), 163 (5), 151 (8), 149 (16), 135 (14), 125 (26), 124 (100), 109
(21), 95 (83), 81 (74), 79 (46), 67 (52), 55 (81).




Table 5.9 Elemental analyses of the addition products

Compound mp Molecular % C H
) (°C) formulae

cis-12 ¢ - Co3H405 Calcd 83.13 7.23
Found 82.91 7.37
167 101 - 102 Cx3Hag03 Calcd 80.21 5.85
Found 80.11 5.94
23°? 128 - 129 C17H140, Calcd 81.58 5.64
Found 81.32 5.70
28 @ - Cz1H2203 Calcd 78.26 5.83
Found 78.58 6.93
29 a - C21H203 Caicd 78.26 B8.83
Found 77.99 6.86
30° - C21H200> Caled 82.89 6.58
Found 82.74 6.46
324 1135-114 CaoH2004 Calcd 74.07 6.17
Found 74.07 6.18
34 - ng H2204 Calicd 74.56 6.51
Found 74.42 6.57
37 98 - 99 CigH7O:N ° Calcd 78.35 5.84
Found 78.30 5.89
39 a - ngHgsOgN € Caled 77.98 5.42
Found 78.01 5.53
trans-41 - CaoH1:03 Calcd 78.43 5.88
Found 78.30 6.02
trans-43 - C.1H:03 Calcd 78.75 8.25
Found 78.08 6.17
47 ¢ 37-40 CosHx05 Calcd 79.56 7.18
Found 79.19 7.50
51 155 - 157 C;H:03 Calcd 80.20 7.92
Found 79.94 8.01

Notes: ? These compounds were obtained as pure samples, and others were mixtures

of stereomers indicated in Tables 5.6 and 5.8;
b Calcd for N, 4.81 and found for N, 4.69;
¢ Calcd for N, 5.05 and found for N, 5.17.
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5.6 Quantum yield determination

5.6.1 General procedure

The quantum yields for the photocycloaddition of DBMBF; to olefins (®,) and
those for the sensitized dimerization of olefins (®p) were determined with the air-cooled

Rayonet photoreactor equipped with RPR ~ 50 nm lamps. A group of Pyrex test tubes
(100 x 13 mm) were loaded with 3 mL solution, purged with dry N,, evenly spaced on the
“r. erry-go-round” and irradiated together with the actinometry solution.

‘The actinometer was a deaerated 3 mL benzene solution of benzophenone (0.05
M) and benzhydrol (0.1 M), which has a quantum yield of 0.74 for benzpinaco!

formation.®® Benzophenone consumption was determined by UV absorption at Ama, 340

nm using a UV cuvette of 0.1 cm optical path length. Formation of DBMBF; adducts
was analyzed by GC. The conversion of DBMBF, was controlled to be less than 20%,
which could be monitored by GC or based on the recovery of unreacted DBMBF,.

The quantum yields were examined in different soivents and at the different
concentrations of DBMBF; or olefins. They are generalized as four types of

measurements in the following sections.

5.6.2 Quantum yields determined in different solvents

A group of four or six Pyrex text tubes, each loaded with 3 mL of a solution of
DBMBF; (0.03 M) and 1,3-cyciochexadiene (0.3 M) in different solvents, was purged with
N, and irradiated for i ~ 2 hours for the samples in acetonitrile, acetone, dichloro-
methane, THF, dioxane, THP and ether solvents, and 0.5 hour for those samples in
ether, benzene, toluene and p-xylene solvents. After photolysis, a dichloromethane

solution of eicosane and dodecane was added as the intemal standard in GC analysis
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for the addition and the dimerization products. Dimer formation was analyzed at 110 °C

on a 15 m OV-1 capiilary column. Then the sample solution was concentrated by rotary

evaporation and mixed with hexanes : ether (2 : 1) to precipitate DBMBF,. Without the
filtiration, the supernatant containing the addition products was analyzed by GC ata

column temperature of 245 °C. The products formed were calculated on equation 5.3:

A,
Pl = fx — x [I§] Eq.5.3
Ass

where {P] and [IS] are respeciively the molar concentration of the product and the
internal standard; A, is the GC peak area of the product and A;s the area of the intemal
standard compound; f, is the response factor of the product relative to the intenal
standard. The results of [P] were then introduced into equation 5.4 to calculate the
quantum yields of DBMBF; photoreactions:

[P]xV Eq.5.4
1, xt

o =

In Eq. 5.4, V is 0.003 liter for the volume of the sample solution, I, is the light intensity
absorbed by DBMBF; (Einstein / minute mL) and measured from the actinometer, and (
is the irradiation time in minutes. The results of the quantum yield measurements were

listed in Chapter two (Tabie 2.3).

5.6.3 Measuremenis of adduct quantum yield (¢,)
as a function of DBMBF, concentration

The quantum yields of DBMBF, photocycloaddition with olefins were determined
ne, THF

as a function of DBMBF; concentration (0.01 ~ 0.2 M) in dioxane, dichlorom
and acetonitrile. A typical run in dioxane is shown below.

Four Pyrex test tubes loaded with 3 mL dioxane solutions of 1,3-cycichexadiene
(0.3 M) and DBMBF; (0.01 ~ 0.07 M) were deaerated and then placed in the “meiry-go-
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round” mounted in a Rayonet photoreactor. Irradiation with a 350 nm light source was
conducted for 2 hours. After photolysis, the solutions were treated and analyzed as

described in Section 5.6 2. The results are summarized in Table 2.4.

5.6.4 Measurements of adduct quantum yield (D,)
as a function of the olefin concentration

The quantum yields of photocycioaddition of DBMBF; to 1,3-cyciooctadiene were
examined as a function of the diene concenfration in dioxane, benzene and THF. A
typical run in benzene is described below.

Several 2 or 3 mL benzene sclutions of DBMBF; and 1,3-COD were made in
Pyrex test tubes. The concentration of DBMBF; was kept constant at 0.03 M and that of
the diene was varied from 0.063 - 1.5 M. Each solution was purged with N; for 5
minutes and then inadiated in a Rayone! photoreactor for 40 minutes. After photolysis,
the sample was concentrated, mixed with hexanes : ether (2 : 1) o precipilate the
unreacted DBMBF,, and GC analysis was carried out for the supematant. The adduct
quantum yields were calculated according 10 equation 5.4 {(Table 2.6).

in another expenment, a 2 mL THF solution of DBMBF; (0.2 M) and 1.3-COD of
ditterent concentrations (0.063 M to 1.50 M) was irradiated for 1 hour. The adduct
quantum yields (D, are listed in Table 5.10.

The quantum yields for the photoreaction of DBMBF,; with PVE were examined
n of DBMBF; (0.2 M) and PVE {0.054 -~ 0.57 M) was

as follows: a 3 mL THF s«

purged with N, for 3 min and then imradiated at 350 nm for 30 min. AHer photolysis, the

solvent was concentrated by rotary evaporation and mixed with ether / hexanes (27 1),
rding to Eq. 5.4 and are listed in Table 5.11.




wum yields for photoaddition of DBMBF;
to 1,3-COD in THF

[1,3-CODJ 1070,

1/{1,3-COD}

M of 12 M’ (100,)"
0.063 1.38 15.9 725
0.077 1.54 13.0 64.9
0.10 2.19 10.0 457
0.14 252 7.14 397
0.30 3.08 333 325

15 5.30 0.67 18.9

KX, 42+04M’

um yields () for photoaddition of DBMBF;

to PVE i THF
[PVE] 10°0, 1/{PVE]}
M of 16 M’ 179,
0.054 125 185 80.0
8.10 1.49 10.0 671
0.20 1.89 50 529
0.39 2.61 256 383
057 248 1.75 40.2

,, — , .3
Kg‘&; { 146+26 M




5.6.5 Measurements of photoreaction quantum yields
in binary soivent mixtures

The guantum vields in binary solvent mixtures were determined as described for
the pure solvents (section 5.6.2). Sample preparation is described below:

A solvent mixture containing a known mole fraction of benzene (xg; = 0 ~ 1) was
prepared in a 5 mL voiumetric flask. A 3 mL aliquot of the solvent was pipetted into a
Pyrex test tube, in which DBMBF; (24.5 mg, 0.09 mmol} and an olefin (0.9 mmol) were
added.

The following tables summarize the guantum yields of the DBMBF; photoreaction

with 1,3-cycichexadiene (CHD) in various benzene solvent mixtures.

Table 5.12 Quantum yields of the DBMBF; photoreaction with CHD
in benzene-ether solvent mixtures (irradiation for 50 min.)

Benzene E+(30) 10°0, CHD dimer ratio
ﬁ;ﬁ: (kcal/mole) of 6 1000 (2,3):(4+5) 2:3
0 34.50 145 54 41.1/58.9 0.79
33.4 34.43 14.0 3.7 53.4/46.6 1.50
54.0 34.39 14.6 45 58.4/416 1.71
73.0 34.35 140 4.4 6257375 1.88
91.3 34.32 5.1 49 64.3/35.7 2.0
100 34.30 15.0 85 80.1/199 2.75
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Table 5.13 Quantum yields of the DBMBF, photoreaction with CHD
in benzene-THP solvent mixtures (irradiation for 40 min.)

Benzene Ex(30) 10°®, CHD dimer ratio
mole%  (ccalimole) of 6 100 (3,3):@+5 2:3
in THP

0 36.60 452 2.6 335/66.5 0.42
4.7 36.49 6.10 2.4 34.3/65.7 0.47
14.4 36.27 6.54 2.7 35.2/64.8 0.52
37.8 35.73 6.37 26 39.5/60.5 0.73
62.1 35.17 9.1 2.4 46.5/53.5 1.12
81.7 34.72 10.3 2.6 5257475 1.38
100 34.30 15.0 a1 856/14.4 2.72

Table 5.14 Quantum yields of the DBMBF, photoreaction with CHD

in benzene-dicxane solvent mixtures (irradiation for 45 min.)

Benzene E+(30) 10°0, CHD dimer ratio
mole%  (kcalimole) of 6 10°00 (2.3):(4+5) 2:3
in dioxane

0 36.0 3.11 4.1 33.4/66.6 0.53
41 35.93 338 44 323/67.7 0.52
12.8 35.78 4.24 42 35.6 / 64.4 0.65
346 35.41 472 43 39.5/605 0.81
58.9 35.0 7.47 3.6 46.0/54.0 1.13
74.1 3474 8.95 41 50.4/49.6 1.34
90.6 34.46 13.8 43 59.7/40.3 1.75
100 34.30 15.0 12.0 86.0/14.0 271




Table 5.15 Qr antum yields of the DBMBF, photoreaction with CHD

in benzene-THF solvent mixtures (irradiation for 60 min.)

Benzene E+(30) 10°D, CHD dimer ratio
mole % (kcalimole) of 6 100 (2,3):4+5 2:3
in THF

0 37.4 1.8 7.3 31.5/68.5 0.42
28.0 36.53 2.4 6.2 35.5/64.5 0.57
48.0 35.91 37 6.6 40.9/59.1 0.84
68.0 35.29 5.2 7.2 458/54.2 1.00
78.5 34.97 7.2 9.1 53.8/46.2 1.45
89.0 34.64 10.4 9.5 53.7/46.3 1.62
100 34.30 15.0 11.8 75.4124.6 2.62

Table 5.16 Quantum yields of DBMBF photoreactions with CHD
in acetonitrile-benzene solvent mixtures *

Benzene  [Bemzene]  E;(30) 10°0, CHD dimer ratio

n““;z:; M (kcalmole) | (of 6) 1000 (5.3):(445) 2:3

0 0.0 45.6 -7 29.2 97.4:26 7.5

1.1 0.2 455 -7 24.4 972:28 7.5
26 0.5 453 P 30.4 975:25 7.4
5.5 1.0 45.0 -? 35.8 976:2.4 7.5
8.4 1.5 447 P 41.9 978:22 7.5
11.4 2.0 44.3 - 47.4 97.9:2.1 7.7
24.3 4.0 42.9 - 36.8 97.2:2.8 7.0
40.2 6.0 41.1 -7 26.2 93.7:6.3 6.4
70.7 9.0 376 1.0 54  65.6:344 2.4
100 11.2 34.3 15.8 9.8 745:255 25

Notes: * Samples of [DBMBF,] = 0.03 M and [CHD] = 0.3 M were iradiated at 350 nm for 30
minutes; ” No adduct detected.
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The Plots of In{1/D,) vs. 1/E,{30) for Photocyclcaddition of DBMBF, to Cyclic

in(14,)

APPENDIX |

Dienes (Table 2.3) and to Vinyl Ethers {(Table 2.10)
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In(140,)

In(140,)

1, acetonitrle; 2, acetone; 3, CH,Clx; 4, THF; 5, THP; 6, dioxane;
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7. ether: 8, benzene; 9, toluene; 10, p-xylene.
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APPENDIX 1l

Derivation of Equation 2.14

Scheme 2.7:

ki
D

7
&
O

\J
L_%t_‘ ’A‘“”D ey 'A%} "'”_kg—“" Adduct

here A = DBMBF;; R = Benzene, Toluene or Xylene; D = Cyclic diene or Vinyl ether.
The rate constants of the above processes are defined as follows:

kr excimer “AA formation; ki tripiex *AAD formation;

ke emissive exciplex "AR formation; ke triplex *ARD formation;

k. encounter compiex A D formation; 1, for the absorbed light intensity,
k, adduct formation from the exciplex *AD; ‘

ko unimolecular decay of the exciplex "AD;

ks unimolecutar decay of singlet excited DBMBF; monomer “A;

k; ionic dissociation of the exciplex "AD.



Under the steady-state assumption, the following relationships can be
established based on Scheme 2.7, and note here that the reciprocal of iifetime (1)

refers to the rate constant of unimolecular decay of the intermediate proposed:

for the formation and the consumption of *A

L = (17 + kfA] + kJR] + k[D]) ['A] 0
for the formation and the consumption of *AA

kmAJ'A] = (Th, + kalD]) ['AA] (i)
for the formation and the consumption of “AR

k{RI"Al = (T + ke[D]) ["AR] (i)
for the formation and the consumption of "AD

(ka[*AA] + ke"AR] + k[°A]) [D] = (ki + ko + k) ["AD] (iv)

When we introduce Eq. (ii) and (i) into Eq. (iv) to substitute the terms of [*AA]

and [*AR] respectively, Eq. (v) is obtained:

k. [A] k.[R] .
—_T — = + k) [DI['A] = (k AD
(kn =+, D] + kD] + ko) [D]['A] = (k + ko + ko) ["AD]
v)
then Eq. (i) into Eq. (v) to give Eq. (vi):
["AD] =
I, 1 knfAl ., _KfR] k) D]
k, +ko +k, T,' +k [Al+K [Al+K, D] Tz, +k,[D] Tpn +kpID]
(vi)



Since the quantum yield of adduct formation (d,) is defined as:

{vii)

if the term of [*AD] is replaced by Eq. (vi), then the adduct quantum yield is expressed

as Eq. 2.14:

ko 1 knlAlk.. . K. [RIk,
k, +Kkp +k, 7' +k [Al+k [Rl+k,[D] "1, +k,[D] T, +k,[D]

L

+k,) (D]

(Eq. 2.14)
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APPENDIX i

Calculations of Reaction Probabiiities for Singiet Excited DBMBF,

in THF and in Toluene (Table 2.19)

According to Scheme 2.7, singlet excited DBMBF; (*A) can react with a ground

state DBMBF, molecule (A) to form an excimer (*AA), with an arene (R) to form an

emissive exciplex ("AR), or with an electron donor (D) to form an encounter complex

("A " D), as shown in below:

7 :" »>  “AA excimer formation: Kk,["AJlA}

|

E -

v . K . c e
A ——p A —-—F-‘—-—-—-n- *AR exciplex formation: k{"A}J(R]

a ; unt - k. J"A)D)
5 > apeD encounter complex: k,["AJ{
ke » A unimolecular decay: kj["A]

The probability of a singlet excited DBMBF; reaction, among the various pathways, can

be calculated as:

knlANA]
(k.[A]+k, (Rl +k,[D]+k,)[*A]

the probability of *AA formation (¢,,) =

k [RIA]

the iity of *AR formation } = \
probability (Pan) (k.. [A]+k,[R]+k,[D]+k )[*A]

k,[DJ"A]

the nrobahility of nchina *Aby D (0..} = - —
probabilfly of quenching "Aby D(9w) = IAT+k.IRI+ k. IDI+ K IA

kqo["A]
(i [A]+k [R]+k, [D]+k )["A]

the probability of "A decayingto A (¢@,) =
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(ii)

(iii)

()



For the photoreaction of DBMBF, with: 1,3-COD in THF and in toluene, the
concentrations of [A], [D] and [R] are given as: [DBMBF;] = 0.03 M, [1,3-COD]=0.3 M
and the neat toluene as [R] = 9.35 M. The four rate constants are chosen below for the
probability estimations in both THF and in toluene:

km=2.7 x 10°°M"s” is from Fig. 4.9, in acetonitrile;

ke = 1/1,=2.94 x 10° s" where 1, = 0.34 ns is the lifetime of singlet excited

DBMBF; in THF %
k.=2.5x10"M"s" is from = 8.1 M" in Fig. 2.1, in THF;
k, =4 x 10°M's” from the quenching of DBMBF, fiuorescence by toluene in
acetonitrile
When the above parameters are introduced into equations (i), (i), (iii) or (iv), the rate of
each pathway wiil be calculated, for example:
ke{A] = 2.7 x 10"°x 0.03 = 0.81 x 10° (Sec™)
for the excimer formation, and then this reaction probability (¢,, ) is obtained as:
.= (0.81x10°)/(11.25x10°) =7.2% as shown in Table A-1.

Table A-1, Calculations of "“DBMBF reaction probabilities in Table 2.19

in THF in Toluene
the rate of the probability the rate of the probability
each reaction {(9) each reaction (9)
knfAl (Sec’) 0.81 x 10° Pun=7.2% 0.81 x 10” Qun=17%

kR (Sec”) | — — 37.4x10°  @,,=76.9%

kJD], (Sec’y | 75x10” Q5= 66.7% 7.5x 10’ Q0= 15.4%
ks (Sec) 2.94x 10° 9, = 26.1% 2.94 x 10° 9, = 6%
total 11.25x 10° 100 48.65 x 10° 100
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