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Abstract

The photochemical generation o f  several novel quinone methide-type intermediates 

has been observed upon photolysis ofpyridoxine (150 - Vitamin Bg) and its derivatives 151 

and 152, hydroxybiphenyl alkenes 153 and 154, and hydroxybiphenyl alcohols 159 and 160. 

Mechanistic investigations, utilizing product, fluorescence and laser flash photolysis studies, 

have suggested two distinct pathways for the formation of these reactive intermediates, 

depending upon the functional groups present on the progenitor. Formal excited state 

intramolecular proton transfer (ESIPT) between the phenol and the aUcene led to quinone 

methides upon irradiation o f the hydroxybiphenyl alkenes, while excited state proton transfer 

(ESPT) to solvent followed by dehydroxylation was responsible for formation o f  these 

intermediates from the hydroxybiphenyl alcohols. The quinone methide-type intermediates 

obtained from the pyridoxine systems arise from formal loss o f water, although it is not 

certain whether this is through ESIPT or ESPT from the phenol at neutral pH.

Studies o f  the photogeneration o f quinone methide-type intermediates from the 

pyridoxine systems are important due to their biological relevance. Formation o f such 

reactive intermediates in vivo may explain some of the toxicological properties associated 

with the intake o f  large doses o f  the vitamin.

Irradiation o f  150 or 151 in 1 : 1  CH3 OH/H2 O gave the corresponding methyl ethers 

(Op = 0.18 and 0 .2 1 , respectively), consistent with formation of quinone methide-type 

intermediates. Similarly, photolysis in aqueous CH3 CN with ethyl vinyl ether resulted in the
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regioselective formation o f the respective chroman products through [4+2] cyclo addition. 

LFP spectra pointed to formation o f  two quinone methide-type intermediates upon irradiation 

o f both 151 and 152 in neutral aqueous solution, only one o f which is present at pH 12.

Previous studies on m-hydroxystyrene have suggested that /w-quinone methide 

formation occurs via formal ESEPT between the phenol and the alkene, mediated by a 

bridging water trimer. Studies on 153 and 154 were undertaken to determine whether this 

solvent-mediated ESEPT can occur over longer distances. The photochemistry o f  the related 

hydroxybiphenyl alcohols (159 and 160) was also investigated, as quinone methides have 

been observed upon photolysis o f  similar systems.

Irradiation o f  153 and 154 in 1:1 CH 3 CN/H 2 O gave photohydration products (Op = 

0.013 and 0.1, respectively) via attack o f water on the respective quinone methides. pH 

studies implicated formal ESEPT in formation o f  these reactive intermediates. Photolysis of 

the analogous methyl ethers o f the phenols suggested the intermediacy o f carbocations in the 

observed photohydration reaction, as quinone methides cannot be generated in these systems. 

Hydroxybiphenyl alcohols 159 and 160 yielded the corresponding photomethanolysis 

products (0p = 0.04 and 0.22) in aqueous methanol, through attack o f CH3OH on the 

respective quinone methides. In this case, pH  studies indicated that quinone methide 

formation occurs via ESPT and dehydroxylation.

Significant quenching o f fluorescence firom the hydroxybiphenyl alkenes with small 

amounts o f  added water implied that H 2 O is directly involved in reaction firom the singlet 

excited state. Loss o f  fluorescence firom 154 was found to depend on [H2 0 ]̂ , however, the
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distance required for ESIPT in these systems is too large to be bridged by a water trimer. As 

such, the non-linear quenching has been attributed to deprotonation o f the phenol by a cluster 

o f one or two water molecules, with concerted protonation at the alkene by another molecule 

o f water not associated with the cluster. Fluorescence quenching o f the hydroxybiphenyl 

alcohols required much larger [H2 O], and imphed a different mechanism o f reaction, 

consistent with the proposal o f ESPT and dehydroxylation.

LFP studies indicated the assistance ofwater is required for formation of a long-lived 

transient (600 nm, x = 150 ps) upon irradiation o f 153, however, it cannot be definitively 

assigned to the quinone methide. Although no evidence was found for quinone methide 

formation in LFP studies o f  154 and 160 due to its suspected short lifetime, the respective 

carbocation (420 nm, x=8.5 ps) has been observed upon irradiation in 2,2,2-trifluoroethanol.
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Chapter 1 

Introduction

1.1 Prologue

Significant changes occur in the electronic structure o f a molecule as an electron is 

promoted from the HOMO to the LUMO. As a result o f  excitation, the molecule acquires 

some of the electronic character o f  the orbital to which it was promoted. From the excited 

state, several pathways are available to release the excess energy and return to the ground 

state. These include radiationless processes (internal conversion (k,c), intersystem crossing 

(kjsc)), and radiative processes (fluorescence (kf) and phosphorescence (kp)) (Scheme 1 . 1 ).

Potential
Energy

‘isc

-hvhv
-hv' •isc

Scheme 1.1

Of major importance to the organic photochemist is reaction (k j  from the excited 

state, as this allows for the generation of new chemical species and novel pathways of 

reactivity that were unavailable from the ground state progenitor. A  large variety o f 

reactions have been observed in the excited state including isomerizations (e.g., trans-cis 

isomerization o f  stilbene), fragmentations (e.g., a-cleavage o f ketones), electron and proton 

transfers, and hydrogen abstraction, amongst others. Many of these processes lead to
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reactive intermediates such as radicals, carbenes, carbocations, and radical anions, all of 

which have a relatively short lifetime with defined chemistry. Trapping or detection o f these 

species assists the organic photochemist in deciphering the complex reactivity arising fi-om 

excited state species.

Several techniques exist to aid in the elucidation o f reaction mechanism for excited 

states. Product and chemical trapping studies provide an indirect method for determining 

the identity o f  critical reactive intermediates through the isolation and identification o f its 

reaction products. Similarly, nanosecond laser flash photolysis (LFP) has proven vital in the 

identification o f  many short-lived species. These experiments allow for the determination 

o f the absorption spectra o f reactive intermediates, as well as the kinetics o f their formation 

and decay. Fluorescence and phosphorescence studies also provide insight into the 

mechanism o f reaction through observation o f the photophysical processes associated with 

excited states. For example, loss o f fluorescence upon addition o f quenchers in steady state 

experiments can indicate potential singlet excited state reaction pathways.

1.2 Fundamentals of Excited State Proton Transfer

Acid-base chemistry is o f fundamental importance in many chemical and biological 

systems. As such, a large amount o f  literature exists involving acid-base chemistry in the 

ground state. Much less has been reported on the acid/base properties o f excited states, 

although there are several excellent reviews on the subject.

In molecules such as phenols and naphthols the net effect o f excitation fi-om the 

HOMO to the LUMO is an intramolecular charge transfer, with electron density being 

shifted firom the oxygen to the aromatic ring. As a result, excited state phenols and naphthols



are much more acidic (typically 6 - 8  orders o f magnitude) than in the ground state and may 

be deprotonated by solvent or other ground state molecules. This process is referred to as 

excited state proton transfer (ESPT). Following proton transfer, the resulting anion can 

either react or relax back to the ground state where reprotonation wall occur.

Fluorescence from molecules that have undergone ESPT can be significantly red- 

shifted. This occurs when the energy difference between the ground state phenol and 

phenolate (AH) is larger than the respective energy difference in the excited state (AH*) 

(Scheme 1.2). The thermodynamics o f  this process were initially presented by Forster^, 

along with a proposed method for the calculation o f the excited state pIQ (pK(SJ) o f  a 

molecule based upon the observed fluorescence. pK(Si) Can also be experimentally 

ascertained through steady state fluorescence experiments in solutions o f varying pH. Often, 

the calculated values are significantly lower than those experimentally determined.

hv

BH"

| a h -
hv'

B

AH

Scheme 1.2

Excited state intramolecular proton transfer (ESIPT) is the term used to describe 

ESPT between two functional groups on the same molecule. Just as phenols become more 

acidic in the excited state, it has been showm* that aromatic ketones and alkenes become more

basic. This is due to an increase in electron density at these functional groups as a result o f
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intramolecular charge transfer from the aromatic system upon excitation.

ESIPT can arise from three possible scenarios, two o f which are the result o f  

enhanced acidity/basicity o f  a single functionality on the excited chromophore. The first 

situation applies where the pK^ o f the more basic functionality becomes lower (more acidic) 

upon excitation than that o f  a  less basic functionality (which experiences no enhancement 

in its basicity). This results in an 'overlap' o f their respective pK^'s and allows for proton 

transfer. The second case arises when the pK^ o f  the more acidic functionality becomes 

higher (more basic) upon excitation than that o f  the less acidic functionality. In both 

scenarios, excitation results in a driving force for proton transfer. The third type of ESIPT 

(the most common) occurs when a molecule contains both such functionalities on the same 

chromophore. The enhancement iu the acidity o f  one functional group and enhancement in 

the basicity o f the other allows for improved overlap o f the excited state pK^'s.

In ESIPT there are double potential energy wells in both S, and So (Scheme 1.3). The 

excited phototautomer (e.g., 2*) resulting from ESIPT is lower in energy than its excited state 

progenitor (e.g., 1*), while the ground state tautomer 2 is higher in energy than 1. As a 

result, fluorescence from the excited state tautomer is significantly red-shifted from that o f  

1*. Lack o f fluorescence from a system which has undergone ESIPT suggests reaction from 

the excited state manifold. The tautomer (2) can either return to 1 through reverse proton 

transfer or react further, depending upon its relative acidity and rate o f deprotonation. When 

initial ESIPT is to nitrogen or oxygen, reverse proton transfer predominates, as a result of 

the fast deprotonation o f  oxygen and nitrogen acids. However, many examples exist o f 

chemical reactivity resulting from these systems (Sections 1.4.1 and 1.5.1). Due to the slow



deprotonation o f  carbon acids, any intermediate formed upon ESIPT to carbon is much more 

likely to undergo reaction (Sections 1.4.2 and 1.5.2), as reverse proton is not competitive.

OH O 

1*

Potential
Energy hv hv'

OH O

6 "'
1

Scheme 1.3
1.2.1 Studies of Enhanced Acidity

The enhanced acidity o f  a number o f naphthols has been investigated by several 

groups. Clark and co-workers* studied the excited state acidity o f 2-naphthoI-6-sulfonate 

using picosecond laser spectroscopy and found that deprotonation occurs in the 

subnanosecond timescale, while reprotonation occurs in about 10 ns. Along with the 

initiation o f acid catalyzed chemical reactions, the authors proposed that the pH jump upon 

excitation o f  these molecules could have many uses for kinetic studies in both chemical and 

biochemical systems, as it allows for a rapid increase in proton concentration. It was 

believed that the time scale available for these studies could be increased significantly 

through judicious choice o f proton transfer agents which could result in faster deprotonation 

and slower reprotonation. Subsequent work by Kaufinann et al? showed that the plot of 

pK(S,) vs. log o f the rate o f deprotonation (k^) for several excited state acids was linear, 

suggesting that deprotonation occurs more quickly firom stronger excited state acids than 

weaker ones.
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OHOH OH OH

CNCN3 4
pK(Si) = 2.8 pK(Si) = 1.5 pK(SJ = 0.6 pK(Si) = -4 .5

(Calculated)

Studies by Tolbert and c o -w o rk ers"  found that the photoacidity of 1- and 2- 

naphthols (3 and 4) can be significantly increased by substitution with electron withdrawing 

groups, especially at the 5 and 8  positions (e.g. 5-7). Substitution o f naphthalene with a 

hydroxy group results in the separation o f its degenerate spectroscopic levels and Lb, with 

the lower energy state being in 3, and Ly in 4. Excitation of 3 results in an intramolecular 

charge transfer from the hydroxy oxygen to the naphthol ring, making the hydroxy group 

more acidic. The placement o f electron-withdrawing groups at positions 5 and 8  enhances 

this effect, as the majority o f the electron density is shifted to these positions. A similar 

effect is observed for 4, although, with Ly as the lower state, the charge transfer is more 

diffuse, resulting in a smaller increase in acidity. In contrast to the parent 4, 5-7 have been 

shown to undergo proton transfer to solvents such as DMSO, due to their high acidity, 

thereby opening the way to proton transfer studies in non-aqueous solvents.

1.2.2 Dynamics of Proton Transfer to Solvent

Work by several groups has focussed on the conditions required for ESPT to solvent 

molecules. Controversy has arisen with regards to the necessity o f solvent clusters, as well 

as to their required size.

Fluorescence studies of 3 and 4 by Robinson and c o - w o r k e r s i n  aqueous 

methanol and ethanol mixtures gave non-linear Stem Volmer plots with increasing H2 O
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concentration. Based upon theoretical calculations, they have suggested that a cluster of 4±1 

water molecules is required for proton transfer to occur to solvent. No naphtholate 

fluorescence was observed in neat alcohol solutions. Similarly, the observed decrease in the 

rate o f proton transfer in aqueous methanol solutions ofhigher alcohol content was attributed 

to the breaking up o f the critical water clusters by molecules o f the alcohol. Although it is 

believed that CH3OH clusters are theoretically possible, entropie factors and the larger size 

o f the molecules prohibit their formation." Assuming that cluster formation is required for 

proton transfer in these systems, this explains the lack o f naphtholate formation upon 

excitation in neat methanol solutions.

Suwaiyan et al. have proposed that proton dissociation and solvent reorganization 

around the excited state molecule (due to the change in electronic structure) are both 

involved in the proton transfer process. They have predicted that small solvent clusters only 

play a role in proton transfer from weak excited state acids (pK(S 1 ) >1) where kj is relatively 

slow and not in stronger excited state acids where k^ is faster (Section 1.2.1). It was believed 

that solvent reorganization occurs on the same time scale as deprotonation in the case of the 

strong acids and that the solvent does not have time to rearrange upon excitation of these 

systems. According to theoretical calculations, the authors predict that as many as 70 water 

molecules can be initially involved in a free water cluster. Hence many molecules of water 

are involved in the proton transfer. In the case of the weaker acids, it was believed that 

solvent reorganization would be completed before dissociation and the large solvent clusters 

would fall apart into smaller sized ones to which the proton could transfer.
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Tolbert et have also proposed that excited state acid strength plays an

important role in determining the size o f  solvent clusters required for proton transfer. 

Evidence comes from fluorescence studies in aqueous THF, where quenching o f 7 was found 

to fit while 4 (a weaker excited state acid) was fitted to Other studies have

indicated that strong excited state acids (e.g. 5-7) could actually transfer protons to THF in 

the absence o f water. Experiments involving proton transfer from several hydroxyalkyl 

naphthols'^ have also suggested that water clusters smaller than four molecules will accept 

protons. Studies on 8  and 9 in aqueous methanol showed a squared and cubic dependence 

upon water concentration, respectively, while 10 (and 4) displayed a quartic dependence. 

These results indicate that the hydroxy side-chain actually enhances the effect o f water 

quenching.

Based upon these experiments, the authors have suggested that the cluster size 

required for ESPT decreases as the excited state acidity increases. Hence, proton transfer 

from relatively strong excited state acids can occur to clusters smaller than four solute 

molecules. However, based upon work by Holmes et al. which has suggested that two 

molecules is the limiting cluster size for water as a solute in organic solvents, it was 

predicted that even extremely strong photoacids would require a minimum o f  two molecules 

o f water for ESPT to occur.
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The results o f Penedo and co-workers'^ agree with this prediction. Fluorescence 

studies on ESPT from 11 to methyl urea, DMSO and water in acidic solutions o f CH3CN 

have found initial formation o f  an excited state hydrogen-bonded adduct (through either 

direct excitation of the ground state adduct or formation upon irradiation) precedes the proton 

transfer step. ESPT in the adduct from the phenol to DMSO and methyl urea only required 

one hydrogen bonded solute molecule, while ESPT in aqueous CH3CN required two 

molecules o f H^O.

Contrary to the prediction that a minimum of two water molecules are required for 

ESPT to water, studies by Budac and Wan'® on the photoacidity of dibenzosuberene (a 

carbon acid; pK(S,) = -2), have suggested that only one water molecule is required for 

deprotonation. Fluorescence work in CH3CN using water as a quencher gave linear Stem- 

Vohner plots, rather than the curved plots expected when higher orders o f water are required 

to accept the proton. The primary isotope effect observed in the quenching rate constant 

from using D 2 O instead o f H 2 O as the quenching species supports the assumption that water 

is the deprotonating base in this reaction. Although molecules such as 7 and 11 have lower 

reported pK(S,) values (-3 and -4.5 respectively) than dibenzosuberene, these values are 

calculated, and have not been determined experimentally. It is possible that the excited state 

acidity o f dibenzosuberene (experimentally determined) is actually stronger than these 

systems, and is able to imdergo ESPT to a single molecule o f water.
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Literestingly, Agmon et have challenged the idea that water clusters are

necessary to  the proton transfer at all. Extensive studies^'"^ have been conducted on 8- 

hydroxypyrene-1,3,6-trisulphonate in aqueous alcohol using picosecond time-resolved 

fluorescence, which show that ESPT occurs reversibly (in equilibrium) in the excited state. 

These authors have found no kinetic evidencê ®*̂ ® for the solvent rearrangement proposed by 

Suwaiyan e t  al}^ It was suggested that this proposal may have arisen from faulty data 

deconvolution and that rearrangement o f  the water molecules to form clusters is not required 

for proton transfer. Similarly, they have suggested that changes in the dissociation rate 

constant ui>on addition of HjO to neat CH3OH are related to changes in the equilibrium 

constant o f the reversible proton transfer, rather than proton transfer to solvent clusters.

1.3 Reactions Requiring ESPT

1.3.1 Polymerization

Wig^vt and Mansueto^® have reported the solid-state polymerization o f formaldehyde 

into polyox]ymethylene by irradiation o f  formaldehyde films doped with 2-nitrophenol. It 

is believed that the polymerization occurs as a result of ESPT from the naphthol to the 

formaldehyde carbonyl, with the chain reaction continuing as a cationic polymerization 

(Scheme 1.4 3 . Chain termination in these polymerizations requires either reaction with water 

or with the beginning o f the chain to form a cyclic product. IR evidence suggests that only 

oligomers (—10 repeating units) are formed, indicating either that initiation is unlikely due 

to reprotonation o f  the phenolate or that depolymerization of the polyacetal is occurring in 

the presence o f acid.
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1.3.2 Nitrosation

Experiments by Saeva and Olin^’ have indicated that photolysis o f 2-naphthol-6- 

sulfonate or phenol in the presence ofNaNOz results in nitrosation at the 1- and 4- positions, 

respectively. Reaction is believed to occur via ground state thermal addition o f HNOj, 

formed due to the increased acidity o f the phenol/naphthol in the excited state. This 

mechanism makes the assumption that the HNO; formed upon deprotonation o f the phenol 

in the excited state is able to diSuse away firom the phenolate which subsequently reacts with 

water rather than reacting with the acid. Due to the extremely low quantum efficiency 

(~ IxlO"^), Chandross^* has commented that it is impossible to attribute an ESPT process to 

this system, citing amongst other reasons, the low light intensity obtained firom a 

photoreactor, as well as the short lifetimes of excited singlet states.

O

N
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NOH
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Similarly, Chow et have suggested that ESPT is involved in the nitrosation of 

several naphthols via proton transfer to a  nitrosamine (eg. 1 2 ) followed by subsequent 

energy and electron transfer. Initial studies on 3 and other naphthols suggested that̂ ® the 

reaction to  yield the respective nitrosonaphthols (e.g., 13) proceeds as a result of irradiation 

o f the hydroxy aromatic system and not the nitrosamine. The lack o f product formation upon 

irradiation of the electronically similar methoxy compounds, as well as a decrease in product 

formation upon irradiation o f 3 and nitrosamine in the presence o f sodium acetate, which 

competes for the proton, indicates an ESPT process.

O ' " " "  %  " ^ N
NH3 C  'CH'3

14b14a

The formation o f a ground state complex between the naphthol and the nitrosamine 

was suggested by the appearance of a red-shifted band in the UV-Vis spectrum. 

Fluorescence experiments on 3, using the nitrosamine as a quencher, showed the formation 

o f a broad red-shifted band with increasing quencher concentration, and yielded a quenching 

rate constant greater than diffusion. Both o f  these results were indicative o f the formation 

o f an exciplex. It was initially believed that irradiation o f either the naphthol directly (with 

subsequent formation o f the exciplex) or o f  the ground state complex would yield 

p r o d u c t . H o w e v e r ,  subsequent work^* involving direct irradiation o f the red-shifted 

absorption band showed that excitation o f the ground state complex did not lead to product. 

The authors rationalized this in terms of two possible complexes (14a and 14b), only one of
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which, was La the correct orientation for ESPT to occur. The remaining steps proposed in the 

reaction (Scheme 1.5) are energy transfer within the exciplex from the excited aromatic 

system to the nitrosamine, followed by electron transfer from the naphtholate to the aminium 

radical cation and subsequent reaction with the nitrosyl radical. It is believed that the lack 

o f observed fluorescence from the naphtholate is due to the energy transfer process.

hv
12 .[ua]-=

ESPT,

NO

ArO H— 0=N

Energy
Transfer

■ _ + N(CH,)%
ArO H—0=N

Electron
Transfer

N-H+ NO- + 13

ON H
Scheme 1.5

1.3.3 Generation of Quinone M ethides

Research on the photochemical generation o f quinone methides from hydroxybenzyl 

alcohols suggests that the reaction mechanism involves initial ESPT from the phenol to 

solvent. These studies are discussed in detail in the section reviewing quinone methide 

generation and chemistry (Section 1.6.5.3).
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1.4 Reactions Arising From ESIPT

ESIPT, as explained above (Section 1.2), occurs when a proton is transferred between 

two functional groups on the same molecule in the excited state. Molecules which contain 

two such moieties ortho to each other have been shown to undergo ESIPT readily. Rather 

than reacting further, however, return proton transfer often occurs to yield the starting 

material. These basic processes, as well as photochemical and physical applications relating 

to the use o f such systems as probe molecules,^^'^^ sunblocks, monomer stabilizers and as the 

basis o f lasing systems, have been extensively reviewed^'^ and will not be reported here. 

Rather, this section will provide a survey o f the literature pertaining to the formation o f 

reactive intermediates and subsequent reactions arising from ESIPT.

1.4.1 Reactions Following ESIPT to Oxygen and Nitrogen

1.4.1.1 Photocyclization of Hydroxychalcones

Photocyclization o f  hydroxychalcones can result in the formation o f flavanones and 

flavylium ions, depending upon the relative position o f the phenol.

(i) Formation o f Flavanones from 2'-Hydroxychalcones

OH

15 R= H 16 R= H 17
18R=0CH3 19 R= OCH3

Pinhey and Macld° have reported the formation o f 2'-hydroxychalcone (15), along 

with 4-phenyldihydrocoumarin and salicylic acid, upon photolysis o f flavanone (16) in 

benzene. As the latter two products can only be achieved through radical chemistry, it was
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proposed that 15 was also formed via radical chemistry involving 17 as a common 

intermediate. An ionic pathway in the singlet state had not been ruled out, however, as no 

studies were undertaken with triplet quenchers. Nakashima et al.^^ indicated that it was 

possible to form 4-methoxy,2'-hydroxy chalcone (18) from irradiation of 4'-methoxy 

flavanone (19). They proposed that cychzation occurred from a 6 tc e ' electrocyclic reaction 

o f  the enolic form o f the flavanone. If  so, the reverse reaction would require either ESIPT 

or hydrogen transfer to the carbonyl to form the intermediate necessary for the ring closure.

O OH O

MeO OH MeO

Work on the photochemistry o f sorbophenone (20) by Stermitz and co-workers'*^ 

showed that flavone 21 was formed as the E and Z isomers upon irradiation in benzene. As 

the thermal, base-induced reaction was found to yield the same product (albeit only one 

isomer) it was proposed that a mechanism for the photocyclization could involve ESIPT, 

followed by attack o f the phenolate on the alkene. No mention was made o f where the 

proton is transferred to, although, it is likely to the carbonyl oxygen, due to its enhanced 

basicity in the excited state (pK(Sl) ~ 1).*

The singlet nature o f the cyclization was proven by Matsushima and Hirao"*̂ -'*̂  who 

showed that triplet quenchers and radical scavengers had no effect on either the rate o f the 

reaction or the yield o f product. Studies on the relative rates o f reaction in different solvents 

indicated that the chemistry proceeded fastest in polar aprotic solvents. The lowest rates
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were found in hydroxy lie solvents, presumably due to ESPT to solvent interfering with the 

ESIPT process. A mechanism similar to that ofNakashima et al.^  ̂was proposed"*^, involving 

enolization to form the chalcone from the flavanone, followed by a cis-trans isomerization 

to yield the intermediate (an o-QM) required for the cyclization (Scheme 1.6). Quantum 

yield experiments which showed a linear dependency with light intensity led to the proposal 

that a single photon was required for reaction, although a previous proposal'^ had required 

two. If  the zwitterion formed upon ESIPT were stabilized by solvent, rotation could occur 

to yield the trans isomer, without the need for the second photon. This might explain the 

much higher rates o f reaction in non-protic polar solvents as opposed to non-polar solvents 

where stabilization cannot occur.

Ar

HO

Scheme 1.6

(ii) Formation of Flavylium Cations from 2-Hydroxychalcones (Eq. 1.1)

Ar
OH H"

0 _ ^Ar

H,0

(1.1)

Jurd'*® provided the first detailed report on the possible mechanism involving the 

cyclization o f 2-hydroxychalcones in acidic solution. Photochemical reaction o f the 

chalcones to yield the respective flavylium cations was shown to be much more rapid than
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the thermal pathway. Similarly, extended photolysis o f either the chalcone or the flavylium 

cation in dilute acidic solution gave a mixture o f the two compounds, while the thermal 

reaction gave only the chalcone, indicating that photolysis aids in the formation of the 

flavylium cation. Ground state experiments by Jurd'^  ̂and McClelland and Gedge'*® revealed 

that virtually all o f  the 2 -hydroxychalcones studied started in the trans configuration prior 

to irradiation (< 0.02% o f the cis isomer). Thus, trans-cis isomerization is required before 

cyclization can occur. A detailed mechanism was proposed by McClelland and Gedge"*̂  that 

accounted for thermal behaviour of the flavylium ion in solutions o f various pH’s. In 

strongly acidic solution the flavylium ion is stable, but in weaker acid solutions the 

equilibrium promotes formation of the hydroxychalcone. Jurd believed that the 

photochemical reaction caused the trans-cis isomerization required for the cyclization, while 

the cyclization itself was mediated by acid.

Ph
Ph

22 23

Photolysis experiments on 22 in neutral ethanol solutions showed the formation of 

23 as the major product.'*’ The mechanism proposed for the reaction was attack of the 

phenolate on the carbonyl carbon following loss of the proton. This work indicates that acid 

is not required for the cyclization reaction to occur but gives no indication as to how the 

phenolate is formed. It can be assumed, however, that it is through ESPT to either the 

carbonyl or solvent.
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Matsushima and co-workers have undertaken several studies on the photochemistry 

o f  these systems/^^^ The initial mechanism proposed by these authors'**’'*̂ requires two 

photons - one for isomerization and one for cyclization. Later work °̂"̂ % however, indicated 

that the reaction involved a single photon. This mechanism suggests that isomerization 

might proceed in the excited state, following ESIPT from the phenol to the ketone (to form 

an o-Q M ), with subsequent ring closure (Scheme 1.7), similar to the mechanism proposed 

for cyclization o f  the 2 '-hydroxychalcones.

hv
ESIPT

Scheme 1.7

P  HO
Ar

Ar Isomerization
OH

ArO
Flavylium

Cation
OH

None o f the above works make reference to the bichromophoric nature o f the 2 '- 

hydroxychalcones. As only one chromophore is excited at a time, either enhanced acidity 

o f the phenol or enhanced basicity o f the carbonyl will control the chemistry, depending 

upon the excitation wavelength and overlap o f  the excitation spectra. In both cases, however, 

ESIPT can still occur.

1.4.1.2 Diflusinal Photochemistry

In the course o f  studies on the phototoxic side effects o f diflusinal (24)^^ it was 

proposed that an anaerobic photoreaction was responsible for the formation of 26, a species 

believed to promote hemolysis in human erythrocytes. ESIPT was implicated through the
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observation o f a red-shifted fluorescence upon excitation o f 24, which was believed to arise 

from 25. The existence o f radical intermediates was shown by a decrease in the yield o f 26 

as radical scavengers were added, as well as the formation of a radical cation from methyl 

viologen upon its irradiation in the presence o f 24. The proposed mechanism involves 

ESIPT to give 25, followed by electron transfer and subsequent radical chemistry to yield 

26. However, it is possible that the observed proton transfer is merely a side-reaction, as it 

does not appear to be required for electron transfer to occur. Subsequent experiments 

indicated that the observed photohemolytic activity was mainly due to irradiation o f 26.

OH O

co,-

OH O-
26

1.4.1.3 Photocyclization of Dihydroxyanthraquinone Diimines

Kobayashi et have reported that ESIPT is necessary in the photocyclization of

27 to yield 28. Time resolved IR  spectroscopy indicates two transients are present in the 

photolysis mixture. These were assigned to o-QM 31 (t  = 1.3 ms) and 32 (x = 90 us) by the 

authors. Irradiation o f the dimethoxy derivative 29 and parent compound 30 under identical 

conditions to 27 gave no photocyclized product indicating that the phenols are necessary for 

reaction. Variable temperature NMR experiments were used to show that 31 was present in 

< 4% in the ground state, pointing to formation o f the QM in the excited state. The proposed
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mechanism involves proton transfer to the imine upon excitation to give 31, followed by 

cyclization to 32 in the excited state and subsequent return to Sq. Loss of H 2  (O2  is required) 

then results in 28. Further irradiation o f 28 gave 33 in low yield. However, it is unlikely that 

this occurs by an ESIPT process, as the Tc-system would no longer be in the correct 

orientation for cyclization following the proton transfer.

OH N

N OH N OH

27 28

OH H

29 X, X2=0CH3
30 Xi, Xg= H

1.4.1.4 o-Hydroxy-Substituted A rom atic Oximes and Oxime Ethers

Grelhnann and Tauer^® have reported that salicylaldoxime (34) undergoes 

photocyclization to 1,2-benzisoxazole (35) in hexanes or benzoxazole (36) and 35 in pro tic 

solvents. The reaction o f o-hydroxyacetophenone oxime (38) to form the respective 

benzisoxazole (39) and benzoxazole (40) was mentioned briefly by Ferris and Antonucci^’
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several years later. It was proposed that both 39 and 40 were formed directly from 

irradiation of 38. However, subsequent work by this group^*-̂  ̂ on 39 and by Haley and 

Yates®° on 35 has shown that the benzoxazoles are actually a secondary photoproduct, 

formed upon irradiation o f  the respective 1,2-benzisoxazole. A  possible mechanism for this 

transformation was proposed^®, involving radical scission o f  the O-N bond, followed by 

formation of azrine 37, rearrangement and ring closure.

OH

34 R=H; Ri=H 35 R=H 36 R=H
38 R=CH3: Ri=H 39 R=CH3 40 R=CHa

N 

37

QMO-H—Solvent

OH

'OH

41a 41b

Product studies in oxygen purged solutions were undertaken by Haley and Yates®° 

on 34 and 38, along with several derivatives with varied R, groups. In each case, the 

products were either benzoxazole 36 or 40. No product was formed when the respective 

phenol methyl ether was photolyzed, indicative that the phenol is required for reaction. 

Fluorescence work suggested that the oximes existed as either 41a in aqueous or strongly 

hydrogen bonding solvents or 41b in less-polar or non-polar solvents, such as cyclohexane. 

Evidence for two mechanisms came from the significant decrease in quantum yield of 

photolysis for 34 upon changing the solvent from water to ethanol or pentane. Thus, two 

pathways were proposed, depending on whether the phenol was inter - or intramolecularly
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hydrogen bonded. In the former case, deprotonation to the solvent is followed by attack on 

the nitrogen with concomitant loss o f OH' to yield the product. The case for the 

intramolecularly bonded system (Scheme 1.8) involves a proton shift from the nitrogen to 

the oxygen, with subsequent loss o f ROH, followed by either cychzation to give the 

benzisoxazole or phenyl migration to yield the benzoxazole directly. The fact that no 

benzisoxazoles were detected in any o f the photolyses was attributed to their photochemical 

reaction to give the respective benzoxazoles.

36

o“hv34 N-OR

35 + ROHo“ Q -Phenyl
N + ROHj_l Migration hv

Scheme 1.8 36

1.4.1.5 Photoisomerization of o-Hydroxybenzonitrile

It is known that photolysis o f 42 yields 44 via photoisomerization of 43.̂ -̂®‘ 

However, photochemical studies on o-hydroxybenzonitrile 45 (the hydroxy analog o f 42) 

showed only formation o f benzoxazole 36 via a singlet pathway, with no trace o f 

benzisoxazole 35. Transients observed in the 0% purged LFP spectra o f 35 and 45 were 

proposed to be from the same intermediate, as they were found to be very similar in both the 

maximum wavelength o f absorption, as well as rate constants for decay.“  This reactive 

intermediate has been tentatively assigned to 37, as it has a similar absorption to that o f the
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UV-Vis spectrum o f 2,4-cycloh.exadienone. Also, Ferris and AntonuccF^ had previously 

proposed it as an intermediate in the formation o f  36 from 35. The fact that formation o f 36 

was foxmd^  ̂ to decrease in protic solvents was attributed to disruption o f intramolecular 

hydrogen-bonds by solvent and provides evidence that reaction may be occurring via an 

ESIPT process. Assuming that irradiation o f  45 does lead to 37, it is possible to imagine its 

formation from ESIPT between the phenol and the nitrogen atom as shown in Scheme 1 .9.

45

43 H

NH""

hv 0 ~

Scheme 1.9
37

36

1.4.1.6 Photo and Thermochromie Mannich Bases

Studies by Komissarov et al.^^ on the thermal and photochromie properties of 

Mannich base 46 have suggested that 47 and morpholine are the only products obtained 

thermally or photochemically. The proposed mechanism for the reaction was via initial 

proton transfer to the morpholine group from the 2 -naphthol moiety, followed by loss of 

morpholine and subsequent rearomatization o f  the naphthol via proton transfer from the di-r- 

butyl phenol group (Scheme 1.10). As the conjugate acid of morpholine has a pK^ o f ~ 10.5
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and 2-naphthol has a pK^ o f 9.5, proton transfer to the morpholine in the ground state is 

expected to occur quite readily to yield the observed products. Upon photoexcitation the pIQ 

o f the naphthol drops to -3,'° thereby enhancing the proton transfer process significantly. At 

room temperature solutions o f 46 gradually turned yellow upon the formation o f 47, while 

heating o f the solution or photolysis significantly deepened the colour, indicating enhanced 

formation o f  product. Although not stated explicitly it appears that an ESIPT process is 

occurring in this system, allowing for faster product formation upon irradiation.

OOHOH
t-But-But-Bu t-Bu

hv or A

HO
46 Scheme 1.10

t-Bu t-BuHI
N

O

HO
47

1.4.2 Reactions Following ESIPT to Carbon

1.4.2.1 Photohydration of o-Alkenyl Phenols

OHOH OH
OH CH.

CH.CH. CH.
50

Just as phenols and naphthols become more acidic in the excited state due to changes 

in electronic distribution, aryl alkenes and acetylenes are known to become more basic. This 

has been shown by photochemical studies®^®’ o f various phenyl alkenes and acetylenes in 

acidic media where rates of hydration are increased greatly upon excitation ( 1 0 “ - 1 0 ’̂  times) 

compared to the ground state reactivity. In an extension of these studies, Yates and co
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workers®* undertook experiments on o-hydroxystyrene (48) and (o-hydroxyphenyl)acetylene 

(49) in neutral and acidic aqueous solution to determine i f  ESIPT could play a role in the 

photohydration reaction. Results indicated that this was the case, as both 48 and 49 were 

efficiently photohydrated at neutral pH  to give 50 and 51, respectively, while the parent 

phenyl-alkene and acetylene systems required added acid. The methoxy- substituted 

analogues showed much lower yields o f  product formation under identical conditions. In 

all cases, the Markovnikov addition product was obtained as would be expected for 

electrophihc addition o f a proton to an alkene.

Plots o f the product quantum yield (Op) vs. pH for 48 and 49 indicated that there was 

no pH dependence in the range o f 7-0. However, there was a strong dependence shown in 

the methoxy derivatives similar to the results observed previously for the parent phenyl 

alkenes and alkynes.®® The fact that Op remains the same for the hydroxy compounds across 

this large pH range is indicative that proton transfer is rate limiting and that the pK^ of the 

excited state phenol is within a range that allows interaction with the excited state alkene. 

Quantum yields o f product formation for 48 and 49 were observed to drop at higher pH, due 

to formation o f  the ground state phenolate which cannot undergo ESIPT. The sigmoidal 

shape o f the quantum yield curves for the methoxy derivative gives a good indication of the 

pKa o f the excited state alkene (0 to -2). Based upon these results, a mechanistic pathway 

for the photohydration o f the styrene was proposed, involving initial proton transfer from the 

phenol to the styrene, via 53 (an o-quinone methide) (Scheme 1.11). Photohydration o f the 

acetylene proceeds in a similar manner with formation o f the respective phenyl ketones.
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Scheme 1.11

4 8 ^ ^  [ 4 8 ] ; .  ESIPT. 50

Subsequent work by Yates and Kalanderopoulos®® expanded upon the initial studies 

by investigating the effect o f  ring and alkene substituents in the o-hydroxystyrene system. 

Substitution o f  a  methyl group in place o f  an a-H  (52) led to significant increases in the 

quantum yield o f  photohydration. This was attributed to the steric and electronic effects of 

the methyl group causing a rotation o f the phenyl-alkene double bond to allow better overlap 

between the phenyl hydroxy group and the alkene rc-electrons. This hydrogen-bonding 

interaction is evident in the IR spectrum o f 48 in which two separate OH bands appear (3610 

and 3557 cm'*), attributed to the firee OH and hydrogen-bonded OH groups respectively. 

Photohydration still occurred when a nitro group was substituted para  to the phenol, but in 

an anti-Markovnikov fashion that was independent of acid concentration. Photosensitization 

experiments verified that these molecules undergo hydration from the triplet state.

Ph Ph Ph Ph

54 55

More recently, Foster et al.^° have studied the photohydration o f o-hydroxy-a- 

phenylstyrene (54) and the related methoxy compound 55. Consistent with an ESIPT 

process, irradiation o f  54 in 1:1 CH3CN/H2O gave the Markovnikov hydration product
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cleanly, while the methoxy compound 55, when irradiated under the same conditions gave 

much lower yields. pH studies were also compatible with the proposed ESIPT in that the 

yield o f  photohydrated product decreased significantly fi-om pH 7 (O =  0.13) to pH 12 (O 

= 0.08) where the phenolate is prévalant.

Fluorescence firom 54 in 100% CH^CN was much weaker than that from the 

structurally related meta compound 56 (Section 1.5.2.1), This was attributed to the existence 

o f a deactivational pathway for 54 which does not exist for 56 in 100% CHjCN and is 

consistent with an ESIPT process. The addition of small amounts o f water were found to 

have a significant quenching effect on the fluorescence o f 54, presumably due to 

enhancement o f the ESIPT process. LFP experiments on 54 in neat CH3CN and CH3CN/H2O 

both showed a long-lived transient which was assigned to o-QM 57, due to its similarities 

to other quinone methides studied by the group.

Although a variety o f photogenerated o-quinone methides have been trapped with 

electron-rich alkenes (Section 1.6.3.1), attempts to generate the corresponding chroman 

product from irradiation o f 54 with ethyl vinyl ether (EVE) were unsuccessful. This was 

explained using molecular mechanics calculations which indicated that steric hindrance from 

the methyl group in the suspected o-quinone methide blocked the incoming dieneophile.

1.4.2.2 Photoamination of o-Alkenyl Phenols

Photoreaction involving amination of o-alkenylphenols was investigated by Yasuda 

et Irradiation o f several (Z)-o-butenylphenol derivatives (58-62) in 100% CH3CN in

the presence o f amines resulted in the respective Markovnikov amination products, except
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for the case o f the 61 where, contrary to prediction, only starting material was recovered.^* 

Experiments involving irradiation o f  the acetyl esters o f phenols 58-61 gave no aminated 

products, verifying that the phenol is  required for these reactions. The authors report the 

formation o f the phenolate in the absorption spectrum o f 62 upon addition of isopropyl 

amine, while fluorescence studies showed a decrease in phenol fluorescence with added 

amine, along with an increase in phenolate fluorescence.

OH OH

HOHO
58 R= H
59 R= CH

60 R= CH3

61 R= OCH

OHOH

6362

The initial mechanistic proposal involved proton transfer to the amine in the ground 

state, followed by a second proton transfer from the ammonium ion to the alkene phenolate 

upon excitation. In subsequent w ork^ a new mechanism was suggested in which proton 

transfer occurs from the excited state phenol to the amine, followed by protonation of the 

alkene from the ammonium ion and then amination. The authors rule out direct proton 

transfer from the phenol to the alkene as no amination was observed in the related p-system 

(63) in 100% CH3CN. However, it has been shown by Fischer and Wan^ (Section 1.5.2.1 ) 

that a polar protic solvent is required to  mediate ESPT in these systems. Assuming that the 

pKa o f the alkene in the excited state is  about 0 ,“  the pIQ o f  the excited state alcohol is - 3  

and the pK, o f  a protonated amine is betweenlO and 12,̂ *̂ neither o f the proposed 

mechanisms make sense. Given the expected excited state pK^'s and the fact that hydrogen 

bonding has been shown to exist between the phenol and the alkene in the ground state, it
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is likely that the proton transfer occurs directly between these two functional groups, and not 

the two step process proposed above.

Yasuda et propose that deactivation o f  the excited state occurs upon

protonation o f  the alkene. Work by Wan et al?^, however, has shown that benzylic-type 

cations can be formed adiabatically upon photolysis o f the respective benzyhc alcohols. This 

is more likely as it allows for product formation without competition from ground state 

reprotonation. In either case the phenolate fluorescence should decrease or disappear, due 

to reaction instead o f  photophysical deactivation. Thus, the increased phenolate fluorescence 

with increased concentration o f amine likely results from a non-reactive pathway involving 

ESPT to the amine. Reverse proton transfer would be the only viable pathway from this 

point, as the excited state alkene is not basic enough to interact with the ground state 

ammonium ion.

1.4.2.3 Photocyclization of a Vinylnaphthol Derivative

In general, cyclization reactions are not seen in hydroxy-vinyl aromatics following 

ESIPT, as the resulting products would contain highly strained rings systems. It has been 

reported”̂®, however, that 64 photocyclizes in hexane to form 65 cleanly via an ESIPT 

process. Initial proton transfer to the alkene in the excited state is followed by formation o f 

a six-membered chromene type ring (Scheme 1.12). The fact that no keto form is detected 

in the ground state was taken to indicate that cyclization takes place in the excited state. 

Evidence for the ESIPT process comes from the fact that methanol retards the formation of 

the cycloadduct. Isolation o f the methyl ether from this experiment would lend further 

support to the proposed mechanism.
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Scheme 1.12

1.4.2.4 Photocyclization of AUylphenols and Allylnaphthols

Unlike the hydroxy-vinyl aromatics mentioned above, these systems have no 

conjugation between the aromatic ring and the alkene. Thus, in the excited state the alkene 

is not expected to display enhanced basicity. As such, H-bonding between the phenol and 

the alkene may become important for ESIPT and subsequent reaction to occur.

t-Bu OH OH t-Bu

66 6867

OH
OH
7170

69

OH

72

Horspool and Pausom’ reported the photocyclization o f  2-ally 1-4-f-butylpheno 1 (6 6 )
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and o-(3-methyIbut-2-enyI)phenol (67) to form the respective Markovnikov products 6 8  and 

69. A  detailed mechanism was not proposed, although the possibility o f an ESPT pathway 

was presented. Further work by Fréter and Schmid’* expanded on the allylphenols studied. 

Irradiation o f  67 and 70-72 gave the Markovnikov product in high yield, while in cases 

where the double bond is evenly substituted, a mixture o f  the respective benzopyrans and 

benzofurans was obtained. The photocyclization proceeded well in benzene, however, lower 

yields were obtained as the solvent polarity increased. The mechanism was believed to 

involve either protonation o f  the olefin triplet or ESIPT between the hydrogen bonded phenol 

and alkene. As the phenol will absorb much more light than the unconjugated olefin, the 

proton transfer mechanism seems more likely.

OHOH

HOHO
73

OH

OH

77
75 R= OCH3: Ri=H

Work by Shani and Mechoulam’® on photolysis o f  cannabidiol (73) resulted in the 

formation o f  74 and 75 as the major products in methanol solution, but 76 and 77 as the 

major products in cyclohexane. The authors accept an ionic mechanism for the formation 

of 74 and 75, however, they prefer a radical mechanism in the formation o f 76 and 77, rather 

than ESIPT followed by ring closure. This was based upon the fact that both alkenes are 

attacked in essentially equal proportions. In a non-polar solvent such as hexanes, however, 

it can be expected that both phenolic groups in 73 will be hydrogen-bonded to some extent
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to the nearby alkenes. As such, it is reasonable to expect that ESIPT would occur in roughly 

equal proportions to each alkene. An alternative mechanistic proposal,*® which reportedly 

accounts for anomahes in the correlation o f quantum yield and excited state pK^’s, explains 

the photocylization in terms o f an initial electron transfer, followed by hydrogen transfer and 

radical cyclization.

OH
OH

78 79

In contrast, Chow et a/.*' have presented work that favours an ESIPT pathway for the 

photocyclization process in 2-allyl-1 -naphthol (78) and l-allyl-2-naphthol (79). Irradiation 

in benzene gave the expected benzopyrans and benzofurans, as well as several secondary 

photoproducts. It was found that product yields were significantly decreased upon photolysis 

in polar solvents capable o f  hydrogen bonding with the phenoHc OH. Decreases in 

fluorescence intensity and hfetime with quenchers such as N(Et)j, which also hydrogen 

bonds to the phenol, were used to show that the reaction proceeds through a singlet pathway. 

As fluorescence quenching is still observed in solvents with high ionization potentials (such 

as THF or methanol), the authors have argued that reaction in these systems arises from 

ESIPT (between the hydrogen-bonded phenol and alkene) via the pathway shown in Scheme 

1.13, and not electron transfer to N(Et)3 -
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A recent publication by Miranda and Tonnes*^ has indicated the possibility of other 

reactive intermediates in these systems. They have found formation o f seven other 

photoproducts (less than 1 %), in addition to the expected cyclic ethers from irradiation o f 70. 

It was proposed that formation o f these products occurs via the intermediacy of radical 

cations or anions (by electron transfer) and carbenes, as their formation could not be 

explained by either ESIPT or intramolecular electron transfer. The authors suggest that 

photohydration can occur via attack o f water on the carbocation, which is formed in the 

excited state, without deprotonation of the phenol. Although this is possible, based upon the 

work by Shani et a lP  indicating the presence o f intramolecular H-bonds in these systems 

and the photohydration work by Yates and co-workers,®*’®̂ it is more likely that the 

protonation o f the alkene occurs through an ESIPT process.

I.4.2.5 Photocyclization of Cinnamylphenols and Cinnamylnaphthols 

As they are bichromophoric, the cinnamylphenols and naphthols have the possibility 

o f chemistry occurring from excitation o f either chromophore, depending upon the excitation
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wavelength and the extinction coefficients o f  the chromophores at that wavelength.

OH

80 81 82

Initial work*"  ̂on tra«5 -2 -cinnamylphenol (80) showed that both the 5- (81) and 6 - 

membered (82) cychc ethers could be formed, along with cw-2 -cinnamylphenol (83). 

Irradiation in deaerated hexanes resulted in 83 as the major product (48%), although 81 and 

82 were also formed in lower yield. In experiments tmder O ,̂ the yield o f 83 dropped 

significantly, with a concomitant increase in the yield o f 81 and 82, indicating that the 

cyclization occurs via a singlet pathway. Photosensitization reactions with acetone which 

gave 83 as the only product verified that it was formed via the triplet manifold.

Irradiation o f benzene, which acts as a singlet sensitizer for the phenol, gave 

increased ratios o f 81 to 82, while use of other sensitizers with lower singlet energies gave 

more 82 than 81. This implies that formation o f  the benzopyran comes from the styrenic 

excited state which has a lower energy absorption, while the formation o f benzofuran is the 

result o f excitation o f  the phenolic chromophore. It is believed that excitation of the 

hydrogen bonded ground state results in one o f  two different hydrogen bonded 

configurations in the excited state, depending upon which chromophore is excited. ESIPT 

from each o f  these states results in a carbocation that can subsequently react in the ground 

state to give 81 and 82. Hence, it is apparent that ESIPT can also occur in situations where 

only the excited state basicity is enhanced.
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It was proposed that formation o f  the styrene radical anion via electron transfer from 

trimethylamine could yield 82*'*, unlike the allylnaphthol system where this was shown to 

be improbable.** This was based upon quenching experiments with N(Me)j which gave a 

decreasing yield o f 81 with increasing quencher, but an increase in the yield o f 82. 

Subsequent investigations*^ showed that either ESIPT or excited state electron transfer could 

transpire for the cinnamylphenols, depending upon conditions and ring substituents.

84 R= Ph
85 R= CH3

8 6  R= OCH

Derivatives 84-86 were synthesized, as they were expected to lower the energy o f the 

styrenyl chromophore and allow for its selective excitation.*® Irradiation of these compounds 

in benzene resulted in enhanced ratios o f the respective benzopyrans relative to the 

respective benzofurans, thus providing additional evidence that the 6 -membered rings were 

the product o f  excitation o f the styrene chromophore. Repeating the experiments in 

benzene/dioxane mixtures gave decreased yields of both of the products, as expected for a 

process involving ESIPT. Investigations were also imdertaken*’ into the photochemistry of 

87 and 8 8 , where the naphthol chromophore was expected to dictate the reactivity o f the 

system. Fluorescence quantum yields for 87 and 8 8  were significantly lower than the parent 

naphthols, indicating that the singlet state is being quenched, presumably by ESIPT to the 

alkene. Although the relative amoimts o f  benzopyran and benzofuran were found to be 

essentially the same between 87 and the parent cinnamylphenol, this was attributed to the



36

enhanced stability o f the benzylic carbocation V5 . the primary carbocation rather than 

excitation ofboth chromophores. Quenching studies with dioxane indicated that ESIPT was 

occurring for both 87 and 8 8 , although differences in the slope o f the plots indicated that 

another process (most Ukely electron transfer) was also occurring for 87.

One other related system has been reported*® in which para-chloxo and bromo 

derivatives o f  the parent 2-cinnamylphenol have been synthesized and studied. In all cases, 

when the energy o f Si was lower than the C-X bond homo lysis energy the expected ESIPT 

photochemistry predominated.

1.4.3 Importance of the Hydrogen Bond

All o f  the above systems involve direct proton transfer between functionalities ortho 

to each other. In many cases, a hydrogen bond between the two groups is believed to 

maintain the correct orientation for ESIPT to o c c u r . D e c r e a s e s  in yield of the 

respective products upon irradiation in polar protic solvents (attributed to disruption of the 

intramolecular hydrogen bond in favour of an intermolecular one), has been cited as evidence 

for ESIPT. Based upon the myriad o f systems in which it reportedly plays a role, hydrogen- 

bonding, although a reasonably weak force, appears to be very important in the proton 

transfer process.

Experiments conducted by Shani and co-workers*^ on substituted o-allylphenols 

(Section 1.4.2.4) further attest to the importance o f hydrogen-bonding in ES(I)PT. 2- 

allylphenols with polar substituents ortho to the phenol did not undergo cyclization to the 

respective pyrans and furans. This lack of reactivity was ascribed to stronger intramolecular 

H-bonding between the polar substituent and the phenol than between the phenol and the
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alkene 7r-system, resulting in a non-productive ESIPT between the phenol and the polar 

substituent upon excitation. In contrast, compounds with non-polar substituents still 

underwent cyclization, except in solvents with ability to hydrogen bond to the phenol. 

Similarly, Kim et using several spectroscopic techniques, have shown hydrogen- 

bonding interactions between the phenol and the alkyl sidechain in 70 and o-propenylphenol 

(which only cyclizes in the presence o f a  catalyst), but not for o-propylphenol.

1.5 Long-Range (Formal) ESIPT

Although much fewer in number than the ortho systems (Section 1.4), several 

examples exist o f  ESIPT between functional groups that are formally meta or even para to 

each other. In these cases, there is no internal hydrogen bond to aid proton transfer. As 

such, mediation o f  the ES(1)PT process by solvent is necessary.

1.5.1 Long-Range ESIPT to Oxy gen and Nitrogen

As discussed in Section 1.2, reverse proton transfer from the tautomer is often the 

primary pathway upon return to the ground state in systems involving ESIPT to nitrogen and 

oxygen. Although the first two examples in this section display no reactivity beyond 

tautomerization and reverse proton transfer, they are included, as they are among the first 

reported examples o f  long-range ESIPT.

1.5.1.1 ESIPT in 3-Hydroxyxanthone and 7-Hydroxyflavones

Wolfbeis and Fürlinger^° reported the possible existence o f an ESIPT process upon 

irradiation o f  3-hydroxyxanthone (89) in acidic CH3 OH solutions. Fluorescence experiments 

in these solutions showed the formation o f a long wavelength band at 481 nm with a
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shoulder at 515 nm, in addition to the fluorescence observed flrom the cation (453 nm) and 

the neutral molecule (391 nm). This signal was attributed to the phototautomer 90 (a p- 

quinone methide), although the possibility o f it arising from an exciplex was mentioned.

OH

OH O ^ ^  Q -  90

Itoh et a/.®‘ later reported studies on 89 which confirm the identity of the tautomer 

as well as showing the existence o f  the phenolate. Fluorescence experiments in CH3OH/THF 

suggested the existence of two species overlapped in the 430-530 nm band with lifetimes of 

5.8 ns and 0.6 ns. The longer lifetime was assigned to the phenolate, based upon its known 

fluorescence spectrum. Steady state experiments showed an increase in fluorescence o f the 

480 nm band with increasing amounts o f methanol (or other alcohols) while very little signal 

was observed in neat THF. This was indicative that a polar protic solvent is required for the 

formation of 90. Two signals were also found partially overlapped in the 330-460 nm region 

in LFP experiments (330-360: 4.4 ps; 360-460: 115 ps). These were attributed to the 

tautomer and the ground state anion respectively, based upon two step laser excitation 

fluorescence spectroscopy (TSLE) which matched the LFP transients to the previously 

identified fluorescence signals. The decay time o f the tautomer was found to match the rise 

time of anion, indicating that the ground state anion was formed, at least partially, at the 

expense o f the ground state tautomer. Evidence for a concerted proton transfer rather than 

a stepwise process was taken from TSLE experiments which showed little or no fluorescence
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from the tautomer upon second laser excitation o f the anion transient absorption band. The 

proposed mechanism o f formation and decay o f the tautomer and anion from excitation of 

89 is shown in Scheme 1.14.
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Scheme 1.14

92 -̂ OH 93 O

Schipfer et proposed the possibility of ESIPT occurring in 7-hydroxyflavone 

(91). Fluorescence studies in acidic aqueous or methanol solutions showed the presence o f 

a long-wavelength band (539 nm) that was not attributable to the anion. Based upon the 

large Stoke's shift it was assigned as either the tautomer 92 (a p-quinone methide) or an 

exciplex. Further work by Itoh and Adachi®  ̂on 91 in CHjOH/THF mixtures showed an 

increase in the amount o f the long wavelength fluorescence with the addition o f increasing 

amounts o f methanol (1:2 relationship). As with 3-hydroxyxanthone (89), fluorescence 

studies showed that there were actually two separate species overlapped in one band. In this
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case, however, the authors proposed two ESIPT processes and the existence o f two 

phototautomers, 92 (a p-quinone methide) and 93, rather than 92 and the phenolate. 

Transient absorption spectra verified the existence o f  two ground state intermediates through 

observation o f  two singlet state decays while TSLE fluorescence was used to relate the two 

excited state species to the respective ground state transients.

94 O 95 + OH 96 O

Studies on  7-hydroxyisoflavone^'* (94) showed the same trends and reactivity as 91. 

Thus, the two species produced upon excitation o f 94 in polar protic solvents were assigned 

to w-quinone methide 95 and tautomer 96.

97 O

Later work^^ changed the assignment o f tautomers 93 and 96 to anions 97 and 98 

respectively and, through the use o f picosecond and TSLE studies provided new evidence 

for long-range ESIPT in both 89 and 91. In both cases, time resolved picosecond 

fluorescence at low  temperature showed a two-component rise from the tautomer which 

matched a two component decay from the respective normal fluorescence. This suggests that 

formation of the tautomer and the anion occur separately from the initially excited 89 or 91 

and not in a stepwise fashion. It is thought that the anion arises from excitation o f a 1:1 

hydrogen bonded complex between methanol and 89 or 91, while the tautomer arises from
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a 2:1 complex, although the authors have no proof for this hypothesis. Similarly, they make 

no assumptions as to the total number o f methanol molecules involved in the proton transfer 

(i.e., whether or not proton transfer is via a proton relay). As the excited and ground state 

characteristics o f  89 and 91 were virtually the same, it was proposed that the mechanism for 

formation and decay o f 92 and 97 from 91 is identical to that o f 89 (Scheme 1.14).

1.5.1.2 ESIPT in 7-HydroxyqumoIines

100

Based upon the appearance o f  large Stoke's shifted fluorescence. Mason et al.^  ̂

reported the formation o f the respective phototautomers upon excitation o f 3-, 6 -, and 7- 

hydroxyquinoline (99) in hydroxylic solvents. Later fluorescence work on 99 in various 

alcohols, CHCI3  and CHjCNby Thistlethwaite and co-workers®’-̂® revealed that ESIPT only 

occurred in polar pro tic solvents. Picosecond experiments showed arise time in fluorescence 

attributed to the tautomer 100 (a /?-QM) that was equal to the fast decay o f the normal 

fluorescence. A second slow decay from the normal fluorescence has been assigned to cases 

where the solvent shell is not in the correct orientation for proton transfer to occur. Studies 

in CH3 OD showed an increase in both lifetimes, indicative that the solvent is directly 

involved in the proton transfer. Based upon these results, it was proposed that ESIPT takes 

place via a solvent-assisted mechanism

Itoh et have conducted LFP, time resolved and TSLE fluorescence studies on

99 in hexane/CH 3 OH. As with 89 and 91, tautomer fluorescence was found to increase upon
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addition o f methanol and indicated a 2:1 methanol:99 complex is required for 

tautomerization to occur. Although a 1:1 complex is also implied from the fluorescence 

work, no mention was made o f the possible formation o f the anion upon excitation. TSLE 

fluorescence studies, in which 100 was excited, showed no fluorescence from 99 and 

therefore ruled out the possibility o f reverse proton transfer in the excited state. The same 

two complexes were implied for 6-methyl-7-hydroxyquinoline, but 8-methyI-7- 

hydroxyquinoline showed only evidence for the 1:1 complex. This was attributed to steric 

factors in which the 8 -methyl group blocks interaction between the methanol molecules 

associated with the phenol and N  atom respectively. LFP studies showed a significant 

isotope effect for the decay o f ground state 100 in CH3 OH and CH3 OD as would be expected 

for a reverse proton transfer mediated by solvent. Time-resolved fluorescence studies in 

CH 3 OD also displayed an isotope effect, which was attributed to the importance of the N-H 

(D) vibration as a non-radiative process to yield ground state 100, as reverse proton transfer 

had been shown to be negligible. Time-resolved IR studies with isotopic substitution of 

H and N were used to show that proton transfer was responsible for the decay of 100.

Using picosecond time-resolved fluorescence Konijnenberg et al. have confirmed 

the existence o f two excited state tautomerization processes and the assignment o f the short 

decay from the normal fluorescence made by Thistlethwaite and co-workers.^’-®* Further 

experiments indicated that the long decay arose from complexes involving more than two 

methanols which did not have the correct configuration for proton transfer. Alcohols other 

than methanol showed a increase in the amount o f tautomer fluorescence. This was 

accredited to the larger size o f the alcohols favouring the 2 : 1  complex rather than hydrogen
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bonding to other alcohol molecules. Additional work showed that the reverse proton transfer 

also takes place via solvent mediated pathway. Later TSLE fluorescence studies by Chou 

and Martinez'®^ verified these results and provided a more detailed kinetic analysis o f the 

proton transfer processes.

1.5.1.3 Photoactivated Deprotecting Groups

OROHOR

H,COHOHO
103101 102

where R = PO^z-, ATP, CH3 , COCH3

Recent work by Givens and Park*”®"'®* have suggested that, due to its high 

photolability, the j3 -hydroxyphenacyl moiety (1 0 1 ) can be utilized as a protecting group for 

chemical and biological studies where quick introduction o f a substrate is required. 

Photolysis of 101 in protic solvents gives 102 and the desired deprotected molecules as 

products. Previous research on the use o f  the /?-methoxyphenacyl group (103)'”®'"“ 

indicated that the deprotection reaction takes place in the triplet state. As irradiation o f 103 

was found to give 1 0 2  in poor hydrogen donating solvents, the authors proposed that 

photodeprotection firom 1 0 1  also occurs via the triplet manifold.

Contrary to this hypothesis, Zhang et nZ."* have shown through LFP and product 

studies that O2  and radical scavengers have no significant effect on the photoreaction, and 

hence credit the release o f 102 to a singlet state reaction. Irradiation o f either 103 (R = CH3) 

in CH3CN/H2O purged with O2, or 101 (R =  CH3) in 100% CH3CN form no product at all, 

suggesting that a polar protic solvent and the p-hydroxy group are both required for the
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photorelease o f  102. These results parallel similar studies^ on m- and p-hydroxystyrenes 

where it has been shown that proton transfer is mediated by solvent (Section 1.5.2.1). A 

mechanism for the formation o f  102 has been proposed by Zhang et (Scheme 1.15) 

involving initial ESIPT to give a / 7 -quinone methide followed by rearrangement to the spiro- 

ketone and subsequent attack by water. Both groups agree that the spiro-ketone is a key 

intermediate, however, they differ in the proposed mechanism o f its formation.

OR
hv

OR

101

OH
RON +

HO
1 0 2

Scheme 1.15

1.5.2 Long-Range (Formal) ESIPT to Carbon

1.5.2.1 Photohydration of Hydroxystyrenes and Meta-Ortho Effect

HO HO

56 104 105

Recent studies undertaken by Fischer and Wan^^’‘"* explored the photohydration of 

m- and/j-hydroxystyrenes 56 and 104 and indene 105. Unlike the ortho systems (Sections

1.4.2.1 - 1.4.2.3), these molecules do not have the phenol and alkene moieties in close 

proximity. Even so, product studies in 1:1 CH3CN/H2O yielded the corresponding
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photohydration products with quantum yields greater than 0.2. This was believed to result 

from ESIPT between the phenol and alkene to yield the respective quinone methides. 

Product studies on the relevant methoxy compounds had much lower quantum yields and 

implicated the direct photoprotonation o f the alkene to give a carbocation. Similar to the 

orfAo-system, and also indicative of an ESIPT process, pH studies revealed a decrease in 

photoprotonation at high pH. LFP studies on 56 and 105 in neat HjO showed formation of 

the corresponding m-quinone methides as intermediates in the photohydration reaction. 

Fluorescence studies on 6 6  in CHjCN showed a significant quenching effect with small 

amounts o f added water (<1M) and were found to fit a cubic dependence (modified Stem- 

Volmer analysis). This is beheved to show that the formal ESIPT process is mediated by 

a water trimer which effectively acts as a bridge between the hydroxy and alkene moieties 

in the excited singlet state. Fluorescence Hfetime quenching o f 56 was also found fit a cubic 

dependence with quencher concentration and was attributed to static quenching and 

formation o f solvent clusters between the phenol and alkene moieties in the ground state.

Photohydration o f 56 was found to be much more efficient than the corresponding 

process for 104, unlike in the ground state where the reaction o f  meta compounds proceeds 

less efficiently than the corresponding ortho and para  compounds. This meta-ortho'"' effect 

was first rationahzed by Zimmerman and SandeP who linked the experimental observation 

(initially by Havinga et a/. in the photosolvolysis o f nitrophenyl phosphate esters) to MO

calculations. These calculations suggested that, in the excited state, the effects o f electron 

donating and withdrawing groups are much more pronounced on the meta and ortho 

positions than on the para position. Experiments on the solvolysis o f several aryl-trityl
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ethers' corroborated the molecular orbital calculations, as did later ab initio studies on the 

photosolvolysis ofpivalate esters. Since these initial studies several other examples o f the

'’'^meta-ortho” effect have been related, including significant amount o f work by Havinga et 

fl/. 1 '9-120 and a report on the excited state behaviour o f aminostilbenes.'^'

1.5.2.2 Photocyclization and Photochromism in l,l'-BinaphthoIs

hv

hv or A OR

106 R=H
107 R=CH3

108 R=H
109 R=CH3

OMe
OMe

110

Cyclization has been reported for 1,1 '-bis-2-naphthol (106) and its mono-methoxy 

derivative (107).'“  Irradiation in methanol or CH3 CN/H 2 O yields 108 and 109, respectively. 

The authors propose that initial photolysis of 106 results in protonation ortho to the 

hydroxy/methoxy group on the opposing naphthol ring, followed by ring closure. 

Presumably excitation results in intramolecular charge transfer to this position on the 

aromatic ring, making it more basic. As product formation does not occur in non-protic 

solvents, it can be assumed that the proton transfer is via a solvent mediated pathway. This, 

along with the fact that no product is observed for the dimethyl ether 1 1 0  is taken to indicate 

an ESIPT process. The reaction is reversible both thermally and via irradiation, however, 

both processes are inefficient (0  < 0.05).
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1.6 Quinone Methides

1.6.1 Introduction

Quinone methides (QM) (o- 111, m- 113 and p -  112) are important reactive 

intermediates in organic chemistry that are structurally related to both quinones and quinone 

dimethanes. The ortho- and para- isomers are the best known and studied with regard to 

their formation and subsequent reactivity, while the wem-isomer has traditionally been o f 

theoretical interest due to its non-Kekulé type structure.

CH.'2

r V '
111 112

CH„+

c n j ' '^  'CH 2 +

As can be seen in their resonance structures, quinone methides are highly polarized 

due to the presence o f the heteroatom, unlike their quinone and quinone dimethane 

counterparts. This allows for their reactivity under both electrophilic and nucleophilic 

conditions. Similarly, their enone-type structure makes them important intermediates in 

electrocyclic reactions. The extreme reactivity o f quinone methides is the result o f a driving 

force for rearomatization to the phenol.
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1.6.2 m-Quinone Methides

CH. CH.

CH ’ CH,+
114 115

Theoretical studies on /M-quinone dimethane have suggested that its ground state 

should be a triplet biradical (114), rather than a singlet zwitterion (115), in order to obey 

Hund's rule. EPR experiments on several related naphthoquinone dimethanes imply that 

the ground state is indeed a triplet b ira d ic a l.S in c e  the initial theoretical experiments, the 

relationship between several non-Kekulé hydrocarbons and their ground state (triplet or 

singlet) has been probed extensively.

116 117
CH- CH,

113

O' o~

ch;
119 120118 '  119 " 120 " d  121

Berson and co-workers*^®-'^® have developed a simple method for the formation of m- 

quinone methides through the synthesis and irradiation o f 116. Similarly, naphthoquinone 

methide-type intermediates can also be formed through irradiation o f 118 and 121.‘̂ ®'̂ ‘̂ In 

all cases, EPR experiments show signals suggestive o f a triplet biradical ground state (e.g., 

117 and 119), as opposed to the singlet zwitterion (e.g., 113 and 120), in agreement with the 

theoretical calculations and Hund's rule.
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Product studies on 117 and 118 indicate the intermediacy o f  the singlet m-quinone 

methide state, both through the formation o f the respective methyl ethers upon irradiation 

in methanoP^®’*̂  ̂ and isolation o f [3+2] cycloaddition products upon irradiation in the 

presence o f electron rich dienes."^ Picosecond flash photolysis studies further implicated 

a singlet m-quinone methideP^^ Irradiation o f 118 at 355 nm in cyclohexane revealed a 

transient at 490 nm which was blue-shifted upon irradiation in more polar solvents. This 

transient was found to decay in a single exponential fashion to a much longer-lived signal 

(500 nm) which was insensitive to solvent polarity. Similarly, a single exponential decay 

was seen upon irradiation in methanol. This time, however, the band at 500 nm was not 

observed, presumably due to nucleophilic attack on the m-quinone methide to yield the 

corresponding ether. The initial transient was assigned to 120 while the formation o f the 

second transient was attributed to intersystem crossing to yield 119. Later studies have 

shown that the ground state triplet biradical is lower in energy than the ground state singlet 

quinone methide by 18.6 kcal/mol, as was predicted by theoretical work."'^

1.6.3 o- and /7-Quinone Methides - Reactivity and Applications

1.6.3.1 Quinone Methides in Synthesis

The highly electrophilic nature o f quinone methides has prompted their use in a 

variety o f synthetic applications. For example, inclusion of QM precursors in calixarene ring 

systems has allowed for their functionalization by addition o f nucleophiles upon 

activation.
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ZnCI HOO
(1 .2 )

Angle and co-workers have reported in a general [3+2] cyclization route to indenes 

through reaction o f  quinone methides with various styrenes in the presence o f  a Lewis acid. 

A similar methodology was also developed for the intramolecular ring closure of^-quinone 

methides (Eq. 1.2) in the presence o f  Lewis acids or reducing a g e n t s . T h i s  type of 

chemistry has been applied to the synthesis o f several narciclasine alkaloids*'*^ as well as to 

the total synthesis o f delesserine, leucodrin and rhodomelol.^'*^’'*̂

(1.3)

In addition to their electrophilic nature, o-quinone methides are able to react with 

electron rich dienes in “reverse electron demand” Diels-AIder [4+2] cycloadditions, to give 

various chroman derivatives (Eq. 1.3). Reports include general studies on the formation of 

chromans’"”'*'*̂  as well as on the stereochemical aspects o f the r e a c t i o n . S i m i l a r  studies 

exist on the [4+2] cycloaddition o f  ̂ -quinone methides with dienes to give the respective 

spiroketones.‘̂ °

The ability o f o-quinone methides to form chroman-type rings has been exploited in 

the total synthesis o f thielocin derivatives'^'-'^^ and hexahydrocannabinol '^^as well as N- 

hydroxypyridones (Scheme 1.16) and carpanone.*^^
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OH

CH,

CH.

I
H

"CH,

CH
I
H

Scheme 1.16

1.6.3.2 Quinone Methides in Biochemistry

Besides synthesis, quinone methides play important roles in biochemistry. They have 

been shown to be essential in the chemistry of wood through formation of lignins'^® and 

hardening o f  insect c u t i c l e s a s  well as being a proposed intermediate in the formation of 

melanins in animals.

Rokita et aL have used the electrophilic nature o f  these intermediates in their 

work on site specific alkylation o f  DNA. These studies involved hybridization o f an 

oligonucleotide sequence attached to a quinone methide precursor to a complementary target 

DNA strand. Selective activation o f  the quinone methide results in DNA crosslinking. 

Similarly, the selective activation o f quinone methides has been used to differentiate between 

enzymes with different activities and thereby build a combinatorial library.'^ Cleavage of 

a C -0 bond by enzymes with glucosidase activity results in formation o f a reactive quinone 

methide derivative (attached to a substrate) which then reacts covalently with nucleophiles
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in the active site, effectively trapping the enzyme. Following a wash to remove any non

bound material, the trapped species can be isolated and identified.

The electrophihc nature o f quinone methides has also proven useful in medical 

apphcations. These reactive intermediates reportedly play an important role in the cytotoxic 

action o f  many anti-tumour medications through their abihty to alkylate DNA and protein. 

In an effort to further understand the reactivity of these medications, several groups have 

undertaken the synthesis and study o f quinone methides derived firom analogs of 

mitomycin‘̂ ’̂‘̂ , CC-1065 and duocarmycin*^^’'®®, and daunamycm and adriamycin."^^ An 

excellent review exists on the toxicological consequences o f  quinone methide formation 

firom the parent drugs and other molecules such as BHT and eugenol.'^^ Studies since this 

review have linked QMs formed in the body firom safirole'®* and BHT'®® to liver cancer, while 

QMs formed firom BHT and its derivatives have been shown to alkylate proteins.

1.6.4 Thermal Generation of Quinone Methides

Quinone methides have been prepared thermally via several methods'^ the most 

common o f which is oxidation o f phenols with or Pb 0 2 . It is believed that this

proceeds through radical chemistry involving formation of a phenoxy radical and subsequent 

hydrogen abstraction (Scheme 1.17). Originally shown for hindered molecules'’ -̂'̂ "' such as 

1 2 2 , the methodology has expanded to include less encumbered systems.'’®"'’^



53

OH
t-Bu t-Bu t-Bu t-Bu

H,C CH

122
O '

t-Bu^ ^t-Bu
OH O

t-Bu^ ^t-Bu t-Bu^ JL ^t-Bu

H3 C 'GH 3 H3 C CH3

Scheme 1.17 

1
H3 C 'CH 3

- c c : (1.4)

Many routes involve using high temperature to eliminate small molecules. These 

include dehydration of HjO from hydroxybenzyl alcohols and elimination o f CH3CI from 

methoxybenzylchlorides ' along with thermolysis ofbenzodioxaborins"^ '̂  ̂(Eq. 1.4) and 

extrusion o f CO2  from lactones.'^

R

OCHCH3 O OH OCH.
OH

(1.5)

Similarly, various studies have shown quinone methide formation molecules through 

thermal rearrangement (e.g., Eq. 1.5).^’®*’̂ ° Several groups have also reported the formation 

of quinone methides through nucleophilic displacement o f  quartenary nitrogen atoms’*' and 

carboxylic acids.
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1.6.5 Photogeneration o f  Quinone Methides

Although synthetically useful, many o f the methods for the thermal formation of 

quinone methides rely on harsh conditions such as high temperature or the presence of 

reactive species. As a result, studies into the nature and reactivity o f the quinone methide 

is limited. Several methods have been found for the photochemical generation o f quinone 

methides that allow for the rapid formation o f  the intermediate in solution without the need 

for such harsh conditions. Although many of these are limited to specific quinone methides, 

the last two methods presented in this section provide general routes for their formation, and 

hence, are very useful in the ongoing study of these reactive intermediates. It is interesting 

to note that many o f the photochemical reactions have thermal counterparts.

1.6.5.1 Formation of Specific Quinone Methides

Generation o f a stable ̂ -quinone methide has been reported to occur upon irradiation 

o f benzoquinone in the presence o f  acetylenes*^^-^^ (Eq. 1.6 ) and diethynyl benzenes. The 

proposed mechanism involves attack o f  the quinone oxygen radical (formed upon excitation) 

on the acetylene, followed by radical ring closure and subsequent ring opening to yield the 

quinone methide. Similarly, radicals are implicated in the formation o f o-quinone methides 

upon irradiation o f  several plastiquinones in aqueous CH3CN and hydroxylic solvents.

Ph
P h ..^

Ph
k..

(1.6)
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hv

0 ^ 0
Products (1.7)

Quinone methide formation has also been shown to occur upon irradiation of 

unsaturated carbonates and lactones’®* (Eq. 1.7), as well as from several isocoumarins.’®®-'®° 

In both cases, the quinone methide is believed to be formed via loss o f CO in Sj.

Ok ^  Ph
CH,

123

Formation o f o-quinone methides has been observed upon irradiation o f  chromenes 

(e.g., 123) and the related pyrans (e.g., 124) in CH3OH and acetone.’®’ It is believed that this 

process occurs in the singlet state, presumably via electrocychc ring opening.’®̂ ’®'’

OH
t-Bu t-Bu t-But-BuOH

t-Bu t-Bu
hv (1 .8)

OH

Becker’®̂’’®® has shown formation o f  several stable fuchsone derivatives upon 

irradiation o f  diaryl ketones in acetone in the presence of phenols, followed by addition of 

acid. Hydrogen abstraction by triplet ketone and subsequent radical coupling and 

rearrangement give the triphenylcarbinol derivatives which, upon addition o f  a catalytic 

amount o f  acid, lose water to yield the stable p-quinone methides (Eq. 1.8).
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O O O O
t-Bu^ ^t-Bu t-Bu^ JL  /t-B u  t-Bu s. J L  /t-B u  t-Bu^ ^t-Bu

H3C CH2CH3

125b 126 127 ^ ^ 3

Irradiation o f  cis-VlSn. and trans-125h at 254 nm in cyclohexane was found to give 

/ 7 -quinone methides 126 and 127, respectively. It is believed that formation o f these 

intermediates occurs through radical cyclopropane ring opening, followed by hydrogen or 

methyl migration.

1.6.5.2 Quinone Methides Arising from ESEPT

As shown in Sections 1.4 and 1.5, a large number o f ESIPTs result in the formation 

o f a quinone methide which are then responsible for the observed reactivity o f the system. 

This appears to be a general process when the proton is transferred to an atom P- (e.g. 

Section 1.4.2.1) or even a -  (e.g.. Section 1.5.1.2) to the phenyl ring, where electronic 

interaction between the two groups is allowed. In systems where the proton is transferred 

to atoms further removed (e.g.. Sections 1.4.2.5 and 1.5.2.2) this interaction between the 

phenol and cation cannot occur and hence, no quinone methide is formed.

1.6.5.3 Hydroxybenzyl Alcohols and Related Systems

Studies’®̂ ofphotodehydroxylation in various methoxy- and hydroxybenzyl alcohols 

in CH3 OH/H2 O showed that o-hydroxybenzyl alcohol (128) was about 5 times more reactive 

than o-methoxybenzyl alcohol (129). It was proposed that this arose from the enhanced 

acidity o f the phenol in the excited state and its proximity to the benzylic group, which
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allowed ESIPT to the benzylic alcohol, facilitating the dehydroxylation reaction (Scheme 

1.18). The resulting intermediate (111) is an o-quinone methide, which reacts with methanol 

to yield the methyl ether monitored in the  product studies. In 129, this catalysis cannot 

occur, and formation of the respective m ethyl ether proceeds via the carbocation. The fact 

that the m-methoxy and hydroxybenzyl alcohols displayed the same reactivity was attributed 

to the inability o f the phenol to catalyse the reaction over the increased distance between the 

functional groups.

OH O OH
CH.OH

W

-OH- 
129

-HoO

OCH

C " : CH,OH / ^ C H , 0 C H 3

OCH,
hv A h - C H :  4 .C H 3OCH,

Scheme 1.18

Formation of phenol formaldehyde resins upon excitation of the phenolate of 128 in 

0.5M NaOH/CH^OH was also attributed to formation of 111, and its subsequent reaction 

with ground state phenolate.^®’ In this case, irradiation of the phenolate is believed to be 

directly responsible for the formation o f 1 1 1 .

OH

hv hv
CH,OH CH3CN/H,0 CH^CN/H.O

^30 113 131 CHgOH 112 CHj
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Further studies o f o, m andp-hydroxybenzyl alcohols 1 2 8 ,1 3 0  and 131 °̂'-̂ °̂  showed 

that quinone methide formation is a general process in these systems. Product studies in 1:1 

CH3OH/H2O gave the respective methyl ethers in high yield, while irradiation of 128 in 

aqueous CH3CN with ethyl vinyl ether gave the corresponding [4+2] cycloaddition product - 

chroman derivative 1 3 2  (Eq. 1.19).

OEt

OEt
111

132

128 > 111    II 'I (1.9)

OH OH OH OH
HO,

133 134 135

LFP studies on the corresponding hydroxybenzhydrols (1 33 -1 3 5 ) showed transients 

(quenchable with nucleophiles) which were attributed to the respective quinone methides. 

In all cases quinone methide formation occurs through the singlet manifold. Product and 

LFP studies on the respective methoxy compounds (substituted for phenol) showed no 

evidence for quinone methide formation from these compounds, suggesting that the phenol 

moiety plays an essential role in formation o f the reactive intermediate. Similarly, LFP 

studies, which showed a significant increase in quinone methide at high pH, indicated that 

the excited state phenolate is required for quinone methide formation. This can either occur 

through direct excitation o f the phenolate or ESPT upon excitation o f  the phenol. Thus, the 

mechanism o f quinone methide formation from hydroxybenzyl alcohols requires an initial
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loss o f  proton from the phenol upon excitation, followed by, or concurrent with 

dehydroxylation o f the benzylic alcohol. Presumably, formation of the phenolate aids in the 

dehydroxylation, due to its strongly electron donating nature.

OH

HO

1 3 6 1 3 7

Reaction to form 137 froml36 upon irradiation in aqueous CH3CN was later shown 

by the same group.^®  ̂ LFP, fluorescence and product studies all indicated that the 

intramolecular [4+2] cycloaddition occurred via the intermediacy of an o-quinone methide.

HO

138

HO R

1 3 9  R = H
1 4 0  R  =  Ph

Similar studies have been carried out on the related hydroxy-9-fluorenols 138-140.^°^ 

Irradiation o f 138 resulted in the formation o f  a quinone methide, as evidenced by product 

studies in CH3OH/H2O and reaction with EVE, and the long-hved transient obtained upon 

LFP. Although 139 and 140 also showed formation o f  methyl ethers upon photolysis in 

CH3OH/H2O, LFP studies suggested that this was through the intermediacy of the respective 

carbocations and not the quinone methides. In all three cases, however, the quantum yield 

of photosolvolysis was found to be much higher for the hydroxy compounds than for the 

parent 9-fluorenol, indicating that the hydroxy substituents aided in the reaction.
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OH

1 4 3  HO1 4 2141

OHO

O
1 4 5144

Irradiation o f 141 in CH3 CN/H2 O was found to lead to formation o f pyran 142 and 

diol 143.^°^ Further studies showed that irradiation o f a pure sample o f 142 led to formation 

o f 143 and visa-versa. It was proposed that o-quinone methide 144 is an intermediate in all 

o f  these processes, formed via radical chemistry from irradiation o f 141, electrocychc ring 

opening from 142, and ESPT followed by dehydroxylation from 143. Similarly, 144 was 

implicated in the formation o f 142 upon irradiation o f 145 in CH^CN/H^O.-"^ This time, 

however, it was proposed that 144 was formed as a secondary photoproduct from irradiation 

o f 143, which itself was formed from radical chemistry after initial excitation of 145. In both 

studies, formation o f  144 was verified by product and fluorescence studies.

Additional experiments conducted on irradiation o f  143 and related compounds were 

aimed at further elucidating the mechanism by which 144 was created.^®  ̂ In order to form 

quinone methides from the biphenyl systems, it is necessary for the two rings, which are 

twisted to each other in the ground state, to become planar. Depending upon the direction 

o f the twist towards planarity, either the cis or the trn«5 -quinone methide can result. Only 

the cw-quLnone methide can react to give the cyclized product, due to its favourable 

orientation for the electrocychc ring closure. Any trnn.s-quinone methide formed upon
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irradiation in CH3CN/H2O presumably reacts with water to yield starting material (143). As 

with the hydroxybenzyl alcohols, pH studies suggested that the excited state phenolate 

(formed by ESPT o f the phenol to solvent) is required for quinone methide formation.

OH

P h- 
HO Ph 1 4 6

Studies^"* o f this process on 146 in the solid phase revealed that quinone methide 

formation occurs through an intermolecular excited state proton transfer from the phenol to 

the benzylic hydroxyl o f  another molecule o f 146 hydrogen-bonded to it in the crystal. Loss 

of hydroxide to yield the quinone methide occurs in the molecule from which the proton was 

transferred (formal loss o f water), with subsequent cyclization. The other molecule to which 

the proton was transferred (presumably H-bonded to hydroxide) eventually loses the proton 

and the returns to 146. The cyclization was also found to proceed in aqueous and neat 

CH3CN, as was observed for 128.

The m- and p-isomers o f  143 also formed the respective quinone methides in 

CH3CN/H2O solutions, as evidenced by LFP and product studies.^^ In these systems, 

however, no LFP signal was observed upon irradiation in neat CH3CN, indicating that a polar 

protic solvent is required for quinone methide generation. Although this implies solvent- 

mediated ESIPT, it is also possible that solvent is only required to accept the proton (ESPT) 

and that the quinone methide arises from the resulting excited state phenolate (as for the 

hydroxybenzyl alcohols).
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OH
OH

OH
OH

147 148 149

The closely related 147-148 have also exhibited quinone methide formation upon 

excitation and subsequent ring closure to give the respective pyrans/'° Fluorescence studies 

on model compounds (without the benzyUc alcohol) provided evidence that initial formation 

of the phenolate in the excited state is followed by twisting to a more planar form and then 

loss o f hydroxide. These systems are photochromie, but a later investigation^" on 148 has 

shown that they are not well suited for use as optical triggers in hquid crystals.

1.7 Proposed Research

The biological properties o f quinone methides have been the subject o f much study 

over the past several years, due to their toxicological properties against normal and cancerous 

c e l l s . S i m i l a r l y ,  many studies exist on their interactions with and o f their

possible use as medicines.

OH O H

HO HO C H ,O H

HO
150 151 152

Vitamin Bg (150) is a biologically relevant molecule (Section 2.1) that has been 

shown to form a quinone methide thermally.^'^ This, combined with the fact that it contains 

the requisite “hydroxybenzyl alcohol” moiety for quinone methide photogeneration'9 9 -̂ 0 3 .2 0 5 -
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has prompted the present study. Product studies using methanol and EVE as trapping 

agents determine whether an o-quinone methide is formed upon irradiation. As there are two 

benzyl alcohol moieties present on the aromatic ring, these product studies also determine 

if  competition arises between formation o f o- and m-quinone methides. pH studies are 

carried out to see i f  there is any effect on the amount or reactivity of the quinone methide 

under acidic and basic conditions. Preparation o f  two derivatives (151 and 152) allow for 

LFP experiments to probe whether transient absorption can be employed to study the 

kinetics o f their decay.

HO
CH.

CH.'2
HO

Ph153 154
CH.

CH.'2

P h155 156

Prior studies, by our group and others, have shown that quinone methides are readily 

formed via ESPT and dehydroxylation from hydroxybenzyl alcohols and related systems,^’’' 

203.205-207̂ 09.210 ESIPT from hycfroxystyrenes, acetylenes and diphenyl ethenes.®̂ ™- -̂* "

Studies on formation o f quinone methides from m- and p-hydroxydiphenyl ethenes have 

shown that a polar protic solvent is required for ESIPT to occur. The possible formation of 

quinone methides over longer distances via either ESIPT or ESPT and dehydroxylation, 

however, has not been investigated. Hydroxyphenylbiphenyl alkenes (153 and 154) are
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synthesized to determine i f  quinone methide formation will occur over the extended aromatic 

system. Product studies in varying mixtures o f CH3CN/H2O to give the corresponding 

hydration products provide indirect evidence for the formation o f the relevant quinone 

methides. pH studies help to determine whether the formation o f the quinone methide occurs 

through ESIPT or some other process. Similarly, fluorescence Hfetime and quenching 

experiments determine what role water plays in the reactivity of the excited state and 

formation o f the quinone methide. LFP experiments are used to help identify the reactive 

intermediates formed upon irradiation o f these systems. Synthesis and study of the relevant 

methoxy and unsubstituted systems (155-158) are undertaken to provide support for the 

proposed mechanisms.

HO
H ,C  OH

159

= \  CH3

CH3 O
H X  OH

As a means for comparison, hydroxy and methoxybiphenyl alcohols 159-162 are also 

synthesized and studied. It is expected that these compounds react in a manner similar to the 

hydroxybenzhydrols previously studied, but show mechanistic differences from the alkenyl 

systems (153-156).

Chapter 2 reports the studies involving the photogeneration o f quinone methides from 

Vitamin B 6  and its derivatives. Chapter 3 presents the results from the photochemical studies 

involving the hydroxybiphenyl alkenes and alcohols.
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2.1

Chapter 2

Photogeneratioa of Quinone Methide-Type Intermediates 

From Pyridoxine and Derivatives

Introduction

Vitamin Bg (pyridoxine, 150) plays an important role in biological systems.’*̂ A 

deficiency o f  150 in the body can lead to dermatitis acrodynia (a skin disorder characterized 

by lesions) '̂"*, while large doses can result in seizures, ataxia, and other neurotoxic effects.^*^ 

Pyridoxine (150) is the dietary precursor for pyridoxal (163), an important coenzyme 

involved in amino acid metabolism, and a cofactor in the phosphorylation o f glycogen. 

Pyridoxal (163) is essential in the decarboxylation o f amino acids. Similarly, in conjunction 

with an enzyme, 163 and pyridoxamine (165 - a derivative o f 163) are fundamental in 

transamination reactions required for the oxidative degradation of amino acids (Scheme 2.1). 

In both cases, the ability o f 163 to form a Schiffbase (e.g., 164) through condensation with 

an amine allows the biochemistry to occur.

R ^ C O O H R C O O H
T

C H O  1̂ '"  N

HO X ^ C H ^ O H

163 ^
A

HO

H3C N
164 H3 C ' "N-

[O]

CHgOH

H2 O

NH2

HO CH.,OH

H3C N ' 
150

V /  ,  HO 1  C H ,O H  

R O H  . .
Scheme 2.1 H3 C 'N

165
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Although! 63 and 165 have been shown to be effective in the transamination of several keto- 

acids^^^, it is actually the respective phosphate esters that are active in the body (e.g., 166).

CHO

"“vV^oPor
166

Due to their importance in biological systems, 150, 163 and 165 have been 

extensively studied. The basic photophysical properties o f these molecules, as well as 

several other derivatives, are well known. Through UV-Vis studies, Harris et al}^^ showed 

the existence o f three different forms of 150, depending upon pH (Eq. 2.1) and predicted that 

the zwitterion (150b) predominates at pH 7, rather than the neutral form.

CHgOH CHgOH CHgOH

..oV —"..V
H 150a H 150b 150c

The fluorescence spectra o f150,163,165 and other analogues have been thoroughly 

analyzed by Morozov and co-workers.^’*-̂ '® Similarly, the fluorescence quantum yields from 

150 and 165 have been determined.^^°

2.1.1 Thermal Generation of a Quinone Methide-Type Intermediate From 150 

Frater-Schroder and Mahrer-Busato^'^ reported the generation o f an o-quinone 

methide-type intermediate (167) via high temperature dehydration o f 150. Reflux o f 150 in 

several nucleophilic solvents yielded the respective solvolysis products in high yield (e.g., 

168 from 150 and isoamyl alcohol, and 169 from 150 and imidazole). Reflux in 1- 

morpholinocyclohexene reportedly gave 170 through a regioselective “inverse electron
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demand” Diels-Alder reaction with 167.

CH.
CH,

CH,OH

H,C
1 6 91681 6 7

O - N(CH3)3 o

A
u-N(CH3>3 

171 111

(2 .2)

The authors noted the previous work o f Gardner et al. which showed the thermal 

formation o f o-quinone methide 111 at 35° C from 171 (Eq. 2.2). It is accepted that the 

presence o f the phenolate promotes quinone methide formation at lower temperature, rather 

than requiring the input o f heat, due to its electron donating ability. Pyridoxine (150) has 

been shown to exist mainly in its zwitterionic form (150b) under physiological conditions.^’’ 

It is predicted that protonation o f the alcohol ortho to the phenolate (to yield a good leaving 

group) by an enzyme could result in the formation o f  167 in vivo. It was further predicted 

that the conversion o f 150 to pyridoxamine (165) (Scheme 2.1) could take place in the body 

without the intermediacy of pyridoxal, through formation o f 167 and attack by ammonia. 

Evidence for this hypothesis was obtained from the formation of 150 from pyrolysis o f 165 

(as the HCl salt in aqueous solution) in a sealed, evacuated tube. Due to the highly reactive 

nature of 167 and quinone methides in general, Frater-Schroder and Mahrer-Busato’”  have 

suggested that formation o f 167 in the body under these physiological conditions could be 

responsible for cell nerve damage and other toxic reactions observed upon intake of large
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doses o f  150. Later studies^*^ on 150, its phosphate ester (166), pyridoxal (163) and 

pyridoxamine (165) showed that only 150 and 166 had neurotoxic effects, presumably 

through formation o f 167.

2.1.2 Photochemistry of Vitamin Bg and Derivatives

The photochemistry o f nitrogen-containing heterocycles is broad and has been 

extensively re v ie w e d .^ H o w e v e r , the photochemistry arising from excitation o f 150 and 

its derivatives is Limited to a few examples.

OH

HO

H,C
172

R eiber^  has reported the irreversible degradation o f163,166 and 5'-deoxypyridoxal 

upon irradiation in  oxygen and nitrogen purged aqueous solutions. In all cases, after 

exposure to oxygen, the respective carboxylic acids (e.g., 172 from 163) were obtained. 

Interestingly, 165 showed very little photodegradation under the same conditions.

H,G CH,OH

“ O

H,C
173

Ikeda et suggested that a similar process occurs upon irradiation o f 150 under 

aerobic conditions. Schemes presented in the paper indicate the oxidation o f the benzylic 

alcohol positions to yield the carboxylic acid derivatives via initial photochemical formation
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of the respective aldehydes. The paper also proposes the formation o f  the pyridoxine adduct 

173 upon irradiation o f 150. Although no mechanism is proposed for the formation o f 173, 

the experiments o f Wan and co-workers“ *’̂ °̂  on related hydroxybenzyl alcohol systems 

would suggest formation o f  an o-quinone methide-type intermediate.

CHgOH CHjOH

H3 C N 
174 175

Shimada et a l . ^  have proposed the photochemical rearrangement o f ISO to yield 

174, in addition to the isolation o f 173 and higher order adducts. Another adduct, similar to 

173 (from coupling o f 174 and 150) was also found. It is believed that formation of 174 

occurs through the intermediacy o f the benzvalene derivative 175. The photochemical 

formation o f  167 (required for formation o f the adducts) is implied in this paper through the 

loss o f  water, however, it is not directly illustrated.

H z N ^ O

^/CH,OH HO_ /  ^CH^OH H O ^ J^ C H ^ O H  ^CH^OH

H3 C ' 'N '  H3 C "  "N"" H g C ^ N ^  H g C ^ N '
176 177 178 179

Bazhulina et have reported the photochemical Beckmann-type rearrangement 

of pyridoxal oxime (176) and its phosphate ester, to yield the respective amides (e.g., 178). 

It is thought that rearrangement proceeds through via oxirane 177. An o-quinone methide- 

type intermediate (179) has also been implied (from a separate photoreaction) upon 

irradiation o f  these systems, obtained via ESIPT from the phenol to the oxime nitrogen.
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2.2 Synthesis and Materials

OH

HO

OH

HO

152151

Pyridoxine (150) and pyridoxal (163) were commercially available as the HCl salts 

and were used without further purification. The a-aryl derivatives of pyridoxine (151 and 

152) were prepared by the addition o f Grignard reagents (PhMgBr or p-tolylMgBr, 

respectively) to the HCl salt o f pyridoxal (163). Synthesis o f these compounds was required 

for LFP studies as the extra aryl group was expected to prolong the lifetime o f any reactive 

intermediates formed upon irradiation. Product studies were conducted on 151 in order to 

determine the effect o f  the added phenyl group on the observed photochemistry o f 150.

Evidence for 151 and 152 (as HCl salts) came from ’H NMR (300 MHz, DjO) which 

showed new protons assignable to the phenyl ring for 151 (Ô 7.27, m, 5H) and the p-tolyl 

moiety o f 152 ( 8  2.50, s, 3H and 8  7.12, m, 5EQ. The methylene protons on the alcohol meta 

to the phenol (for 151 and 152) are prochiral. and hence, appear at different chemical shifts, 

and are coupled to each other (e.g., for 152 - 8  4.33 ppm and 4.58 ppm, J = 14.7 Hz).

Further justification for the assignment o f the reaction products to 151 and 152 was 

required, as the cyclic ethers (e.g., 180 from dehydration o f  151) were also viable structures, 

given the acidic nature o f  the work-up to isolate the products, and the restricted rotation 

observed in the ‘H NMR (D 2 O) spectrum. Chemical oxidation studies were undertaken in
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the hope o f forming the respective aldehydes from the primary alcohols. Reaction o f 151 

with Jones' reagent in acetone yielded only a brown insoluble solid, presumably due to 

formation o f a  pyridine chlorochromate derivative. Reaction with MnO^, however, yielded 

a mixture o f products, one o f which was tentatively assigned as the aldehyde 181, based 

upon the appearance o f a signal at 9.75 ppm in the 'H  NMR. Elemental analysis (of 151) and 

HRMS eventually provided proof that the a-arylpyridoxine derivatives were actually the 

desired products 151 and 152, and not their cyclic ethers.

HO

180

Ph

HO

181

2.3 UV-Vis Studies

UV-Vis spectrophotometry was used to compare the absorption characteristics o f 150 

to 151 and 152, with the latter two having an added phenyl chromophore. Absorption 

spectra o f 150 were the same as those recorded by Harris et in aqueous solution at pH's

1, 7 (0.01 M  buffer) and 12. The absorption spectra displayed by 151 and 152 were almost 

identical at all three pH's and showed only a slight red-shift (~2 nm) in 1 pH 1 and 

small blue-shifrs (-2  nm) at pH's 7 and 12 compared to 150 (Fig. 2.1). This implies that the 

phenyl ring has little effect on the absorption spectrum o f the original chromophore.
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Fig. 2.1 Absorption Spectra of ISO and 151 in Aqueous Solution:
150 - (a) pH 1; (b) pH 7 (0.01 M  phosphate buffer); (c) pH 12;
151 - (d) pH 1; (e) pH 7 (0.01 M  phosphate buffer); (f) pH 12

Product Studies

2.4.1 Aqueous M ethanol

ÇH2OCH3
HO^ / L ^ c h ^o h

H3C" N
182

CHgOH
CH2 OCH3

Photolysis ofpyridoxine (150) in 1:1 H 2 O-CH 3 OH (254 nm, 8  lamps, 5 minutes) gave 

methyl ether 182, as the only product in - 8 % yield (assigned by NOE experiments - 2.4.1.1 

below). No product formation was observed in solutions which were not irradiated, thereby 

mling out reaction through thermal pathways. Irradiation under O2  gave the same yields as
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irradiation under N 2 , suggesting that reaction takes place yna the singlet manifold.

Exhaustive photolysis o f 150 under the same conditions as above, followed by 

preparatory TLC, allowed for the isolation and characterization o f methyl ether 182 by ‘H 

NMR (Fig. 2.2). No evidence was found for 183, although previous work by our group^°‘-̂ “  

has shown formation o f  the respective methyl ethers from irradiation o f the closely related 

m-hydroxybenzyl alcohol (130) and /w-hydroxybenzhydrol (134) under the same conditions.

CH2 OCH3

CH.OH

182

I
8.0 7.0 6.0 5.0 4.0 2.0

(ppm)

Fig. 2.2 ‘H NMR (DMSO-^fg) o f 182 

Irradiation for longer periods of time resulted in higher yields with no secondary 

photoproducts being observed (Fig. 2.3). The fact that this plot is not linear at higher 

irradiation times is attributed to accumulation o f  182 over time. As it has the same
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chromophore as 150, the efficiency of the reaction is expected to decrease as more 182 is 

formed and absorbs some o f the exciting light.
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Fig. 2.3 Yield o f  182 v̂ . Irradiation Time (7^  =  254 nm, 1:1 CH3 OH/H2 O)

OCH.
HO

184

As evidenced by the appearance o f a singlet at 6  3.48 ppm in the ’H NMR (Fig. 2.4), 

exhaustive irradiation o f 151 in 1:1 CH3 OH/H2 O also yielded a single methyl ether (184). 

Similar to 150, longer irradiation (up to 1 hour) o f  151 resulted in increasing yields of the 

methyl ether. However, unlike 150, the formation o f  secondary photoproducts (< 3 % - not 

identified) was observed at longer irradiation times. As with 150, no product was observed
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1.0 0.0

Fig. 2.4 ‘H  NMR (CDCI3) o f 184 

Formation of the methyl ether products (182 and 183) via the singlet manifold upon 

irradiation of 150 and 151 is consistent with reaction o f methanol with an electrophilic 

species such as a carbocation (e.g., 185^ or a quinone methide-type intermediate (e.g., 167) 

(Scheme 2.2 - shown for 150). Althougirthe existence of either species is implied from these 

experiments, further studies involving irradiation in 1:1 CH 3 OH/H2 O at different pH's 

(Section 2.4.2) and reaction with ethyl vinyl ether (EVE) (Section 2.4.3) point to the 

intermediacy o f 167 rather than 185.
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HO
ÇH2 + ÇHgOH CHg

H3 C N H3 C N  ̂ H3 C N
150 167

CH2 OCH3

CHgOH

CH,OH

H3 C N"
182  S c h e m e  2.2

2.4.1.1 Nuclear O verhauser Effect (NOE) Experiments

NOE spectra were required for definitive assignment o f the methyl ether product 

from 150 to 182, rather than 183, due to the close proximity o f the methylene signals (5 4.5 

and 4.53 ppm - Fig. 2.5). Irradiation of the signal at Ô 7.93 ppm (proton b in Fig. 2.2) 

resulted in growth o f the peak at 5 4.5 ppm, allowing the assignment of these protons to the 

methylene group meta to the phenol. Irradiation o f the signal at 5 4.5 ppm yielded a growth 

at 5 7-93 ppm with only a small growth at S 3.25 ppm (d in Fig. 2.2). In contrast, irradiation 

o f the methylene signal at S 4.53 ppm gave a significant growth in the 5 3.25 ppm peak. This 

implies that the protons appearing at 8  4.53 ppm  are spatially very close to the methoxy 

protons, while the those associated with the peak at 8  4.50 ppm are further removed from the 

methoxy group. These results are consistent with 182 rather than 183.

CH2 OCH3  ÇH2 OH
CH2OH H 0 ^ J ^ C H 2 0 C H 3

H,C N H3 C N
182 183
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.CH,OHHOHO HO
Irradiation

H,CGrowth

Fig. 2.5 NOE Difference Experiments on the Photomethanolysis Product From 150 
(a) Irradiation 5 4.5 ppm; (b) Irradiation 6  4.53 ppm; (c) Irradiation at S 7.93 ppm

2.4.2 pH  Studies in Aqueous Methanol

Photolysis o f 150  was also carried out in 1:1 CH3OH/H2O solutions varying the pH 

o f  the water portion (from 1 to 12). Three distinct regions are noted in the plot of yield vs. 

pH (Fig. 2.6).

40

35

30
0 ).c

25
>*
o  2 0  

* 0

-a 15 
o

pH 8 10 12

Fig. 2.6 Relative Yields for Formation o f  182 upon Irradiation of 150 
at Various pH's (54 mg in 80 mL 1:1 CH3OH/H2O, 254 nm, 8  lamps) 

5 min. irradiation (•); 15 min. irradiation (♦)
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The increase in product yield above pH 9 observed for the 5 min. irradiations 

coincides with the expected ground state pK^ o f the phenolate (9-12). This is consistent with 

increased reactivity o f the phenolate in the excited state, compared to the phenol, as was 

previously noted for the formation o f quinone methides from hydroxybenzyl alcohols. 

2 0 2 . 2 2 6  Although thermal formation of a quinone methide has been reported*** from 171 at 

physiological temperature, no reaction was observed from alkaline solutions o f 150 that were 

not irradiated. This lack o f  reactivity can be attributed to the poor leaving-group ability o f 

hydroxide compared to the ammonium ion. The increase in product formation between pH's 

1 and 3 likely coincides with protonation o f the benzylic alcohol in the excited state, 

resulting in H 2 O as a leaving group, rather than hydroxide.

2.4.3 Aqueous Acetonitriie with Ethyl Vinyl E ther (EVE)

In an attempt to trap the suspected quinone methide 167,150 was photo lyzed in the 

presence o f ethyl vinyl ether (EVE - ImL) for 15 minutes in 1:1 CH3CN/H2O. A racemic 

mixture o f regioselective chroman products 186 was isolated in high yield following workup, 

as evidenced by the *H NMR (Fig. 2.7). Formation o f  these products is consistent with an 

inverse demand [4+2] Diels-Alder type reaction o f a quinone methide with a dieneophile. 

Irradiation imder the same conditions as above, at lower and higher pH's, gave little or no 

yield of 186. This is attributed to the thermal reaction o f  EVE, at low pH with acid, and at 

high pH with phenolate, to form polymers.
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CH-CHgO 
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Fig. 2.7 'HNMR(DzO) o f 186 

Exhaustive photolysis o f 151 in the presence o f ethyl vinyl ether (EVE) in 1:1 

CH3 CN/H2 O gave aregioselective mixture o f diastereomeric chroman products (187 and 188 

and their respective enantiomers). 'H NMR (CDCI3 - Fig_ 2.8) o f the isolated products 

(100% ethyl acetate, prep. TLC) suggests that the diastereomers are present in a 60:40 

mixture, although COES Y and NOES Y experiments were unsuccessful in determining which 

of 187 or 188 is present in the greatest amount.
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Fig. 2.8 ‘H NM R (CDCI3) o f the Diastereomeric Mixture o f 187 and 188 

2.4.4 Implications Regarding Intermediates and Mechanism

Formation o f  the respective methano lysis products (182 and 184) upon irradiation of 

150 and 151 in CH3OH/H2O solutions is consistent with nucleophilic attack on either a 

carbocation (e.g., 185), or a quinone methide-type intermediate (e.g., 167). However, the 

fact that chroman-like products were isolated from irradiation with EVE favours the quinone 

methide pathway in neutral solution, as such products only occur through the intermediacy
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o f a 1,4-dipcIar intermediate such as 167 (Scheme 2.3). Dehydroxylation in alkaline solution 

automatically results in the quinone methide-type intermediate upon excitation, rather than 

the cation, as the phenol is already deprotonated prior to excitation. These arguments rule 

out the possibility o f  a carbocation intermediate being responsible for the observed chemistry 

at high and neutral pH. Photodehydroxylation to yield carbocations is a well-known process 

for diaryl alcohols.’^-^^'^ At low pH this process can be catalyzed by acid and carbocation 

formation likely occurs upon excitation of the molecules under study. However, quinone 

methide formation is also a possibility as the excited state phenol can deprotonate in even 

strongly acidic media (pK(Si) =  -2.2‘ for 150).

ÇH.OH CH, _ y
H O _ ^ _ C H , O H  O ^ A ^ C H ^ O H  = /  O ^ A ^ C H . O H) ^ J I A c H20H = / °

H3C' "N" HgC N H3C N
Scheme 2.3

2.4.5 Quantum Yields of Product and Quinone Methide Formation

The quantum yield for formation of the methyl ether (Op) from o-hydroxybenzhydrol 

(133) in 1:1 CH3 OH/H2 O has been previously determined (Op= 0.46)^°’’̂ ^ using potassium 

ferrioxalate as a primary actinometric standard. This compound has been used as a 

secondary standard for the determination of Op of 182 from irradiation of 150 in 1:1 

CH3 OH/H2 O (pH 7), while the Op o f 184 from 151 was measured relative to the value 

obtained for 150 (Table 2.1). In both cases, integration obtained from ‘H NMR was utilized 

to calculate the relative conversions.

Nucleophilic attack by methanol on the quinone methide-type intermediates leads to
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formatioa o f the observed methyl ether products, while attack by water gives back starting 

material. Previous work by Diao^® determined that the relative proportion of quinone 

methide trapped by methanol in 1:1 CH3OH/H2O solutions is -0.8. Utilizing this 

relationship (Eq. 2.3) allows for an estimate of the quantum yield o f quinone methide 

formation (Oqm) (Table 2.1).

(Dp = Oqm X 0.8 (2.3)

Table 2.1 Quantum Yields o f Methano lysis Products and Quinone Methides 
from Irradiation o f 150 and 151 in 1:1 CH3 OU/H 2 O

Product Estimated

182 0.18 ± 0 . 0 2 0.23

184 0 . 2 1  ± 0 . 0 2 0.26
Interestingly, Op for irradiation of 151 is less than half that obtained for irradiation 

of 133. This may be attributed to the electron-withdrawing nature o f the pyridine nitrogen 

reducing the electron-donating effect o f the excited state phenolate which has been shown 

to be required for quinone methide formation in similar systems (Section 1.6.5.3).'^^''°--^^

OH OH OH OH
Ph

Ph Ph

133 189

The slightly higher d>p obtained from irradiation o f 151 (compared to 150) can be 

attributed to enhancement o f the reaction efficiency by the additional phenyl group. A 

similar effect has been observed by Diao etal?^^ for photomethanolysis of 133 and 189 when 

compared to the compounds without the a-phenyl group.
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2.5 Laser Flash Photolysis (LFP)

Previous work on the hydroxybenzyl alcohols has indicated that the respective 

quinone methides are formed in high yield and exhibit strong signals in LFP 

experiments.^°*’̂ °̂ ’̂ ® In order to provide further evidence of quinone methide formation upon 

photolysis o f  150, LFP studies were carried out with either 266 nm or 308 nm excitation. 

Experiments were conducted on 151 and 152, rather than 150, as the a-aryl substituents are 

expected to increase the conjugation and stability o f the corresponding photogenerated 

quinone methides. Solutions were purged with N; or 0% prior to, and during all experiments 

involving the flow cell, while solutions in static cells were only purged prior to irradiation.

2.5.1 Transient Generation and pH Effect

LFP o f 151 in pH 12 aqueous solution (in the phenolate form) gave two strong bands 

at 370 nm and 430 nm, each consisting o f a long-lived single exponential decay (x ~ 2ms) 

to an even longer lived residual decay (< 10%) (Fig. 2.9). Due to the similarities in lifetime, 

these two bands are believed to arise from the same transient species. LFP of the 

zwitterionic form o f 151 in pH 7 aqueous solution also yielded peaks at 370 and 430 nm, 

however, the relative intensities were reversed and both signals were weaker compared to 

the work in alkaline solution. Each o f  these bands was found to consist o f two single 

exponential decays (x - 2 0 0  ps and - 1 0  ms), indicating that two species with overlapping 

absorption spectra are formed upon excitation of 151 under these conditions (the relative 

proportions at each wavelength have not been determined). The true extent o f  the 370 nm 

band in both solutions is masked due to bleaching below 350 run, caused by absorption o f
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ground state 151. Upon irradiation in acidic solution (pH 1), the lower band shifts below 350 

nm (t  = 4 ps and 50 ps) and the 430 nm band disappears.

0.08

0.06

0.04

0.02

- 0.02
350 400 450 550 600500 650 700

X (nm)

Fig. 2.9 Transient Absorption Spectra Observed for 151 
(X„ =  308 nm excitation, 100% HjO, purged with O2 , 1.2 ps after excitation)

pH 1 (■), pH 7 (♦) and pH 12 (•)

Transient absorption spectra, similar to those obtained from 151, were also observed

from LFP studies o f 152 at pH's 1, 7 and 13. The lifetimes o f the respective transients were

qualitatively the same as those obtained for 151 at pH 1 and 7. In the case of the pH 13 runs,

however, the observed lifetime of the 430 nm transient was reduced to -200 ps, presumably

as a result o f  increased quenching by the higher concentration o f hydroxide (0.1 M). All o f

these results are summarized in Table 2.2. Both 151 and 152 exhibit the same respective

AAmax, and transient lifetimes upon photolysis in N 2  or O2  purged solutions, implying that
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formation o f these intermediates most likely occurs through the singlet manifold.

Table 2.2 pH Effects on the Absorption Maxima and Lifetimes for 
Transients Observed in LFP Experiments for 151 and 152 in 100% H 2 O

pH 151 (Xmax, T) 152 ( X ^  t )

1 (0.1 M H Cl) 350, -4  ps and < 50 ps 350, -4  ps and < 50 ps

7 370 and 430 nm. 370 and 430 run.
- 2 0 0  ps and > 1 0  ms -150 ps and > 10 ms

12 (0.01 M NaOH) 370 and 430 nm -2  ms /

13 (0.1 M NaOH) / 370 and 430 run, -200 ps

2.5.2 Quenching Studies

Experiments on 151 and 152 in neutral solution (pH 7) showed no quenching effect 

on either band (370 or 430 nm) with the addition o f up to 3 M  CH 3 OH or up to 0.5 M 

bromide (in the form o f NaBr). In hindsight, this result is expected. The fact that these 

transients are observed in 100% H 2 O (55 M), which can itself react as a nucleophile, is 

indicative o f their relative stabihty. The Hfetime of the transient is only reduced by a factor 

of ~5 in pH 12 solutions (0.0IM NaOH), even though hydroxide is a much better 

nucleophile than both methanol ( - 1 x 1 0  ̂times more reactive) or bromide ( - 1 0  times more 

reactive). Studies using the more nucleophiUc ethanolamine as a quencher could not be 

conducted on 151 in aqueous solutions at pH 7 (0.01 M phosphate buffer), as the basic nature 

of the quencher affected the pH o f the system, and resulted in the formation o f the phenolate.

Further investigations using ethanolamine as a quencher were conducted in aqueous 

solutions at pH 12.75 where changes in pH due to the amine were negligible and the 

phenolate was the only form o f 151 present (as evidenced by UV-Vis spectra). Significant
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quenching was observed in the absorption bands at both 370 and 430 nm (on a 10 ps/div. 

time scale) upon addition o f  small amounts o f ethanolamine (0.13 M) (Fig. 2.10). A plot of 

kobs vs. [ethanolamine] gave a straight line at low concentration o f  the quencher, with a kq 

value o f -5  x lO"* M‘‘ s ' for both bands (370 and 430 nm). Thus, it appears that the species 

being quenched at 370 and 430 nm arise from the same transient. The long-lived residual 

transient observed at both wavelengths is still present, even in solutions of 2.7 M 

ethanolamine. Similarly, the fast decay observed upon addition o f  ethanolamine (x ~2 ps) 

(Fig. 2.10) is constant at all quencher concentrations. This indicates that these species are not 

electrophilic in nature and cannot be quinone methides.
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Fig. 2.10 Quenching o f the 430 nm Transient from 151 in 
pH 12.75 Aqueous Solution (Normalized - AA^ax.) - 

(a) 0.13 M, (b) 0.27 M, (c) 0.54 M, (d) 0.81 M, (e) 1.35 M and (f) 2.7 M Ethanolamine. 
Inset; Plot o f lq,bs vs. [ethanolamine] - 370 nm (A), 430 nm (♦)
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2.5.3 Assignment of Transients

The lack o f  oxygen quenching on the transients in LFP, as well as the observed 

reaction with nucleophiles in the quenching studies, suggests that the transient signals 

observed upon photolysis o f 151 and 152 arise from either a carbocation (e.g., 190) or a 

quinone methide-type intermediate (e.g., 191). Although the carbocation pathway has been 

ruled out as a possible intermediate leading to products in the photolysis studies, this does 

not preclude its observation as a transient in LFP studies. The intermediacy of such a species 

can, however, be discounted based upon the lifetimes o f  the observed transients.

HO

H,C
190 191

Extensive studies by several groups have shown that it is possible to generate di- and 

triarylmethyl carbocations upon photolysis o f fluorenols^^'^^, xanthenols^^-^^’̂ '* and related 

systems.^^®’̂ ^ The hfetimes o f the diaryl intermediates (1:4 CH3CN/H2O - without added 

nucleophiles) are typically in the pico- to nanosecond range, while the triaryl systems can 

live longer. In many cases, the lifetime of the photogenerated cation is so short that 

nanosecond LFP experiments must be conducted in non-nucleophilic solvents such as 2,2,2- 

trifluoroethanol in order to be observed. For example, the carbocation generated upon 

photolysis o f w-hydroxyfluorenol by Fischer et a l?^  was not observable at all in nanosecond 

LFP experiments, due to its short lifetime. In the pyridoxine systems the electron 

withdrawing nature o f  the pyridine nitrogen would be expected to yield an even shorter
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lifetime for the cation than that observed for the similar diaryl systems. However, the 

transients generated upon photolysis o f 151 and 152 are quite long lived, being in the 

millisecond range at pH's 7 and 12 and the ps range at pH 1, suggesting an enhanced stability 

o f the intermediates over that o f  a simple cation. Based upon these lifetime arguments, the 

possibility of the transient signals from 151 and 152 arising from a carbocation is ruled out. 

Similar arguments have been used by Diao and co-workers^°‘’“ ® and Fischer et a l?^  to assign 

the long-lived transients formed upon irradiation o f o- and ^^-hydroxybenzyl alcohol 

derivatives to the respective quinone methides.

The single transient species observed at 370 and 430 nm in alkaline solution has been 

assigned to quinone methide-type intermediate 191, generated from excitation o f the 

phenolate form o f 151 (the only form present at pH 12, as evidenced by UV-Vis spectra). 

This assignment is based upon the long lifetime o f the transient and its similarity to the 

observed absorption spectrum o f the o-quinone methide (450 nm, t ~ 10s) derived from o- 

hydroxybenzhydrol (133).^°'-^® Further evidence for this assigrunent comes from the 

observed quenching lifetimes in alkaline solution by added ethanolamine.

The LFP studies at neutral pH implicate the existence o f the same quinone methide- 

type intermediate through the appearance o f long-lived absorptions at 370 and 430 nm. In 

this case, however, 191 must arise from excitation o f the neutral form o f 151, as the 

phenolate does not exist at pH 7. As mentioned above, two transients appear to be 

overlapped in this region, based upon the observation o f two mono-exponential decays at 

both wavelengths (r  -200 ps and > 10 ms). The longer of these lifetimes is consistent with
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the formation o f  191 in neutral solution, where it is expected to react more slowly than in 

alkaline solution (t  ~2 ms v .̂ >10 ms). The decreased transient yield at neutral pH, 

compared to that at pH 12 (the O.D.'s were matched at the excitation wavelength) provides 

fiirther evidence for 191. Quinone methide formation from the similar hydroxybenzyl 

alcohols and hydroxybenzhydrols has been shown to increase significantly at high pH, due 

to electron donation from the excited state phenolate aiding in dehydroxylation. '9 9 -2 0 2 . 2 2 6

H,C

The long lived species at observed at 370 and 430 nm in neutral solution can be 

assigned to 191 based upon the above reasons, however, it is not entirely responsible for 

observed reactivity at this pH. The parent compound 150 has been shown to exist mainly 

as the zwitterionic form (150b) in neutral solution,^'^ and it seems reasonable that this is also 

the case for 151. Excitation o f the zwitterionic form o f 151 is not expected to give 191, as 

the pyridine nitrogen becomes more basic in the excited state (e.g., protonated quinolines)' 

and hence, does not lose the proton upon excitation. Although formation o f 191 is not 

possible from the zwitterion, the product studies of 150 and 151 with EVE provide strong 

evidence for the existence of a quinone methide-type intermediate at neutral pH, through the 

formation o f  the respective chroman systems. The only such intermediate that can be formed 

upon irradiation o f the zwitterion is 192, the protonated form o f 191. The lifetime of 192,
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would be expected to be reasonably short, even in neutral pH, due to the large electron- 

withdrawing ability of the protonated pyridine nitrogen. As such, the short lived transient 

observed at 370 and 430 nm is tentatively assigned to the quinone methide-type intermediate 

192. Unfortunately, the lack of observed quenching by methanol or bromide, o f the long or 

short lived species precludes a more definitive assignment at this pH.

One observation does add further support for the existence of 192. UV-Vis studies 

on the pyridoxine systems has shown that the protonated form o f the ground state progenitor 

is blue shifted significantly firom the neutral form. Thus, 192 would be expected to have an 

absorption maximum 30-40 nm further in the blue region o f  the spectrum than 191. Due to 

absorption by ground state 151, it is impossible to accurately determine the existence of any 

absorption bands below 350 nm. However, the increase in the intensity o f the 370 nm band 

relative to the 430 nm between irradiation o f 151 at pH 12 and pH 7 implicates that the 

absorption maximum of 192 is blue shiflied relative to 191.

Formation o f the quinone methide-type intermediate 192 is also a possibility at low 

pH, based upon the ability o f the phenol to deprotonate in even strongly acidic media (pK(S, 

= -2.2'). In this case, the fully protonated form of 151 would be the species being excited. 

However, not enough evidence has been acquired to differentiate between the suspected 

quinone methide and the cation at this pH. Assuming that 192 is formed in acidic solution 

upon irradiation o f 151, the reduced lifetime observed in LFP can be attributed to the strong 

electron-withdrawing effect of the protonated nitrogen making the intermediate more 

reactive.
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2.7 M echanism of Reaction

From the product studies and LFP data, it is apparent that photolysis in aqueous 

solution at neutral and high pH results in the formation o f at least one quinone methide-type 

intermediate via the singlet manifold from each o f 150-152. The formation o f these 

intermediates necessarily requires the formal loss o f water in the excited state. Two possible 

pathways are available for this to occur - ESPT to solvent, with loss of hydroxide, and 

ESIPT from the phenol to the benzyhc alcohol, with subsequent or concerted loss o f water.

In alkaline solution, the distinction between these two pathways is irrelevant, as there 

is no proton available for transfer to either solvent or the alcohol from the phenolate. In this 

case, it can be assumed that dehydroxylation to give the quinone methide-type intermediate 

is aided by the electron-donating ability o f the excited state phenolate (Scheme 2.4 - shown 

for 150), as has been suggested for irradiation o f  the hydroxybenzyl alcohols and 

hydroxybenzhydrols in alkaline s o l u t i o n . A s  pyridoxine (150) has been shown to 

exist mainly as the zwitterion (150b, Eq. 2.2) at pH 7, it is likely that reaction o f 150-152 in 

neutral solution to yield the suspected protonated quinone methides (e.g., 192 or the 

equivalent from 150 - 193) also occurs via this pathway (Scheme 2.4).

ESPT to solvent from the neutral molecule is implied by the work at high pH through 

the increased yield upon irradiation o f the phenolate. However, this does not rule out ESIPT 

between the phenol and the benzylic alcohol, due to their close proximity (Scheme 2.5 - 

shown for 150). Wan and Chak'®’ have proposed that ESIPT between these functionalities 

is actually responsible for the increased reactivity of o-hydroxybenzyl alcohol (128) 

compared to respective m- and p-systems, where such a transfer cannot occur.
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Evidence for an ESIPT assisted process comes from studies o f the photomethano lysis 

o f hydroxybiphenyl alcohols (Section 3.3.2.1) in solutions of different pH's (1:1 

CH3 OH/H2 O). The yield o f 182 increases by -4 x  from irradiation o f 150 in pH 7 solution 

to irradiation at pH 1, while the yield o f the respective methano lysis product from excitation 

o f 160 at pH 1 (in the same solvent system) is essentially the same as at pH 7. This indicates 

that the pK^ o f  the protonated benzyhc alcohol in the biphenyl system is below pH 1 in the 

excited state, and thus dehydroxylation is not catalyzed by solvent. The enhancement in the 

yield o f 182 may arise from protonation o f the benzylic alcohol by a source other than 

solvent. This imphcates proton transfer from the phenol which is known to have an excited 

state pKa o f  -2 .2 .

Alkaline Solution

CH^OH
CHgOH

hv

H3 C ' 'N '
150c

CHjOH

H3 C ' 'N '

CH
CH,OH

H,C
167

Neutral Solution - Zwitterion
CH,OH

hv

H

COH

150b

CHgOH

Scheme 2.4

CH.
CH,OH

H,C
H

193
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Neutral Solution. Neutral Compound

CHgOH
HO

H3 C ' 'N

CHgOH

Jtv^
ESPT

CHgOH

H3 C ' N

-OH-
CH,

150

CH3 OH

CHgOH
-H,0

H3 C "N
167

Scheme 2.5

The hydrogen-bonding interaction may also explain the observed lack of 

photomethano lysis products from the m-quinone methide. Previous work has shown the 

quantum yield o f /«-quinone methide formation is significant relative to the respective o- 

quinone methide (e.g., (Dp= 0.46 from 133 and 0.40 from 134).̂ ^® Although the correct 

fimctionalities are present for formation o f both species from 150, it appears that the o- 

quinone methide is the only one formed. The simplest explanation is that the phenolate is 

better able to donate electrons to the position ortho to itself than to the position meta, (as it 

can form a Kekulé resonance structure). Alternatively, a hydrogen-bonding interaction 

between the phenol and the ortho alcohol could preclude /«-quinone methide formation 

through ESIPT, at least in cases where the proton is available for transfer.

2.8 Sum m ary and Conclusions

Through product studies and LFP studies, the formation of reactive quinone methide- 

type intermediates has been shown to occur upon irradiation of Vitamin Bg and some 

derivatives in aqueous solution at pH 7. While formation o f a neutral quinone methide-type
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intermediate has been shown in neutral and alkaline aqueous solution, the possibility remains 

that a second such intermediate, protonated at the pyridine nitrogen, also exists.

Quinone methides have been shown to be potent cancer causing agents in biological 

systems, due to their extremely electrophilic nature, and their ability to alkylate DNA and 

other biomolecules. Thus, the formation o f a similar reactive intermediate under essentially 

physiological conditions may explain some o f the toxicological effects linked to the intake 

o f large doses o f this biologically relevant molecule. Previous studies^'^ have suggested in 

vivo formation o f a  quinone methide-type intermediate firom 150 can occur thermally, via 

interaction with an enzyme which deprotonates the phenol, thus allowing for 

dehydroxylation. This work provides evidence o f an alternative route to the same quinone 

methide, requiring only light to proceed.
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Chapter 3

Photogeneration of Quinone Methides and Carbocations from 

Hydroxybiphenyl Alkenes and Alcohols

3.1 Introduction

Studies by Yates and co-workers®*’®̂ have shown the photohydration of o- 

hydroxystyrenes and acetylenes (e.g., 48 and 49) via ESIPT, through the intermediacy of an 

o-quinone methide (Section 1.4.2.1). Product studies provided evidence for ESIPT, as the 

yield o f the photohydration product decreased significantly in alkaline solution, where there 

is no proton available to transfer upon excitation.

Ph Ph PhOHOH
CH, CH. CH CH.

OH OCH.4948 55 57

More recent studies by Foster et have expanded upon this initial work using o- 

hydroxy-a-phenylstyrene (54). Product studies on 54 in aqueous CH3 CN showed formation 

o f the respective photohydration product, suggestive o f an o-quinone methide intermediate. 

This was confirmed by the existence o f a long-lived intermediate in LFP experiments on 154 

which has been attributed to 57. The fact that this transient is observed in both aqueous and 

neat CH 3 CN indicates that solvent is not required for the proton transfer to occur in the ortho 

systems. Although the related methoxy compound 55 also showed photohydration, the 

reaction was much less efficient and has been attributed to formation o f the respective 

carbocation.
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CH,

HO
56 104

Similar studies by Fischer and Wan^ ' (Section 1.5.2.1) have indicated that ESIPT 

also occurs over extended distances to yield quinone methides from m- and p- 

hydroxystyrenes (e.g., 56,104). Unlike 54, however, LFP and fluorescence experiments 

have shown that a  polar pro tic solvent is required to mediate the ESIPT process. 

Fluorescence quenching studies o f 56 showed a cubic dependence on water concentration, 

which was taken to indicate that a water trimer is necessary to mediate the proton transfer 

between the phenol and the aUcene in the excited state, to yield the m-quinone methide 194 

(Scheme 3.1). Similar to previous studies®^’®, only carbocation formation has been observed 

upon photolysis o f the respective methoxy compounds.

CH
HO

H
I

,o H 

H-O

H-_

194

Scheme 3.1

Wan and co-workers‘®®'̂ ’° have shown a simple and efficient route to quinone 

methides through photolysis of hydroxybenzyl alcohols and related systems (Section 

1.6.5.3). Consistent with the formation o f these intermediates, product studies on o-, m- and 

/^-hydroxybenzyl alcohols and related compounds in CH3 OH/H2 O have shown formation the 

respective methyl ethers through nucleophilic attack of methanol. Similarly, trapping studies
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with EVE showed regioselective formation o f the respective chroman product upon 

excitation o f o-hydroxybenzyl alcohol (128), through reaction with o-quinone methide 1 1 1 . 

Further evidence for the intermediacy o f quinone methides upon photolysis o f  these systems 

was obtained from LFP studies on the related hydroxybenzyhydrols, which showed the 

existence of long lived intermediates that were quenchable with nucleophiles. The proposed 

mechanism for this general reaction is ESPT from the phenol to solvent to yield the 

phenolate, followed by dehydroxylation (Scheme 3.2). Evidence for this pathway comes 

from the increased formation o f photomethano lysis products at high pH, where the phenolate 

is directly excited. It is believed that the phenolate assists in the dehydroxylation reaction, 

due to its strongly electron donating nature.

OH

hv
ESPT

-OH-

OH
Scheme 3.2

As a continuation o f  the studies on quinone methide formation from hydroxystyrenes, 

and as a test of the proposed solvent mediation, it is important to investigate ESIPT over 

even longer distances. This can be accompHshed through the synthesis and study of the 

hydroxybiphenyl alkenes 153 and 154. The quinone methides generated upon photolysis of 

these molecules and the corresponding hydroxybiphenyl alcohols are identical, although they 

arise via two different mechanisms. Thus, it is also pertinent to study the photochemistry 

o f 159 and 160.
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3.2 Synthesis and Materials

3.2.1 4,4' Substituted Biphenyl Systems

The methodologies utilized for synthesis o f the 4,4'-substituted biphenyl systems are 

shown in Scheme 3.3. Hydroxyphenylbenzophenone 195 was synthesized via addition of 

PhMgBr to 4'-hydroxy-4-biphenylcarbonitrile, followed by treatment with aqueous HCl 

(-10% ) and standard work-up (95% yield). All o f  the other 4-hydroxy and 4- 

methoxybiphenyl compounds were accessible from 195.

3.2.1.1 4-Hydroxy-Substituted Systems

Reaction o f 195 with CH^MgBr and treatment with aqueous HCl afforded 

hydroxybiphenyl alkene 153, as evidenced by the appearance o f  a doublet o f  doublets ( 8  5.44 

and 5 5.49 ppm) for the alkene protons in the *H NM R (Fig. 3.1). Recrystallization from hot 

ethanol gave pale brown needles in high yield (85%). Hydroxybiphenyl alcohol 159 was 

synthesized from 195 via the same reaction as 153, except that neutralization of the reaction 

was with NH 4 CI rather than aqueous HCl. The white powder obtained following removal 

o f solvent was recrystallized in hot toluene to give fine white needles in 8 8 % yield. This 

compound proved very sensitive to acid and readily converts to 153 in acidic media. In both 

cases, (HR)MS was consistent with the formation o f  the desired compounds.

4'-(4"-Hydroxyphenyl)-diphenylmethane (157) was synthesized in two steps from 

195. The first step involved reduction of 195 by sodium borohydride in water to give 196 

in almost quantitative yield (90%), following standard work-up. Irradiation o f a solution o f 

196 in aqueous acetonitrile with sodium borohydride for 1 hour (254 nm, 8  lamps) yielded 

157 after neutralization o f residual borohydride with aqueous HCl and standard work-up.
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Recrystallization from hot hexanes gave pale brown needles (7 3 %).

HO- ON

1) PhMgBr
2 ) H3 O+

HO
195 Ph

CH3 I/KOH

IlCHjLi 
2 ) H3 O*

H3 OVA

.CH.

Ph155

CH.
HO

Ph159

1)CH3MgBr
2 ) H3 O+

NaBH.

HO
y

153

= \  CH,

Ph

HO

196

hv/NaBH,

Ph

HO

Scheme 3.3
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3.0 2.0 1.0 0.0

Fig. 3.1 'H NMR (CDCI3) o f  153

3.2.1.2 4-Methoxy-Substituted Systems

Methoxypheayl benzophenone 197 was prepared by treatment o f 195 with KOH and 

CH3I in DMSO. Following work-up and recrystallization from ethanol, the desired product 

was isolated in 92% yield, as evidenced by the appearance o f a singlet at 5 3.86 ppm in the 

‘H NMR. Reaction of 197 with an excess of CH3 Li gave methoxybiphenyl alcohol 161 (‘H 

NMR - Fig. 3.2) in high yield (8 8 %) as fine white needles, after acidic work-up and 

recrystallization from hot toluene. Reflux of 161 in CH 3 CN/aqueous HCl led to formation 

o f methoxybiphenyl alkene 155, which was isolated as white crystalline flakes following 

recrystallization from 95% EtOH,.
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8.0 7.0 6.0 3.0 2.0
(ppm)

1.0 0.0

Fig. 3.2 ‘H NMR (CDCI3) o f 161

3.2.1.3 4 ’-Phenyl-l,l-diphenylethyIen« (158)

Synthesis o f the related biphenyl alkene 158 was required for both LFP and product 

studies. This was accomplished through a seri&s o f steps similar to those utilized to obtain 

153, starting with 4-biphenylcarbonitrile (Schieme 3.4). Addition o f PhMgBr to the 

carbonitrile resulted in formation o f 198, following quenching o f the reaction with aqueous 

HCl and standard work-up. Recrystallization in acetone/H2 0  gave a 77% yield of pale 

yellow crystalline plates. Unlike the synthesis o f  153, reaction o f 198 with CHjMgBr and 

acid work-up did not yield the desired alkene (L58), but 199 instead. This compound was 

isolated as yellow crystalline flakes in 85% y ield  from 198. Reflux of 199 in aqueous HCl
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was required to convert it to biphenyl alkene 158, which was recrystallized from hot 

methanol, following work-up and column chromatography (2 : 1  hexanesrethyl acetate) to 

remove residual starting material.

1 )PhMgBr

1) CHaMgBr
2 ) H3 O-

— \  / — \  /P*~*2 H3 OVA / = \  / = \  CHg

W z D - t r158 Ph '----  ̂199 ^ '  Ph
Scheme 3.4

3.2.2 3,4'-Substituted Biphenyl Systems

A different methodology was utilized for synthesis o f  the 3,4'-substituted biphenyl 

systems (Scheme 3.5). The key step in this synthetic scheme is creation of the biphenyl ring 

system through a Suzuki-type coupling.^^ The two organic compounds required for this 

reaction - 3-hydroxybenzophenone triflate and 4-methoxyphenylboronic acid - were prepared 

by reaction of 3-hydroxybenzophenone with triflic anhydride, and reaction between 4- 

CHjOPhMgBr (made from 4-bromoanisole) and trimethylborate, respectively. Reflux of 

these compounds under a N% atmosphere with a palladium catalyst (following the procedure 

o f  Morikawa^®) gave a 78% yield o f  200, after filtration and removal o f solvent. This 

molecule provided a starting point for the synthesis of all o f  the related compounds.

3.2.2.1 4-Hydroxy-Substituted Systems

Reflux o f200 in neat pyridine hydrochloride led to isolation o f201 (73%) following 

addition o f dilute HCl and extraction into CH2 CI2 . Formation of the desired product was
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shown by the lack o f methoxy signal observed in 200. Synthesis o f 160 and 154 was 

achieved by reaction o f  201 with CH^MgBr, and the subsequent reflux o f 160 (76% from 

201) in CHgCN/aqueous HCl. Hydroxybiphenyl alkene 154 was the only compound in the 

entire series that is an oil at room temperature (56% yield from 160). The identity o f both 

compounds was verified by HRMS and ‘H NMR (Fig. 3.3 - 160).

O

(CF 3 8 0 2 ) 2 0

HO

HO

HO

201

1) CHglVlgBr
2 ) H3 O-

H,C OH

H3 OVA

CH3 O

CH3 O

TfO

HO OH

PyrHCI

200

1) C H 3 M g B r
2 ) H3 O*

H,C OH

H3 O+/A

CH-O

1 5 4 Scheme 3.5
156
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Fig. 3.3 ‘H N M R (C D C l3)ofl60 

3.2.2.14-Methoxy-Substituted Systems

Reaction o f 200 with. CH^MgBr gave a 73% yield of 162 after standard work-up. 

Although 162 was isolated as an oil, it solidified over the course of several days. ‘H NMR 

and MS (Cl) suggest that this compound is pure, however all attempts at recrystallization 

have failed. Reflux o f 162 in CH^CN/aqueous HCl gave a mixture o f starting material and 

the desired product 156 (30:70). Purification vm column chromatography (4:1 hexaneszethyl 

acetate) gave 156 as a pale yellow solid which was recrystallized from 95% ethanol to yield 

fine white needles (8 8 %). The identity of 156 was verified by the appearance of a singlet at 

5 5.49 ppm in the ‘H NMR assigned to the alkene protons. (Fig. 3.4).
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3.2.3 2 ,3 -Substituted Biphenyl Systems
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Synthesis o f  the related 2,3'-substituted biphenyls was also undertaken, in the hopes 

of making the respective analogs of 153-156. Although 202 and 203 were synthesized in 

high yield as crystalline solids (8 8 % and 77%, respectively) via the methodology utilized for 

synthesis o f the 3,4'-biphenyl systems, removal of the methoxy group from 202 via reflux 

in pyridine HCl gave only insoluble material. Alternative synthetic routes to the hydroxy
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form o f 2 0 2  were abandoned when it was realized that electrocyclic ring closure would be 

expected to dominate reactivity in the hydroxy and methoxy alkenes, rather than ESIPT. 

3.2.4 C rystal Structures

The x-ray crystal structure (determined by Dr. D. Berg and Dr. B. Chak) of 195 

(Fig. 3.5) shows that it exists as a dimer with slight differences in bond lengths and angles 

in the two molecules. As would be expected, the two aryl rings in the biphenyl system are 

at an angle o f 38 ° to each other, rather than planar.

Fig. 3.5 X-ray (ORTEP) Crystal Structure of 195 

The x-ray structure o f203 (Fig. 3.6) contains a single molecule in the unit cell. As 

with 195, the phenyl rings in the respective biphenyl systems are not planar with respect to 

each other. In fact, these rings are almost perpendicular (81°), presumably due to 7i-stacking 

between the terminal aryl ring o f the biphenyl and the phenyl group o f the benzhydrol. The 

x-ray structure o f  153 (Fig. 3.7 - not publication quality) contains four molecules in the unit 

cell and has a dihedral angle between the phenyl rings o f 5°.
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Fig. 3.6 X-ray (ORTEP) Crystal Structure o f 203

0(4) g

0(6) 'v|
0(5)

0(3)

0 (2)

0 ( 1)

Fig. 3.7 X-ray (ORTEP) Crystal Structure o f 153
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3.3 Product Studies

Product studies were carried out as an indirect method o f  identifying any reactive 

intermediates formed upon photolysis o f the compounds under investigation. Studies on the 

hydroxy and methoxybiphenyl alkenes were conducted in solutions o f  CH3CN/H2O, while 

photolysis of the hydroxy and methoxybiphenyl alcohols were carried out CHjOH/HiO.

3.3.1 Photolysis of Hydroxybipheuyl Alkenes

Photolysis o f 153 (5 min, 300 nm, 8  lamps) and 154 (5 min, 254 nm, 8  lamps) in 2 : 1  

CHj CN/H2 O (v:v) gave the corresponding hydration products 159 and 160, in 24% and 72% 

yield, respectively (Eqs. 3.1 and 3.2). 'HNM Rofeachproduct was identical to the spectrum 

of th.e authentic material. Photolysis of the methoxy (phenol) substituted analogues (155 and 

156)» under the same conditions gave lower yields o f the respective photohydration products 

(161, 24%, 20 min; 162, 47%, 5 min) for the same (or longer) irradiation times. However, 

significant variation was observed in the yields of 161 and 162, depending upon water 

conc=entration (Section 3.3.1.1). As the hydroxy and methoxy groups have similar electronic 

effects, the lower yield o f products from 161 and 162 can be attributed to different reaction 

pathways for photohydration o f the hydroxy and methoxy biphenyl alkenes. Irradiation of 

158 -(5 min, 300 nm, 8  lamps) showed no conversion to the respective photohydration 

prodiict, suggesting that reaction requires an electron-donating group.

In all cases, irradiation under N2  or O2  purged conditions had no significant effect on 

the yield  o f product from either the hydroxy or the methoxy biphenyl alkenes, indicating that 

the photohydration reaction most likely occurs via the singlet manifold for both systems. 

Solutions left in the dark (no irradiation) showed no conversion to the respective
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photohydration products, suggesting that thermal reaction does not play a role in the 

observed chemistry.

CH, hv
Ph 2:1 CH3 CN/H 2 O

153 R = OH 
155 R = OCH3

159 R = OH 
161 R = OCH3

154 R = OH 
156 R = OCH3

R

hv

160 R = OH

(3.2)

162 R = OCH3

Prolonged photolysis o f 153 and 154 gave increasing yields o f  the respective 

photohydration products (Fig. 3.8). No evidence was found in the %  NMR spectra for the 

formation o f  secondary photoproducts in either system, even up to 80% conversion. This 

is evident in the almost linear dependence upon irradiation time exhibited up to -70%  

conversion for both systems. The slight deviation from linearity at conversions above this 

can be attributed to absorption by 159 or 160 becoming competitive.

Conversion o f  153 to 159 and 154 to 160 over time can be observed directly by UV- 

Vis spectrophotometry. Irradiation o f  153 in 1 : 1  CH3 CN/H2 O (300 nm, 4 lamps) for 30 

second and 1 minute intervals (up to a total time o f 17 minutes) yielded a time-resolved 

decay profile with well-defined isosbestic points (Fig. 3.9). A similar profile resulted upon 

irradiation o f 154 ( 1 : 1  CH 3 CN/H2 0 , 254 nm, 2  lamps) for 5 second intervals (Fig. 3.10). In 

both cases, conversion to the photohydration products 159 to 160 occurs smoothly, as 

evidenced by the uniform decrease o f starting material in both spectra.
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Fig. 3.8 Conversion o f 153 (•) and 154 (■) to 159 and 160 with Photolysis Time
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Fig. 3.9 Absorption Spectrum of 153 Showing Conversion to 159 with Increasing 
Irradiation Time (0 - 1020 s, 300 nm, 4 lamps) in 1:1 CH3 CN/H 2 O
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Fig. 3.10 Absorption Spectrum o f 154 Showing Conversion to 160 with Increasing 
Irradiation Time (0 - 170 s, 254 nm, 2 lamps) in 1:1 CH3 CN/H2 O

3.3.1.1 Implications Regarding Intermediates and Mechanism

The photohydration studies on 153 and 154 are compatible with the reaction of 

electrophilic intermediates such as quinone methides or carbocations. As mentioned above, 

the observed decrease in yield o f the photohydration products from irradiation o f 155 and 

156 compared to irradiation of 153 and 154 under the same conditions, indicates that two 

separate mechanisms for photohydration are at work. It is impossible for either 155 or 156 

to form a quinone methide, due to the presence o f the methoxy moiety. Hence, the observed 

photohydration reactions must take place via another reactive intermediate, with the most 

likely candidates being the respective carbocations 204 and 206. This is consistent with the 

expected formation o f quinone methides 205 and 207 from the hydroxybiphenyl alkenes.
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Further evidence for these two types o f intermediates C204, 206 and 205, 207) in the 

photohydration of the hydroxy and methoxy biphenyl altetenes was obtained from product 

studies in varying water concentration, while evidence for tOie mechanism o f reaction to yield 

these species comes from product studies in solutions at different pH’s.

CH3 O

CH„0

206 207

3.3.1.2 W ater Dependence

Product studies were conducted to determine if  watzer concentration in CHjCN/HjO 

solutions has an effect on the relative yield o f products (Talble 3.1). Irradiation of 153 (300 

nm, 8  lamps, 5 min) in solutions o f varying water content sHiowed little diSerence (< 3%) in 

the yield o f 159 across the range o f concentrations studie=d (5.5 M  - 27.5 M). Similarly, 

irradiation of 154 (254 nm, 8  lamps, 1.5 min) exhibited co#nstant yields (within error from 

the NMR integrations) o f 160 at all water concentrations. A  rmarked difference was observed 

in studies on the methoxybiphenyl alkenes, where the yiezlds o f photohydration products 

depended greatly upon water concentration. A significant imcrease in formation of 161 was 

observed upon irradiation o f  155 (same conditions as 153S) in solutions ranging in water 

concentration from 5.5 M  to 18.3 M. Likewise, irradiation o f  156 under the same conditions 

as 154 showed a large range in the yield o f 162 (0 - 33%)#. These results provide further 

evidence that photohydration o f  the hydroxybiphenyl allcenes proceeds via a different
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pathway to photohydration o f  the methoxybiphenyl alkenes. This type o f water dependence 

has previously been observed by Wan and Chak'^^ in their studies on the formation of 

carbocations from methoxybenzyl alcohols (e.g., 129). They have proposed that solvent 

polarity plays an important role in facilitating the photoionization required for formation of 

the carbocations.

Table 3.1 Yield o f Photohydration Products from Hydroxy and Methoxybiphenyl 
Alkenes in CH3CN Solutions o f Varying HjO Content

Compound
Irradiated

Product 27.5 M  H 2 O 
(% Yield)

18.3 M H 2 O 
(% Yield)

1 1  M H 2 O 
(% Yield)

5.5 M H2 O 
(% Yield)

153=̂ 159 24 26 25 27

155“ 161 35 14 8 0

154" 160 17 16 15 17

156" 162 Insoluble 1 1 9 0

Irradiated 1.5 minutes, 254 nm, 8  lamps.
Irradiated 5 minutes, 300 nm, 8  lamps.

3.3.1.3 pH  Dependence

Product studies were carried out across a range o f  pH's (determined in the aqueous 

portion prior to mixing) in 2:1 CH3CN/H2O solutions (Fig. 3.11). The yield of 

photohydration products from irradiation o f 153 and 154 both decreased (154 drops 

significantly) in solutions with a pH above 9, where the ground state phenols are expected 

to deprotonate. Studies by Yates and co-workers®* have shown, for o-hydroxystyrene (48) 

and the related acetylene 49, that ESIPT does not occur from excitation o f the phenolate. 

Thus, the observed decrease in  photohydration products at high pH for both systems is 

consistent with a formal ESIPT process between the phenol and the alkene (to yield 205 and
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207, respectively), where the phenolic proton is required for reaction. The observed increase 

in product yield at low pH has also been reported by these authors.®* It is believed that this 

results from protonation o f  the alkene in the excited state, due to its increased basicity upon 

photolysis. In agreement with the water dependence studies, irradiation of 153 in 1 : 1  

CH3CN/H2O (pH's 1-12) gave the same conversions to 159 as were obtained in 2 : 1  solutions.
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Fig. 3.11 pH Dependence o f Photohydration Product Yield 
from Photolysis o f 153 (♦) and 154 (■) in 2:1 CH3CN/H2O

Product studies on the methoxybiphenyl alkenes (155 and 156) showed essentially 

no change in yield upon irradiation across the range o f pH’s from ? - 12 (12% ±3%  for both 

compounds). These results further confirm the proposed involvement o f the phenol proton 

in reaction from the hydroxybiphenyl alkenes, and the theory that photohydration of the 

methoxy and hydroxybiphenyl alkenes occurs through separate reaction pathways.
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3.3.2 Photolysis of Hydroxybiphenyl Alcohols in Aqueous Methanol

Based upon the previous work by our group, 1 9 9 -2 0 3 ^0 5 -2 0 7 ^0 9 ^to quinone methide 

formation was expected to occur upon irradiation of 159 and 160 via an ESPT mechanism, 

rather than ESIPT, as is proposed for the hydroxybiphenyl alkenes. As trapping of the 

respective quinone methides with water would only lead to starting material, methanol was 

used instead, to yield the respective methyl ethers 208 and 210 (Eqs. 3.3 and 3.4).

Irradiation o f 159 in 1:1 CH3 OH/H 2 O (254 nm, 10 min.) gave 208 in 15 % yield. 

Similarly, photolysis of 160 showed 40% conversion to 210 after 10 minutes irradiation. 

The identity of both products (208 and 210) was confirmed by %  NMR and MS, following 

isolation by prep TLC (3:1 hexanes:ethyl acetate).

CH,
(-o'
Ph

-(-OH hv
P h  1 : 1 C H 3 0 H / H 2 '

159 R = OH
161 R = OCH.

208 R = OH
209 R = OCH3

RR
H,C OCH

hv
1:1 CH,0H/H,0

160 R = OH 210R = OH

(3.4)

162 R = OCH, 211 R = OCH.

Prolonged irradiation o f both 159 and 160 gave increasing yields o f the respective 

photomethano lysis products, with no evidence of any secondary photoproducts (Fig. 3.12). 

As with the hydroxybiphenyl alkenes, the plots of conversion vs. irradiation tim e are not 

linear, due to increasing absorption o f the products as they are formed in greater amounts. 

The effect is much more pronounced in these systems, however, as the chromophores o f the 

starting materials and the respective products are identical.
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Fig. 3.12 Conversion o f 159 (A) and 160 (■) in 1:1 CH3 OH/H2 O 
to Methyl Ethers 208 and 210 with Photolysis Time

Similar product studies carried out on 159 in 1:1 CH3OH/CH3CN also gave the

methyl ether 208, but in much lower yield than the corresponding irradiation in CH3 OH/H2 O

(e.g., 24% with 16 lamps compared to 52% with 8  lamps for the same amount o f time). This

significant decrease in reactivity provides evidence for the suspected ESPT process, as it is

consistent with studies which suggest that ESPT to methanol clusters is an unlikely

occurrence (Section 1.2.2),"**^

As with the product studies on the hydroxybiphenyl alkenes, formation o f the

photomethano lysis products (through nucleophihc attack by methanol) are consistent with

formation o f  quinone methide intermediates 205 and 207. Unlike the alkene systems,

however, formation o f the respective carbocations 204 and 206 firom irradiation of the
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methoxy compounds 161 and 162 is negligible. This is evidenced by product studies which 

showed httle or no conversion to the corresponding methyl ethers (209 and 211) upon 

irradiation under conditions identical to the parent hydroxybiphenyl alcohols. The yield of 

209 from 161 was found to be -5%  after 30 minutes irradiation (compared to 26% of 208 

from irradiation o f  159), while photolysis o f 162 showed no formation o f 211 at all after 10 

minutes (where 160 had conversions to 210 in excess o f 40%). These results imply that the 

phenol proton is vital for formation o f the reactive intermediates which lead to product.

In all cases studied, the yield o f products was constant between runs in solutions 

purged with O; and solutions purged with N;, indicating, as for the biphenyl alkenes, that 

reaction to yield the photosolvolysis products most likely occurs through the singlet state. 

No products were formed from solutions which were not irradiated.

3.3.2.1 pH  Dependence

Photolysis studies on the hydroxybiphenyl alcohols 159 and 160 across a range of 

pH's provides important information about the mechanism o f quinone methide formation 

from these systems. Unlike the respective hydroxybiphenyl alkenes 153 and 155, where the 

yield o f  photosolvolysis products decreased in alkaline solution due to irradiation o f the 

phenolate, photolysis o f  159 and 160 in solutions o f 1 : 1  CH3 OH/H 2 O at pH > 9 gave an 

increase in the respective yields o f 208 and 210 (Fig. 3.13). The fact that the yield of 210 

from 160 does not significantly change in acidic media indicates that formation of the 

quinone methide is occurring by the same mechanism as at pH 7. Although there is an . 

increased proton concentration, it does not appear to significantly catalyze the 

dehydroxylation reaction required for formation of the reactive intermediate, thus indicating
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that the excited state pK^ o f  the protonated benzylic alcohol is below pH 1. Interestingly, 

while the yield o f 210 from 160 only increases slightly below pH 7, irradiation o f solutions 

o f 159 under the same conditions results in a significant increase in the yield o f 208. This 

is attributed to the formation o f 153 from 159 in the ground state (due to thermal dehydration 

- Section 3.2.1.1) which forms quinone methide 205 more efficiently than 159 upon 

excitation (Section 3.4).
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Fig. 3.13 pH Dependence o f Methyl Ether Yield from 
Photolysis o f 159 (♦) and 160 (■) in 1:1 CHjOH/HjO

The increase in product formation in alkaline solution is consistent with the previous 

proposal by Wan and co-workers^°°'^“  that the excited state phenolate (formed either through 

direct excitation o f the phenolate, or by ESPT to solvent from excitation o f  phenol) is 

required for quinone methide formation. Irradiation o f the alcohols in alkaline solution
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results in more efficient formation o f the excited state phenolate, as it does not require ESPT. 

It is beheved that this species aids in dehydroxylation due to its significant electron-donating 

abihty. The importance o f  the phenolate to reaction is further emphasized by the product 

studies on 161 and 162 (vide supra). In these systems, where the phenolate cannot be 

formed, dehydroxylation (to yield the respective carbocations) does not occur. Presumably 

the electron-donating ability o f the methoxy group is not enough to allow reaction.

3.4 Product Q uantum  Yields

The product quantum yields for photohydration of the hydroxybiphenyl alkene 153 

and methoxybiphenyl alkene 156 have been determined using potassium ferrioxalate 

actinometry, as described in the Experimental (Section 4.5). Values for the photohydration 

o f 154 and 155 were determined relative to the absolute yields for 153 and 156, using 

integration from ‘H NMR to compare the relative conversions.

Table 3.2 Quantum Yields o f Photohydration Products from Irradiation 
o f Hydroxybiphenyl Alkenes in CH3CN/H2O

Compound Compound C>P
153 ( 1 : 1  CH 3 CN/H 2 O) 0.013 ± 0.005' 154 (1:1 CH3 CN/H2 O) 0 . 1  0 .0 2 ':

(2 : 1  CH3 CN/H2 O) 0 . 1 1  ± 0 .0 2 '*

155 ( 1 : 1  CH3 CN/H 2 O) -0.008’’ 156(1:1 CH3 CN/H2 O) 0.125 ± 0 .005“
(2:1 CH3 CN/H2 O) 0.05 ±  0.02=

From potassium ferrioxalate actinometry.
^  Using Op for photohydration o f 153’’ (1:1 CH3CN/H2O), 156'’ (1:1 CH3CN/H2O) or 156'’ 
(2:1 CH3CN/H2O) as a secondary standard.

The significantly larger quantum yields observed for 154 and 156 compared to 153

and 155, respectively, are consistent with the “ortho-meta” effect observed by Zimmerman
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and Sandel"^, and others (Section -phe lower Op for photohydration

o f 154 compared to 56 (Op = 0.22)"'* is compatible with the increased distance over which 

the proposed formal ESIPT must occur.

The quantum yields for photomethanolysis o f 134 and 135 have been previously 

determined^^® to be 0.19 and 0.40 respectively. This reaction has been used as a secondary 

actinometric standard for determining Op for photomethanolysis o f 159 and 160. Integration 

from NMR was used to determine the relative yields o f  product. Due to the large 

difference in Op between 159 and 135, and the inherent error in NMR, the value obtained 

for 159 is only approximate. Here again, the significant difference in Op between 159 and 

160 can be cited as an example o f the “ortho-meta” effect.

OH OH
HO

134 135

Table 3.3 Quantum Yields o f Photomethanolysis Products from Irradiation 
o f  Hydroxybiphenyl Alcohols in CH3OH/H2O

Compound

159 -0.04“ -0.05

160 0 . 2 2  ±  0 .0 2 ® -0.28

Using Op for photomethanolysis o f 135“ (Op =  0.19)“ ® or 134® (Op = 0.40)“ ® as secondary 
standards.

Formation o f the respective quinone methides from 153 and 154 can be considered 

an irreversible process, due to the slow deprotonation o f carbon acids. Assuming that these 

intermediates preferentially react with water, rather than the ground state progenitor (which
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is present in very low concentrations compared to water (< Ix 10'  ̂M v̂ . 18 - 27 M), the 

quantum yields obtained for the photohydration o f  153 and 154 can also be considered an 

accurate reflection o f  the quantum yield o f  quinone methide formation (Oqm). Similar 

arguments can be applied to the relationship between Oca„on and Op for the photohydration 

of the methoxybiphenyl alkenes in aqueous CH3CN where water is the only possible 

nucleophile. Contrarily, the quantum yield for photomethanolysis o f the hydroxybiphenyl 

alcohols carmot be used as a direct indicator o f  Oq^- In this case, the quinone methide 

formed upon irradiation o f 159 or 160 can be attacked by either methanol or water, with 

water leading back to the starting material. As mentioned in Chapter 2, the partition factor 

for this reaction in 1:1 CH3OH/H2O has been determined to be -0.8^® for attack by 

methanol. Thus, the estimated values o f  Oqm are larger than the observed values o f Op for 

this reaction.

3.5 Fluorescence Studies

The photophysical properties (Of, x, excitation and emission spectra) o f153-162 have 

been determined in neat acetonitrile. Fluorescence quenching studies were carried out in 

CH3CN/H2O solutions to gain understanding o f  the excited state reactivity of these systems.

3.5.1 Steady State Fluorescence, Fluorescence Lifetimes and Quantum  Yields

The excitation spectra of 154 and 156 are identical, as expected for molecules with 

the same chromophore (Fig. 3.14). Dissimilarities are seen in the emission spectra, however, 

where it appears that two bands are present with difierent intensities, depending on whether 

there is a hydroxy or methoxy group present. Upon addition o f water, the higher energy
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emission band from 156 becomes less intense than the lower energy band (Section 3.5.2.1). 

Similar results are observed in the excitation and emission spectra o f 153 and 155 (Fig. 3.15), 

where 153 exhibits an intensity change, rather than 155, upon addition o f water

The respective excitation and emission spectra o f 159 and 161 are identical to each 

other, as well as being very similar to the spectra from 160 and 162 (Fig. 3.16 for 159 and 

160 - shown at different intensities for comparison). As electronic c o m m u n ic a tio n  is not 

possible between the biphenyl chromophore and the benzylic alcohol moiety in either the 

meta or para  substituted hydroxybiphenyl alcohols, this can be attributed to excitation and 

emission from the biphenyl chromophore, which is the same in either set of compounds. A ll  

of the photophysical properties determined for these compounds are listed in Table 3.4

200 240 280 320 360 400
X (nm)

440 480 520

Fig. 3.14 Excitation and Emission Spectra o f 154 and 156 (Normalized) - 
Excitation: (a) 156; Emission: (b) 156, (c) 154
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Fig. 3.15 Excitation and Emission Spectra o f  153 and 155 (Normalized) - 
Excitation: (a) 153; Emission: (b) 155, (c) 153

200 240 280 320 
X (nm)

360 400 440

Fig. 3.16 Excitation and Emission Spectra for 159 and 160 (Normalized) - 
Excitation: (a) 160, (b) 159; Emission: (c) 160, (d) 159
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Table 3.4 Summary o f  Photophysical Data for 153-162

Compound ^ ( n m ) Effect o f  H 2 O 0 ^ Tr(ns)^

153 295, 361-369 shifts to 376 nm 0.61 ± 0.05 1 . 6  ± 0 . 2

155 290,359 no shift 0.65 ±  0.05 -1.3

159 280, 332 shifts to 334 nm 0.16 ±0.05 6.5 ± 0.2

161 280, 330 no shift 0.25 ±  0.05 6.4 ±0.5

154 281, 377 
(shoulder 360)

shifts to 379 nm 0.17 ±0.05 6.9 ± 0.2
13.9 ±0.5

156 281,359
(shoulder 371)

359 and 371 nm 
switch in intensity

0.15 ±0.05 6.9 ± 0.2
13.9 ±0.5

160 274, 330 shifts to 334 0.17 ±0.05 7.5 ± 0.2

162 277, 328 no shift 0.14 ±0.05 6 . 8  ± 0 . 2

 ̂Measured in dry CH3CN.
Measured using 2-aminopyridine in 0.1 M  H 2 SO4  as a standard.^'"

With the exception o f  153 and 155, fluorescence quantum yields for all of these 

compounds are in the range o f 0.14-0.25, indicative that other deactivational processes play 

an important role. This is presumably due to the fact these systems are non-rigid and hence 

are able to lose the excess energy rapidly through internal conversion. The larger 

fluorescence quantum yields observed for 153 and 155 implicate a more rigid structure for 

these molecules. No aggregation effects were detected, as evidenced by the consistent Of 

values obtained for 153-155,159 and 160 over a range o f  concentrations (Abs. = 0.03 - 0.1).

In all cases, the fluorescence hfetimes o f the respective hydroxy and methoxy 

compounds (e.g., 159 and 161) were found to be almost identical (Table 3.4). Interestingly,
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both 154 and 156 exhibit two mono-exponential decays in the lifetime studies (present in a 

60:40 relative ratio - short and long lifetimes, respectively), while only a single fluorescence 

lifetime is observed in the respective para substituted systems (153 and 155). As these 

molecules are physically the same in every other respect, the two lifetimes observed from 

154 and 156 must arise from the different substitution o f  the biphenyl ring system. This 

implicates the existence o f two chromophores that result in excited state species with 

different photophysical characteristics upon irradiation. While the para-substituted biphenyl 

alkenes are conjugated directly to the alkene and hence, have only one chromophore, the 

meta-systems may be viewed as being cross-conjugated, with two distinct chromophores. 

This is justifred by the UV-Vis spectra (Figs. 3.9 and 3.10) which show a significant red-shift 

between the absorption spectrum of 153 and that o f 154.

HO CM,

154

However, excitation scans recorded over a range emission wavelengths, and emission 

scans recorded over a range o f excitation wavelengths show no evidence for two separate 

chromophores in 154. Similarly, the two species were found to be present in approximately 

the same relative proportions, even with excitation and monitoring at different wavelengths. 

These results imply that the two chromophores (if they exist) have very similar excitation 

and emission characteristics.
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3.5.2 Fluorescence Quenching by H2 O/D2 O

3.5.2.1 Biphenyl Alkenes

Addition o f  small amounts o f water was found to cause s ig n if ic a n t  decreases in the 

fluorescence o f 154 (Fig. 3.17). Following the small initial red-shift, the fluorescence 

decreased uniformly with increasing concentration of added water up to 4.7 M where it was 

entirely quenched. Similar results were obtained upon the addition o f water to acetonitrile 

solutions o f 153 (Fig. 3.18), however, quenching required higher [HjO] to occur (consistent 

with the Op studies which show that 153 is less reactive than 154), with fluorescence still 

being observed in 9.3 M  water solutions. This large quenching effect with small amounts 

o f added H2 O indicates that water is intrinsically linked to reaction from the singlet excited 

state for both 153 and 154 (e.g, 154 - Scheme 3.6), and is consistent with previous 

fluorescence studies on m-hydroxystyrene (56) that attributed the requirement o f  low [H2 O] 

for reaction to a formal ESIPT process.^’”'*

HO CM

154

HO OH

hv

-hv'

H,G OH

160

154

Scheme 3.6



127

300 350 400 450 500 550
A. (nm)

Fig. 3.17 Quenching o f Fluorescence from 154 in CH 3 CN by Water 
(a) 0 M, (b) 0.19 M, (c) 0.47 M, (d) 0.94 M,
(e) 1.4 M, (f) 1.9 M, and (g) 4.7 M  Water

300 350 400 
X (nm)

450 500

Fig. 3.18 Quenching o f Fluorescence from 153 in CH 3 CN by Water - 
(a) 0 M, (b) 0.46 M . (c) 2.8 M, (d) 5.6 M, (e) 9.3 M  and (f) 27.8 M Water
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Interestingly, studies on 157 in acetonitrile showed no quenching at all across a range 

o f water concentrations from 0 M  to 15 M. This suggests that reaction from the excited 

singlet state does not depend solely upon the phenol, but is also linked to the alkene moiety, 

as would be expected for a formal ESIPT process.

Further consistent with proton transfer being intrinsically linked to singlet state 

reaction, quenching studies on 153 and 154 using D%0 required a greater [D2 O] to give the 

same amount o f quenching observed for H 2 O. For example, fluorescence from 154 was 

quenched by 70 % in 1.4 M H2 O solution, but only by 55% in the same concentration of 

D2 O. This can be regarded as a primary solvent isotope effect. Assuming that the proposed 

formal ESIPT is occurring, two proton/deuteron transfers are required in the excited state - 

from the phenol to a cluster of water molecules, and from a water molecule to the alkene - 

with the primary isotope effect arising from a combination o f these two processes. The 

phenol moiety o f 154 is expected to be quite acidic in the excited state (pK(S[) ^1, based on 

4-phenylphenol which has a pK(S 0 o f 1.8 ).̂ '*̂  Thus, it is possible that initial proton/deuteron 

transfer from the phenol occurs very quickly from an early transition state and exhibits little 

or no isotope effect. This would imply that protonation/deuteration o f the alkene is the rate- 

determining step, and that the observed isotope effect arises mainly from this process.

Although low water concentrations showed distinct quenching in the fluorescence of 

153 and 154, much larger water concentrations were required for the respective methoxy 

compounds 155 and 156. In the case of 156 (Fig. 3.19), the fluorescence was quenched by 

less than 50% in acetonitrile solutions o f > 18M water, while for 154, 50% quenching was 

reached in solutions o f < 1 M H 2 O. Similarly, 155 exhibited no quenching in solutions up
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to 27 M water while 153 required solutions o f  < 3 M  water. These results are consistent 

with the photohydration studies which predicted that reaction o f the methoxybiphenyl 

alkenes and the hydroxybiphenyl alkenes proceed ^na two different mechanistic pathways, 

and with the observation (from Op) that 156 is much more reactive than 155.

300 350 400 450
X (nm)

500 550

Fig. 3.19 Quenching of Fluorescence from 156 in CH3CN by Water - 
(a) 0 M, (b) 0.94 M, (c) 1.9 M, (d) 9.3 M, (e) 18.7 M  and (f) 27.4 M water

3.5.2.2 Stern-Volmer Analysis

Graphs o f Iq /I v s . [H2 O] and [D2 O] for 154 both gave a non-linear plot which was 

fitted to a cubic dependence on water concentration (Fig. 3.20), indicating that isotopic 

substitution has no effect on the reaction, other than the expected primary solvent isotope 

effect. Stem-Volmer analysis was also carried out for the fluorescence quenching o f 153 by 

H2 O. Due to a slight increase in the fluorescence of 153 upon addition of small amounts of 

water, the integration from the fluorescence in 0.46 M  water was used as Iq, instead o f that
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from G M  water. The plot o f V I v .̂ [H2 O] also shows a non-linear dependence on water 

concentration, however, in this case it is a squared relationship.

Fluorescence lifetime quenching experiments were conducted on 154 to determine, 

in conjunction with the steady state results, the relative contributions o f static and dynamic 

quenching. Quenching in the shorter o f the two lifetimes observed in neat CHjCN solutions 

of 154 occurs with small amounts o f added water and is non-linear (fitted to as

evidenced in the plot o f  Tq/t  vs. [H2 O] (Fig. 3.20). Interestingly, the longer o f the two 

lifetimes is not significantly quenched upon the addition o f water to the system, however, 

its relative contribution decreases (pre-exponential factor)(Table 3.5). Quenching of 153 was 

not attempted, as any attenuation in the already short fluorescence lifetime o f the compound 

(t = 1 . 6  ns) would not be detectable on the single photon counting system (resolution ~ 1  ns).

From the Stem-Volmer equations for lifetime and intensity quenching (Eq. 3.5 and 

3.6) the static (Kg) and dynamic (Kq) Stem-Volmer constants, as well as the dynamic 

quenching rate constant (kq) can be determined (Table 3.6). The increased quenching 

observed in the steady state experiments is explained by the fact that fluorescence lifetime 

is only affected by dynamic quenching, while the steady-state intensity quenching is affected 

by both static and dynamic quenching.

T q / t  =  1  +  K d  [ H 2 O ] "  ( 3 . 5 )

V I  =  1  +  ( K g  +  K d )  [ H 2 O ] "  ( 3 . 6 )

Where: Tq, x  = Fluorescence lifetime in the absence and presence ofHzO, respectively
Iq, I = Fluorescence intensity in the absence and presence o f HjO, respectively
KD =  kqTo
n = Quenching Dependence on [H2 O]
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Fig. 3.20 Modified Stem-Volmer Plots o f  Fluorescence Intensity and Lifetime 
Quenching for 154 by H2 O and D 2 O in CH3CN - IJL  (■ - H 2 O), ( •  - D 2 O); Tq/t (♦  - H 2 O)

Table 3.5 Effect o f Increasing [H2 O] on the Short 
Fluorescence Lifetime o f 154 in CH3CN

[H20](M ) ”̂ sh o r t
Relative Contribution

0 6 . 9 0 . 5 9

0 . 1 8 6 . 9 0 . 6 0

0 . 4 6 5 . 7 0 . 6 2

0 . 9 3 4 . 0 0 . 5 9

1 . 3 8 3 . 4 0 . 9 8

1 . 8 5 2 . 2 0 . 9 9
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Table 3.6 Static and Dynamic Quenching Components for 
Fluorescence Quenching o f 153 and 154 in CH3CN

Compound Quencher n (Ks ^ d) Ks Kd kq(M-V‘)

153 H 2 O 2 2.3 M-^ / /

154 H2 O 3 0 . 8  M-3 0.3 M-3 0.5 M-3 7.2 X 10^

“ Not determined, due to short lifetime.

The static quenching observed in the intensity quenching plots o f  154 is attributable 

to a weak pre-association with a  cluster three water molecules which can presumably 

undergo formal ESIPT directly following excitation. The dynamic quenching component 

is related to a ground state which is not associated with any water molecules and requires 

solvent reorganization in the excited state for ESIPT to occur. The kq value obtained for 154 

(7.2 X 10’ M  ̂  s"') is less than 4x smaller than the value obtained for 56 (3.1 x 10̂  M'^ 

the large value o f which has been suggested to imply an intramolecular ESIPT process rather 

than an intermolecular ESPT. "̂*  ̂ This was based upon a comparison with the smaller value 

o f kq (when adjusted for concentration) obtained for p-methylstyrene, a molecule that 

undergoes direct photoprotonation and displays a linear dependence on [HjO].

3.S.2.3 Biphenyl Alcohols

Small concentrations o f water (< 2 M) had no effect on the fluorescence from either 

159 or 160. No quenching was observed for either compoimd in CH3CN/H2O solutions up 

to 18.5 M water (Fig. 3.21 - 160), although a small increase in the fluorescence (< 10%) was 

observed between 2 M  up to a maximum at 18.5 M  along with a slight red-shift. Beyond 

this water concentration the fluorescence decreased uniformly, but was still not fully
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quenched in either case, even in 100% water. The appearance of a weak shoulder at higher 

wavelength observed from both compounds at high water concentrations matches 

qualitatively the weak fluorescence observed from studies o f the respective phenolates. 

Given the large amounts o f water required for quenching, these studies indicate a different 

reaction pathway to that o f the hydroxybiphenyl alkenes that does not rely on small 

concentrations of water. Stem-Volmer analyses were not conducted on the fluorescence 

quenching of any o f these molecules, as the results would be meaningless. The [H2 O] 

required to observe even small amoimts o f quenching is at a concentration where it can be 

considered a solvent, rather than a quencher.

300 320 340 360 380
X (nm)

400 420 440

Fig. 3.21 Quenching o f Fluorescence from 160 in CH3CN by Water- 
(a) 0 M, (b) 18.5 M, (c) 27.8 M, (d) 37.1 M, (e) 46.3 M and (f) 55.6 M Water

Similar fluorescence studies on the methoxybiphenyl alcohols (161 and 162) showed

no quenching in CHjCN solutions containing up to -46 M  water. This is consistent with the
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lack of reactivity observed upon photolysis o f  either 161 or 162 in 1 ; 1 CH 3 OH/H 2 O that was 

attributed to the inability o f  these compounds to form the phenolate in the excited state.

300 320 340 360
X (nm)

380 400 420

Fig. 3.22 Quenching o f Fluorescence from 162 in CH3CN by W ater - 
(a) 0 M, (b) 9.3 M, (c) 46.3 M and (d) 55.6 M Water

3.6 Laser Flash Photolysis

Laser flash photolysis studies have been carried out in various solvents, in an effort 

to detect the proposed quinone methides (205 and 207) and carbocation intermediates (204 

and 206) formed upon irradiation o f  the respective hydroxy and methoxy biphenyl alcohols 

and alkenes. Quenching studies with water and ethanolamine have been conducted to aid 

in the assignment o f the transients observed upon photolysis.

3.6.1 4,4'-Substituted Biphenyl Systems

3.6.1.1 Acetonitrile/Aqueous Acetonitrile and Alcohols

LFP studies on 153 in 1:1 CH 3 CN/H 2 O (Xg, = 308 nm) gave a long lived transient (>
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2 ms) at -600 nm with a small short lived component (~ 150 ps), and two peaks at 350 nm 

and 400 nm, each with two lifetimes (-150 ps, -2  m s), under and O2  (Fig. 3.23) purged 

conditions. Similar experiments in neat CH3CN showed the same transients, but with the 

relative intensities o f the 350 and 400 nm peaks reversed, and the band at 600 nm much 

weaker. Studies on 153 in alcoholic solvents such as methanol or 2-propanol yielded only 

the short lived transient observed in neat CH3CN, indicating that formation o f the long-lived 

transient requires water. LFP experiments on 159 tmder the same conditions showed a 

similar short-lived species with absorptions blue-shifled to the transient from 153 (Fig. 3.23).
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Fig. 3.23 Transient Absorption Spectra of 153 (♦ ) and 159 (■) in 1:1 CH3CN/H2O and 
153 (•) in neat CH3CN (O2 Purged) - 8 . 8  ps (♦ , • )  and 5.9 ps (■) After Excitation

In an effort to ascertain the identity o f the bands which appeared in the neat CH3CN 

spectra o f 153 and 159, LFP experiments were conducted on 157,158 and 212. While the
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transient spectrum from 158 did not match that from any of the other compounds under any 

conditions, the spectra and transient lifetimes obtained from 157 and 212 were quite similar 

to each other in both neat CH3 CN and 1:1 CH3 CN/H2 O, and to the transient spectra of 159 

under the same conditions (Table 3.7).

= \  CH,

CH,0

212 213

Table 3.7 Comparison o f the Transients Generated from LFP Studies o f 153 and 159 to 
212 and 155 and 161 to 213 in O2  Purged Solutions

Compound Conditions A, max (nm) X

153 Neat CH3 CN 
CH3 OH or z-PrOH 
1:1 CH3 CN/H2 O

340,450-700 
340, 450-700 
340, 450- 700

- 2 0 0  ps 
- 2 0 0  ps 

-150 ps, > 2 ms

159 Neat CH 3 CN 
1:1 CH3 CN/H2 O

350,450-600 
360, 450-600

- 1 2 0  ps 
- 2 0 0  ps

2 1 2 Neat CH3 CN 
1:1 CH3 CN/H 2 O

340, 450-600 
340, 450-600

- 2 0 0  ps 
- 2 0 0  ps

155 1:1 CH3 CN/H 2 O 400 (shoulder 350), 
550- > 800 (weak)

-60  ps at both 
maxima

161 1:1 CH3 CN/H 2 O 380 (shoulder 370), 
550-> 800

-30 ps at both 
maxima

213 1:1 CH3 CN/H 2 O 370 (shoulder 350), 
550-> 800

-50 ps at both 
maxima

Studies on the respective methoxy compounds 155 and 161 showed shorter lived 

transients which were very similar in lifetime and absorption spectra to those obtained from
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213 in both neat CH3 CN and 1:1 CH3 CN/H2 O under Nj and 0% atmospheres (Table 3.7).

3.6.1.2 Assignment of Transients

The transients observed in LFP experiments on 159 have been assigned as arising 

from the 4-phenylphenol moiety, due to their similarities in band shape and lifetime. 

Similarly, all o f the transients from 155 and 161 (neat and aqueous CH3CN) are believed to 

stem from the 4-methoxybiphenyl moiety.

The intermediate arising from irradiation o f 159 may be the phenylphenoxyl radical 

214, given that the observed spectrum upon excitation o f 212 (and 159) is very similar in 

shape and relative intensities to the spectrum reported for phenoxyl radical 215. This species 

has an intense band at 405 nm and a weak broad band at 650 nm in propanol under O2  purged 

conditions.^'^ The bond dissociation energy for the O-H bond in 212 has been calculated to 

be 87.6 kcal/mol.^“̂  Although the energy o f  the 308 nm light from the excimer laser is 92.8 

kcal/mol, it is unlikely that the phenoxyl radical arises from direct excitation, rather, it may 

result from initial formation o f the radical cation, followed by deprotonation. The red-shift 

compared to the transients from 159 can be attributed to the extra phenyl ring.

214 T
215 OCH3

The short-lived transient observed upon irradiation of 153 may also arise from 

formation o f the respective phenoxyl radical, given its appearance as the sole transient in 

methanol and 2-propanol where the phenol is not expected to deprotonate. The appearance 

o f  this transient at longer wavelengths than that from 159 may be attributable to the extended
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resonance available with the alkene. The long-lived transient observed at 600 nm upon 

irradiation o f  153 in aqueous acetonitrile solution cannot be assigned as arising from the 

phenoxyl radical, based upon the switch in relative intensities o f the bands at 600 nm and 

350 nm upon photolysis in aqueous acetonitrile which indicate the presence o f two species. 

Although this transient appears at the anticipated wavelength forp-quinone methide 205, it 

cannot be definitively assigned to this intermediate. There are two reasons for this. Firstly, 

the transient exhibits no quenching with added methanol in neutral solution or with 

ethanolamine in basic solution. A possible explanation for this in neutral solution is that the 

quinone methide is quite unreactive and will only display quenching with a stronger 

nucleophile. Similarly, the lack o f quenching in alkaline solution with ethanolamine may 

be due to excitation o f the phenolate which will not be quenched by nucleophiles. The main 

reason, however, for not definitively assigning this species as 205 is that no similar transient 

is observed upon photolysis o f 159, even though it is expected to yield the same 

intermediate. As the estimated Oqm from these compounds are quite close in magnitude 

(-0 .04  and -0.01 for 159 and 153 respectively), they should yield a transient assignable to 

the quinone methide in about the same amount.

The transients observed upon photolysis o f 155 and 161 may arise from the 

respective radical cations. Literature precedent for the generation o f this species from 213 

has been reported via direct irradiation in aqueous solution^“® and via sensitization with 9,10- 

dicyanoanthracene in although the transient spectrum was not presented in either

case. The red-shift exhibited in the absorption spectra from excitation o f 155 compared to 

the transient from photolysis o f 213 may arise from the increased conjugation o f 155.
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3.6.2 3 ,4 -Substituted Biphenyl Systems

3.6.2.1 Acetonitrile/Aqueous Acetonitrile

LFP o f 154 in 1:1 CH3CN/H2O = 266 nm) gave a transient at 310 nm with a 

longer lived shoulder at 350 nm (x -220 ps), and a  weak band between 450 and 650 nm (x 

-200 ps) in N2  and O2  purged solutions (Fig. 3.24 - O2 ). These results are qualitatively the 

same (except for the band at 310 nm) as those obtained for LFP studies on 212 (Table 3.7). 

Transient spectra o f  154 in neat CH3CN and o f 160 in neat CH3CN and 1:1 CH3CN/H2O 

were also very similar to those obtained from 2 1 2  under identical conditions.
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Fig. 3.24 Transient Absorption Spectra o f 154 in 1:1 CH3CN/H2O (O2 Purged) - 
4.0 ps (■), 9.1 ps (A), 18.1 ps (♦) and 24.1 ps (•) After Excitation

LFP experiments were also carried out on 156 and 162 in neat CH3CN and 1:1

CH3CN/H2O with N2 and O2 purging. As with the 4,4'-substituted methoxybiphenyl
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compounds, the observed transients closely matched those obtained from 4-methoxybiphenyl 

(213) in absorption spectra and transient lifetimes.

Although LFP experiments on 56 by Fischer and Wan^*"'* had shown a transient at 

420 nm (-47  ns, assigned to quinone methide 194), no evidence was found for the m- 

quinone methide (207) corresponding to 154. The relatively short lived species observed at 

310 nm is discounted as 207, due to its absorption spectrum being significantly blue shifted 

from the known absorption maximum o f 194 (rather than the expected red-shift).

3.6.2.2 Trifluoroethanol (TFE) /  Hexafluoro-2-propanol (HFIP)

In an effort to increase the lifetime o f  the suspected m-quinone methide 207, LFP 

experiments (Àĝ  = 266 nm) were conducted on 154 in neat 2,2,2 trifluoroethanol (TFE), a 

non-nucleophilic, polar solvent. These studies showed the appearance o f a long-lived 

transient at 420 nm (Fig. 3.25) under N; and 0% purged conditions (t -  8.5 ps) which 

decayed in a single exponential fashion. LFP studies o f 156,160 and 162 under the same 

conditions also yielded a transient at 420 nm with the same lifetime, although the relative 

intensity o f the signals from the biphenyl alcohols were about 4 times less than those of the 

alkenes. Similar LFP studies on 154 and 156 in hexafiuoro-2-propanol (HFIP) (an even less 

nucleophilic solvent), exhibited a transient with the same absorption spectrum, but a greatly 

increased lifetime (t -  4 ms), consistent with an electrophilic species.

Quenching studies o f the 420 nm transient were undertaken for 154,156 and 160 in 

TFE, using water as a nucleophile ^ ig . 3.26). The quenching rate constant (knjo = 6  x 10  ̂

M'* s‘‘) obtained by plotting kgbs against [H^Ol] was identical (within error) in all three cases.
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This indicates that the intermediates formed from photolysis o f the hydroxybiphenyl 

compounds and the methoxybiphenyl compounds in TFE are similar in nature and reactivity.
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Fig. 3.25 Transient Absorption Spectra o f 154 in Neat TFE (O2  Purged) - 
1.8 ps (■), 5.9 ps (A), 12.2 ps (♦) and 31.5 ps (•) After Excitation 

Inset: Plot o f k̂ bs vs. [H2 O] for the 420 nm Transients Observed upon 
Photolysis o f 154 (■), 156 (•) and 160 (A) in TFE

3.6.Z.3 Assignment of Transients

The absorption bands observed in the LFP spectrum o f154,156,160 and 162 in 1:1 

CH3CN/H2O and neat CH3CN are assigned as arising from the 4-phenylphenol moiety or 4- 

methoxybiphenyl respectively, based upon their similar Ufetimes and absorption spectra.

The lifetime o f quinone methide 194 has been measured to be -47 ns in neat 

H2 0 .̂ *̂  It was proposed that the strongly electron-donating nature o f the deprotonated m- 

phenol stabilizes the carbocation, thereby increasing its lifetime relative to that o f the simple
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diphenylmethyl carbocation. Assuming that the added phenyl ring between the phenolate 

and the carbocation in quinone methide 207 results in a lesser inductive stabilization of the 

cation, it is possible that the lifetime o f 207 could drop below 10 ns, where it would be 

unobservable by nanosecond LFP. Thus, it is proposed that the lack o f a transient assignable 

to 207 upon photolysis o f 154 or 160 is the result o f its short lifetime in CH3CN/H2O 

mixtures, and not due to its lack o f formation.

As irradiation o f  both 154 and 160 were expected to give the same quinone methide, 

the transient observed at 420 nm in neat TFE was initially assigned as arising from 207. 

However, the appearance o f a very similar transient in the LFP experiments on the respective 

methoxy compounds 156 and 162 (assigned to 206), where quinone methide fonnation 

cannot occur, prompted a change in this assignment to carbocation 216. This is warranted 

by the fact that the k^co values obtained in TFE with added water for 154,156 and 160 were 

identical (within error), indicating that they aU arise from similar species. Even if  both 207 

and 216 had similar absorptions at 420 nm, differences in the values o f  kn2 o should have 

been observed for the transients generated from 154/160 and 156, due to the large differences 

in stability of these two intermediates. The absorption spectrum (X̂ n̂ =̂420 nm) and lifetime 

observed for this transient in TFE are consistent with the spectra and lifetimes obtained by 

McClelland and co-workers^^’̂ ^̂ ’̂ ®'̂ '* for several diphenyl cations in this solvent. Similarly, 

the kn2 o values for quenching by water are comparable in magnitude to the values obtained 

by these authors for the quenching of diphenyl cations in TFE by water.

Stabilization o f  the zwitterionic 207 should also occur in a non-nucleophilic solvent
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like TFE. Formation o f 216 as the only long-lived reactive intermediate upon photolysis of 

154 and 160 deserves further attention. It has been observed that ESPT does not readily 

occur from naphthols to alcohols such as methanol and ethanol (Section 1.2.2). This has 

been attributed to entropie and steric factors interfering with the cluster formation required 

for the proton transfer." Assuming that the same is true for this system, it is likely that the 

excited state alkene moiety o f 154 is protonated by the relatively acidic TFE directly, to yield 

216 without deprotonation o f the phenol (Scheme 3.7). This process can also be envisioned 

for formation o f the respective carbocation from irradiation o f 156 where there is no phenol 

proton available for ESPT, as the alkene is still expected to be more basic in the excited state.

H-OCH,CF.

HOHO CH.CH.

216154

Scheme 3.7

The formation o f 216 from 160 and 206 from 162 in neat TFE occurs due to 

dehydroxylation o f  the benzylic alcohol (without deprotonation o f  the phenol, in the case of 

160). This process has been well characterized for the formation o f several diphenyl cations 

from photolysis o f  fluorenols and other related compoimds.^^’̂ ^̂ '̂ ®̂'̂ '* It is unhkely that the 

acidic TFE aids in dehydroxylation, based upon the product studies in varying pH which 

showed no increase in product formation upon irradiation o f 160 in pH 1 solutions. The 

lower yield o f transient from 160 and 162 compared to 154 and 156 is consistent with 

protonation o f the alkene occurring more readily than dehydroxylation o f the alcohol.
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3.7 Proposed Reaction Mechanisms

Although arising from two different substrates, the quinone methides generated upon 

photolysis 153 and 159 in aqueous solution are identical, as are those formed from photolysis 

o f  154 and 160. Consistent with previous studies®^™’̂ *"'’’* '̂^’®, the proposed mechanism for 

formation o f these intermediates differs between the hydroxybiphenyl alkenes and the 

respective alcohols. Excited state planarization o f the biphenyl ring system is required for 

quinone methide formation, as it permits the intramolecular charge transfer responsible for 

the changes in the pEQ of the phenols and the alkenes.

3.7.1 Formation of Quinone Methides from Hydroxybiphenyl Alcohols

Photosolvolysis studies on the hydroxybiphenyl alcohols are consistent with the 

formation o f quinone methide intermediates rather than carbocations, as evidenced by the 

lackof reactivity o f the respective methoxy (phenol) compounds, which cannot form quinone 

methides. Similarly, the fluorescence quenching studies have indicated that singlet state 

reaction from these molecules does not intrinsically depend upon water. Unfortunately, 

direct evidence for the quinone methide intermediates could not be obtained, due to the lack 

o f any transients in LFP studies that are definitively attributable to either 205 or 207.

Evidence for the mechanism o f reaction comes from the pH studies which show an 

increase in the yield of product at high pH where the phenolate is known to exist. This 

indicates that the phenolate is crucial to the excited state reactivity of these compounds, and 

is compatible with previous studies by our group which have proposed the intermediacy of 

excited state phenolates in the formation o f quinone methides from hydroxybenzyl alcohols 

and hydroxybenzhydrols. The fact that the respective methoxybiphenyl alcohols show
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essentially no conversion to the photosolvolysis products further indicates the necessity o f 

the labile phenol proton to the singlet state reaction.

Based upon these results, the proposed mechanism of reaction proceeds by initial 

ESPT to water upon excitation o f  159 or 160, followed by dehydroxylation in the excited 

state aided by the electron-donating ability o f  the newly formed phenolate. This yields the 

quinone methide which can then react with nucleophiles such as methanol to give the 

observed photosolvolysis products (Scheme. 3.8 - shown for 159).

OHhvHO HO
-hv' Ph

159
ESPT and 
Planarization+ H

OH
hv

“ O CH. “ O CH.
Ph -hv" Ph

Ph

CH.
HO + HOO

Ph208 205
Scheme 3.8

Although fluorescence from the excited state phenolate is possible, it is essentially 

non-existent except in neat H 2 O where a very weak band appears. As quinone methide 

formation appears to be a reasonably efScient process (at least for 160 - Oqm -  0.28), it is 

believed that from the excited state phenolate is - 1  (i.e., once the excited state phenolate 

is formed, it dehydroxylates to form the quinone methide, rather than fluorescing).
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3.7.2 Formation of Quinone Methides and Carbocations from Hydroxy and 

Methoxybiphenyl Alkenes

Photohydration of the methoxybiphenyl alkenes 155 and 156 is believed to occur 

through the intermediacy of carbocations 204 and 206, given that these systems cannot form 

the respective quinone methides (due to lack o f an acidic proton), as well as the differences 

observed in their reactivity and fluorescence quenching compared to the hydroxybiphenyl 

alkenes 153 and 154. Evidence for the possible existence o f 206 upon photolysis o f 156 is 

taken from LFP experiments in TFE which show a transient (420 nm, 8.5 ps) similar in 

lifetime and absorption maximum to diphenylcations generated by other groups.^^-^^-^®' '̂* 

Based upon the known increase in basicity o f  styrenes in the excited state, it is proposed that 

carbocation formation occurs in these compounds via direct protonation o f the alkene by 

solvent (Scheme 3.9 - shown for 156). Reverse proton transfer to give back starting material 

is unlikely, due to the slow deprotonation o f  carbon acids.

H

OH.CH,0CH.
hv

-hv'
156

CH.

162 206Scheme 3.9



147

The photohydration o f 153 and 154 implies the existence o f electrophilic quinone 

methides 205 and 207 although, again, it is impossible to definitively assign the existence 

ofthese two intermediates due to the lack o f appropriate transients in LFP studies. However, 

reasonable evidence for their existence comes firom differences in the reactivity o f the 

respective methoxy (phenol) compounds which form carbocations upon excitation, and 

evidence for a formal ESIPT process which necessarily leads to quinone methide formation. 

Although a carbocation is another viable intermediate in this reaction, formation of such a 

species is only believed to occur in situations where the labile phenol proton is unlikely to 

deprotonate in the excited state, such as observed in LFP studies in TFE. Evidence that the 

cation is not formed in neutral aqueous solutions comes firom the observation that the yields 

o f photohydration products firom 153 and 154 remain essentially constant across a range of 

water concentrations, while 155 and 156, which can only form the respective carbocations, 

show significant dependence on [HjO].

The existence of a formal ESIPT process is implicated by pH studies o f the 

photohydration reaction and the dependence o f  the singlet state reaction on small 

concentrations o f water. The distinct decrease in yield at high pH is consistent with 

excitation o f the phenolate which cannot undergo a formal ESIPT process and has been 

reported previously by Yates and co-workers®* in their studies on hydroxystyrenes. The 

increase in yield at low pH is compatible with direct protonation of the alkene upon 

excitation due to its increased basicity in the excited state. However, this does not preclude 

formal ESIPT at low pH, as the phenol is still expected to deprotonate in the excited state. 

The overall mechanism is proposed in Scheme 3.10 (shown for 154), with the specific
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Scheme 3.10
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3.7.3 M ediation of Form al ESIPT by W ater

One o f the original goals o f this work was to gain further insight into the ESIPT 

mechanism for the formation of quinone methides from hydroxystyrenes and related 

compounds. Having established that formal ESIPT is the m ost likely process for reaction 

from 153 and 154, the mechanism can be analyzed in detail.

In the simplest case (i.e., for o-hydroxystyrene (48)), it has been suggested that 

proton transfer from the phenol to the alkene upon excitation is aided by the existence of an 

intramolecular hydrogen-bond between the two functional groups, and does not require 

solvent assistance to occur.**-®® Studies o f this process over longer distances in m-
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hydroxystyrene (56) have shown that water is required to mediate the transfer.^ ""' Based 

upon a cubic dependence on water observed in fluorescence quenching experiments, it was 

proposed that a trimer o f  water molecules allowed for ESIPT between the two functional 

groups by effectively linking them through a hydrogen-bonding network. This hypothesis was 

supported by molecular mechanics calculations which indicated that three water molecules 

could effectively bridge this gap.

Similar to 56, fluorescence quenching studies on 154 have shown a cubic dependence 

upon water concentration, while quenching o f the fluorescence flrom 153 has been 

approximated to a squared dependence on H^O. In both cases, however, the distance 

between the phenol and the alkene cannot be bridged by two or three water molecules, as 

illustrated in the molecular mechanics optimized geometry o f  154 (Fig. 3.26).

Fig. 3.26 Molecular Mechanics Optimized Geometry o f  154 with Three Water Molecules 
(Grey - Carbon; Red - Qjg^gen; Blue - Hydrogen; Pink - Lone Pair) 

(Calculated Using ChemBD Pro)
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Still, the existence o f an ESIPT process has been suggested in these systems through 

product studies in solutions o f varying pH, while the quinone methides 205 and 207 (arising 

firom ESIPT) have been implicated by the photohydration studies on 153-156. Formal 

ESIPT must occur via a mechanism other than synchronous mediation by a water trimer to 

yield these intermediates.

CNCN
OHOH

CN

Studies by several groups have indicated that stronger excited state acids require 

smaller water clusters for ESPT to solvent to occur (Section 1.2.2). Molecules with pK(S,) 

< 1 have been shown (e.g., 7) to require only two water molecules to effect ESPT firom the 

phenol, while other molecules w ith  a higher pK(S,) need more (e.g., 6 ). The excited state 

pKa o f 4-phenylphenol has been determined through fluorescence titrations to be 1.8.̂ ^̂  It 

can be expected that both 153 and 154 wiU more acidic than this in the excited state, due to 

resonance and inductive stabiHzation effects. I f  it is further assumed that 153 is more acidic 

than 154, as a result o f  the extra resonance available to the para isomer, the observed non

linear quenching effect can be assigned to an initial ESPT process to one (153) or a cluster 

o f  two (154) water molecules, w ith concerted protonation o f  the alkene by another water 

molecule not associated with the  deprotonating cluster (Scheme. 3.11). Given that 

fluorescence firom the phenolate is no t observed at all, the deprotonation/reprotonation steps 

required for formal ESIPT must also occur adiabatically. The fact that there is a static 

quenching component observed in  the fluorescence studies o f 154 implies that the formal
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ESIPT process can occur through a previously hydrogen-bonded system of water molecules 

without the need for solvent rearrangement upon excitation.

H CH
O

153
or

Scheme 3.11

The decrease in product yield upon irradiation o f the hydroxybiphenyl alkenes in 

alkaline solution cannot be explained by initial deprotonation o f the excited state phenol, 

followed by non-concerted protonation of the alkene. I f  this were the case, then the yield of 

photohydrated products should increase (or at least remain the same) upon excitation of the 

phenolate. Further evidence for a concerted reaction can be taken from the fluorescence 

studies on the hydroxybiphenyl alcohols 159 and 160, as well as the parent 157. Quenching 

of the fluorescence from these compounds occurs only with significantly larger [H^O] than 

observed for the hydroxybiphenyl alkenes. I f  the non-linear fluorescence quenching by 

water evident for 153 and 154 was solely related to deprotonation, then 157, 159 and 160 

should all exhibit similar quenching with low [H2 O]. Thus, it appears that the deprotonation 

and reprotonation processes are intrinsically linked.

3.8 Sum m ary and Conclusions

Investigations have been conducted into the photophysical and photochemical 

properties o f several hydroxybiphenyl alkenes and alcohols, and their respective methoxy
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analogues. Quinone methide intermediates have been implied in the photochemistry ofboth 

the hydroxybiphenyl alkenes and alcohols, through product and fluorescence studies. 

Similarly, the respective carbocations are implicated as intermediates in the photochemistry 

o f the methoxybiphenyl alkenes.

Formation of the quinone methides from the hydroxybiphenyl alkenes is proposed 

to occur via formal solvent-mediated ESIPT from the phenol to the alkene, while formation 

o f the carbocations from the methoxybiphenyl alkenes is believed to occur through 

protonation o f the excited state alkene by a pro tic solvent. Based upon fluorescence 

quenching experiments, previous studies have implied that formal long-range ESIPT is a 

concerted process, mediated by a small number of hydrogen-bonded water molecules. This 

work indicates that deprotonation o f the phenol and protonation o f the alkene both occur 

adiabatically, however, the two processes cannot be linked by a small cluster of water 

molecules. Rather, it is proposed that these processes are concerted but separate.

Reaction o f the hydroxybiphenyl alcohols to form the respective quinone methides 

is believed to occur through ESPT to solvent from the phenol and dehydroxylation, as was 

shown for similar systems. The lack o f reaction from the respective methoxy (phenol) 

compounds provides evidence for the necessity of the excited state phenolate in this reaction.

Unfortunately, direct observation of quinone methide 207, formed from excitation 

of 154 or 160, was not accomplished by nanosecond LFP, presumably due to the short 

lifetime and/or low absorptivity o f this species. However, the respective carbocation has 

been identified in TFE. The long-lived transient observed in LFP experiments on 153 could 

not be definitively assigned to the respective quinone methide (205) due to the lack o f a
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similar transient from 159. It is possible that the relatively low estimated (-5% ) 

precludes observation o f the reactive intermediate. Further investigations into the dynamics 

o f the ESIPT process will require LFP and fluorescence studies with picosecond (or even 

femtosecond) time resolution.

This work has shown definitively that charge transfer through the biphenyl rings can 

induce reaction at either end o f the conjugated system. Facile release o f  a proton from the 

phenol and synchronous production o f  a hydroxide ion occur upon excitation ofboth the 

hydroxybiphenyl alcohols and alkenes. This reactivity may prove useful for the design o f 

novel photoswitches, where the relative stability o f  the quinone methide formed upon 

irradiation would presumably allow more time for the switching event than photogeneration 

o f a proton from a simple phenol, or generation o f hydroxide from a benzylic alcohol. These 

processes are intriguing from a supramolecular perspective, as they allow the 

photogeneration o f a pH-gradient over a defined molecular distance. Hence, these mo lecules 

may prove important in the design o f sophisticated systems which require complex switches 

(i.e., reaction with an acid at one side o f  a membrane, and reaction with a base at the other) 

for activation o f a particular event, rather than simple switching by generation of a single 

reactive species. Given such possibilities, the reactivity o f such systems remains a very 

interesting object o f study.
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Chapter 4 

Experimental

4.1 General

‘H NMR spectra were recorded on either a Broker AC 250 (250 MHz), a Broker AC 

300 (300 MHz:) or a Broker AM 360 (360 MHz) instrument osing DjO, chloroform-cfj, 

acetone-cfg, DMSO-efg or acetonitrile-dj as solvents. Chemical shifts were reported in ppm 

downfield from 0 (determined from the residoai solvent signal). Splitting patterns were 

reported as s (singlet), d (dooblet), t (triplet), q (qoartet), qq (qoartet o f qoartets), and m 

(moltiplet). Mass spectra were determined on either a Finnegan 3300 (Cl) or a Kratos 

Concept IH (El and HRMS). Melting points were determined on a Reichart 7905 melting 

point apparatos (oncorrected). Transient UV-Vis spectra and kinetic measorements were 

recorded osing nanosecond LFP with excitation by either a Spectra Physics Y AG laser 

(Model GCR-12,266 and 355 nm excitation) or a  Lomonics excimer laser (Model EX-510, 

308 nm excitation). UV-Visible spectra were recorded osing a Varian Cary 1, 5 or 50, or a 

Pye Unicam SP8-400 spectrophotometer. Steady state floorescence measorements were 

recorded on a Photon Technologies International (PTI) QM-2 floorimeter. APTILS-1 Time 

Correlated Single Photon Coonting System was osed to obtain floorescence lifetimes. 

Preparative thin layer chromatography (Prep TEC) was performed otilizing 1000 pm silica 

gel plates from Analtech and the solvent systems listed in each experiment. Analytical TLC 

was carried oot on Machery-Nagel Polygram SEL/UV2 5 4  silica gel plates. In cases where 

samples did not readily dissolve, sonication was performed osing a Bransonic 220 oltrasonic 

cleaner. pH measorements were taken using a Coming 140 pH meter.
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4.2 Materials

4.2.1 Common Laboratory Reagents

HPLC grade acetonitrile was freshly distiUed over CaH2  for use in fluorescence 

measurements (both steady state and lifetime). In all other cases (UV, photolysis and LFP 

studies) HPLC grade acetonitrile was used. Reagent grade dichloromethane was distilled 

over boiling chips prior to use. Anhydrous THF and diethyl ether for synthesis were 

obtained by distillation over sodium using benzophenone as an indicator. 2 ,2 ,2 - 

trifluoroethanol was distilled prior to use to remove impurities which appeared in the UV-Vis 

spectrum. 95% Ethanol, spectra grade methanol and isopropanol were used as received.

4.2.1.1 Grignard Reagents

Grignard reagents were prepared by adding 1 equivalent o f the appropriate bromide 

dropwise via a syringe to 1.5 equivalents of clean Mg turnings in 100-250 mL of dry THF 

(depending on the scale) under N; at 0°C and allowing the solution to warm to room 

temperature. AJfter formation o f the Grignard reagent the solution was then transferred via 

canula into a clean, dry three-neck flask purged with N;, to which the required ketone, 

aldehyde or carbonitrile was added.

4.2.2 Synthesis

4.2.2.1 PjTidoxine Systems 

a-Phenylpyridoxine (151)

Phenyl magnesium bromide was prepared by adding 17.9 mL o f PhBr (Aldrich, 170 

mmol) dropwise via a syringe to 8.3 g of clean Mg turnings (340 mmol) in 100 mL of dry
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THF in a 2 neck 500 mL flask under N 2  at 0°C and allowing the solution to warm to room 

temperature. After formation o f  the Grignard reagent the solution was then transferred via 

canula into a 250 mL dropping funnel attached to a clean, dry, cooled (ice-bath) three-neck 

flask charged with 4 g (19.6 mmol) o f pyridoxal (163) in 150 mL o f  dry THF and purged 

with N;. This was then added dropwise and allowed to stir overnight under gentle reflux. 

After this time, the reaction was quenched by the addition ofNH^Cl and the solution brought 

to pH 7. This was then extracted with CH2 CI2  before being washed with aqueous HCl (-10% 

HCl) to isolate the product as the HCl salt in the aqueous phase. Following removal of 

water via under reduced pressure, the HCl salt o f 151 was obtained. This was dissolved in 

CH3 CH2 OH and filtered to remove any residual inorganic salts. Following removal of 

ethanol, the product was dissolved in a minimum of hot CH3 OH and diethyl ether was added 

to precipitate the desired product as a grey-brown powder (2.6 g, 47%); m.p. 173 - 176 °C; 

%  NM R (HCl Salt) (300 MHz, (D2 O) Ô 2.51 (s, 3H, CH3  on pyridine ring), 4.37 (d, IH, J 

= 14.7 Hz, one methylene H firom CH2 OH), 4.59 (d, IH, J = 14.7 Hz, other methylene H 

fromCH 2 OH), 6.27 (s, IH, CH), 7.27 (m, 5H, ArH), 8.00 (s, IH, pyridine ArH ); MS: (FAB) 

m/z 246 (M-Cl); (HRMS) calc, for C,4 HtgN0 3  ̂ - 246.1130, found 246.1143.; Elemental 

Analysis: calc. C (59.68%) H (5.72%) N  (4.97%), found C (58.36%) H (5.67%) N (4.70%).

a-(4-MethyIpheiiyl)pyridoxine (152)

Phenyl magnesium bromide was prepared by adding 9.7 mL o f CHjPhBr (Aldrich, 

78 mmol) dropwise via a syringe to 3.6 g o f clean Mg turnings (150 mmol) in 100 mL of dry 

THF in a 2 neck 500 mL flask under N 2  at 0°C and allowing the solution to warm to room
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temperature. After formation o f  the Grignard reagent the solution was then transferred via 

canula into a 250 mL dropping funnel attached to a clean, dry, cooled (ice-bath) three-neck 

flask charged with 2 g (9.8 mmol) of pyridoxal (163) in 150 mL of dry THF and purged with 

Nj. The Grignard reagent was then added dropwise and the solution was allowed to stir 

overnight under gentle reflux. Workup (carried out as for a 151 above) yielded a brown 

powder (2.6 g, 47%), which was shown by ‘H NMR to be the desired product 152; m.p. 179 - 

181 °C; ‘H  NMR (HCl Salt) (300 MHz, (D^O) Ô 2.17 (s, 3H, CH; on phenyl), 2.50 (s, 3H, 

CH; on pyridine ring), 4.33 (d, IH, J =  14.7 Hz, one methylene H from CHgOH), 4.58 (d, IH, 

J = 14.7 Hz, other methylene H from CH2 OH), 6.21 (s, IH, CH), 7.12 (m, 4H, ArH), 7.99 

(s, IH, pyridine Ax H); MS: (FAB) m/z 260 (M-Cl); (HRMS) calc, for Ci;H,gNO;"^ - 

260.1287, found 260.1294.

4.2.2.2 Biphenyl Alkenes and Alcohols

3-M ethoxyphenylboronic acid

A I L  2 -neck round bottom flask equipped with a condenser was charged with 8  g 

(300 mmol) o f Mg, 400 mL o f dry THF and a stir bar. A 250 mL dropping funnel containing

31.4 mLs o f  3-bromoanisole (Aldrich, 250 mmol, 1.5 eq) and 180 mL of dry THF was added 

to the side arm. Following purging withN 2  and cooling to 0° C, the contents of the dropping 

funnel were added to the flask over a period o f 20 minutes. The system was then heated to 

reflux and allowed to stir for 3 hours. After cooling to room temperature, the Grignard 

reagent was transferred via canula (in portions) from the flask to a 250 mL dropping funnel 

attached to the side o f a 1 L 3-neck round bottom flask containing a solution o f 36 mL of 

trimethyl borate (Aldrich, 320 mmol, 1.6 eq.) in 150 mL o f dry THF under a N 2  atmosphere.
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The flask was cooled to 0° C and the Grignard reagent was added slowly from the dropping 

funnel. Following addition, the solution was warmed to room temperature and allowed to 

stir overnight. After quenching by aqueous HCl, and standard work-up, a pale yellow solid 

was obtained. Recrystallization from hot toluene gave a white solid in 93% yield (26.5 g). 

'H NMR o f the solid matched the known spectrum o f the authentic material^"**; 'H NMR (300 

MHz, CDCI3 ) 5 3.88 (s, 3H, OCH3 ), 7.13 (dd, IH, J =  1.5,8.1, ArH), 7.42 (t, IH, J = 8.1 Hz, 

ArH), 7.73 (d, IH, J =  2.9 Hz, ArH), 7.81 (d, IH, J =  7.4 Hz, ArH).

4-Methoxyphenylboronic acid

Synthesis o f this compound followed a procedure identical to that of 3- 

methoxyphenylboronic acid (above) except that 4-bromoanisole (Aldrich) was used in place 

o f 3-bromoanisole. Following quenching and work-up, a pale pink solid was obtained. This 

was recrystallized from hot toluene to give a white solid in 96% yield (26.9 g). %  NMR on 

the solid matched that o f  the authentic material '̂*®; 'H NMR (300 MHz, CDCI3) 5 3.88 (s, 3H, 

OCH3), 7.00 (d, 2H, J = 8.1, ArH), 8.15 (d, IH, J = 8.5 Hz, ArH).

3-Hydroxybenzophenone Triflate

3-Hydroxybenzophenone (Aldrich, lOg, 51 mmol) was dissolved in 200 mL of 

distilled CH2 CI2  in a 500 mL 2-neck round bottom flask. After addition of 15 mL of pyridine 

(51 mmol), the solution was cooled to 0 ° C and triflic anhydride (Aldrich, 13 mL, 77 mmol, 

1.5 eq.) in 70 mL o f distilled CH2 CI2  was added via a 100 mL dropping funnel over 15 

minutes. The solution was then allowed to warm to room temperature and stir for 5 hours, 

during which time it turned a dark orange colour. The reaction was worked up by pouring 

the orange solution into 200 mL o f ice water and then washing and extracting the aqueous
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layer with fresh CH2 CI2 . The organic layer was then washed with aqueous HCl to remove 

any residual pyridine before drying and removal o f the solvent. The resultant product was 

a yellow brown oil (12.4g, 75%) which was shown by ‘H NMR to be the desired material. 

It was taken to the next step o f  synthesis without further purification; %  NMR (300 MHz, 

CDCI3 ) 5 7.28-7.36 (m, 4H, ArH), 7.37-7.45 (m, 3H, ArH), 7.81 (d, 2H, ArH).

2-Hydroxybenzophenone Triflate

Synthesis o f this compound followed a procedure identical to that for 3- 

Hydroxybenzophenone triflate (above) except that 2-Hydroxybenzophenone (Aldrich, lOg, 

51 mmol) was used in place o f 3-Hydroxybenzophenone. The desired product (yellow oil 

13.3g, 80%), was carried forward to the next step without further purification; 'H  NMR (300 

MHz, CDCI3 ) 5 7.42-7.63 (m, 5H, ArH), 7.65 (s, IH, ArH), 7.66-7.82 (m, 3H, ArH).

4-(4'-Hydroxyphenyl)benzophenone (195)

Phenyl magnesium bromide was prepared by adding 23.2 mL o f PhBr (Aldrich, 220 

mmol) dropwise via a syringe to 6 . 8  g o f clean Mg turnings (280 mmol) in 100 mL o f dry 

TEDF under N2  at 0°C and allowing the solution to warm to room temperature. After 

formation of the Grignard reagent the solution was then transferred into a clean, dry three- 

neck flask purged with N2 . 4'-Hydroxy-4-biphenylcarbonitrile (Aldrich, 15 g, 77 mmol) in 

75 mL o f THF was then added dropwise and allowed to stir for 3 hours under gentle reflux, 

during which time, a white solid formed. After completion o f the reflux this was filtered, 

dissolved in ethanol, and poured into a 250 mL round-bottom flask. To this flask was added 

50 mL of aqueous HCl, and the mixture was allowed to reflux for 3 hours. A pale yellow 

crystalline soUd formed which was filtered and dried on the vacuum pump and shown to be
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compound 195. This was then recrystallized firom 95% EtOH, to yield 20.1 g (95 %); m.p. 

200 - 203 °C (Lit. 194-195^*»; 'H N M R((CD 3 )zCO)) 5 6.98 (d, 2H, J =  7 Hz, ArH), 1.5-1.1 

(m, 5H), 7.8-T.9 (m, 6 H), 8 . 6  (s, IH, ArOH); MS (Cl) m/z 275 (M++1); (HRMS) calc, for 

CigH.^Oz - 274.0993, found 274.0990.

4-(4'-Methoxyphenyl)benzophenone (197)

Crushed KOH (0.4g, 7.1 mmol) was added to 50 mL of DMSO in a 250 mL round- 

bottom flask. To this was added 300 mg (1.1 mmol) o f  195 and 0.31 g (2.2 mmol) o f methyl 

iodide. After stirring for 45 min, the solution turned into a pale yellow colour. The reaction 

was quenched with 50 mL o f  H 2 O, at which point a white solid appeared in solution. This 

was extracted twice with 75 m L o f CH 2 CI2 . The organic layer was washed four times with 

50 mL o f H2 O to remove any residual DMSO, dried with MgSO^, and the solvent removed. 

The product 197 was isolated as a pale yellow solid in 92% yield (0.29 g) and was then 

recrystalUzed firom 95% ethanol; m.p. 169.5 - 172.5 °C; ‘H NMR (300 MHz, (CD3 )2 CO)) 5 

3.86 (s, 3H, OCH 3 ), 7.07 (d, 2H, J =  10.3 Hz, ArH), 1.5-1.9 (m, 1  IH, ArH); Mass Spectrum 

(Cl) m/z 289 (M++1); (HRMS) calc, for C2 oH, 6 0 2  - 288.1150, found 288.1152.

4-(4’-HydroxyphenyI)-a-methylbenzhydrol (159)

Methyl magnesium bromide (Aldrich, 1.4 M, 52 mL, 74 mmol, 2.5 eq.) in THF (30 

mL) was added dropwise to 195 ( 8 .1 g, 29 mmol) in THF (100 mL) in a  dry, N 2  purged two- 

neck 250 mL round-bottom flask in an ice water bath. The mixture was allowed to come to 

room temperature, and then refluxed for 2 hours. The product 159 was obtained as a white 

powder, following quenching o f  the reaction with aqueous NH4CI and subsequent extraction
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with CH 2 CI2 - Recrystallizatioii from toluene gave 7.6 g (8 8 %) o f fine white needles which 

were shown by MS and ‘H NMR to be the desired product; m.p. 159 -161 °C ;‘HNMR(300 

MHz, (CD 3 )2 C0 )) 5 1.94 (s, 3H, CH 3 ), 4.64 (s, IH , benzyhc OH), 6.89 (d, 2H, J= 8 . 6  Hz, 

ArH ortho to phenol), 7.17-7.31 (m, 3H, ArH), 7.45-7.53 (m, 8 H, ArH), 8.42 (s, IH, phenol); 

MS; (Cl) m/z 291 (M++1); (HRMS) calc, for C2 oH, 8 0 2  - 290.1307, found 290.1308.

4-(4’-Methoxyphenyl)-a-methyIben2hydroi (161)

Methyl hthium (Aldrich, 1.4 M, 22 mL, 31 mmol) in THF (70 mL) was added 

dropwise to 197 (1.6 g, 5.5 mmol) in THF (200 mL) in a dry, N2  purged two-neck 500 mL 

round-bottom flask cooled in a dry ice/acetone bath. The mixture was allowed to come to 

room temperature, and then gently refluxed for 2 hours. Following standard work-up, the 

product 161 was obtained as a pale brown soUd in 92% crude yield. ‘H NMR of the crude 

material indicated the presence o f 161 in >90% with contamination from residual 197. This 

material was run through a flash column (4:1 hexanes/EtOAc) to give pure 161 which was 

then recrytalHzed from 95% ethanol to yield pale yellow needles (1.2 g, 72%); m.p. 121 - 

123 °C; ‘H NMR (300 MHz, CDCI3 ) 5 1.97 (s, 3H, CH 3 ), 3.82 (s, 3H, OCH 3 ), 6.95 (d, 2H, 

J= 8 . 8  Hz), 7.21-7.36 (m, 3H, ArH), 7.42-7.53 (m, 8 H, ArH); IR(KBr disk) 3021,1604,905 

cm '; MS: (Cl) m/z 305 (M^+1); (HRMS) calc, for C2 1 H 2 0 O2  - 304.1463, found 304.1461.

4'-(4'’-Hydroxyphenyl)-l,l-diphenylethylene (153)

Methyl magnesium bromide (Aldrich, 1.4 M, 47.2 mL, 9 mmol) in THF (3 0 mL) was 

added from a 100 mL dropping funnel to 195 (0.5 g, 1.8 mmol) in THF (75 mL) in a dry, N 2  

purged two-neck 250 mL round-bottom cooled in a dry ice/acetone bath. The mixture was
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allowed to come to room temperature, and then refluxed for 2 hours. After work-up with 

aqueous HCl, 153 was obtained as a white solid in an 85% yield (0.41g). This was 

recrystallized from hot ethanol and HgO to yield large pale brown crystals; m.p. 157.5 -160 

°C; 'H NMR (360 MHz, CDCI3 ) 5 4.77 (s, IH, OH), 5.44 (d, IH, J= 1 . 2  Hz, CH o f alkene),

5.49 (d, IH, J= 1.2 Hz, CH o f alkene), 6.89 (d, 2H, J=  8.7 Hz, ArH ortho to phenol), 7.35 (m, 

7H, ArH), 7.49 (m, 4H, ArH); IR(KBr disk) 3186, 3027, 1596, 905 cm '; MS: (El) m/z 272 

(M l; (HRMS) calc, for QoH^O - 272.1201, found 272.1202; e = 19000 cm 'M ' (±100)

4'_(4»»-Methoxyphenyl)-l,l-diphenylethylene (155)

To 0.2 g o f 161 (0.65 mmol) dissolved in 30 mL o f THF was added 5 mL o f 10% 

HCl. This solution was refluxed for 3 hours, after which it was extracted with 4 x 5 0  mL of 

CH2 CI2 , dried with MgSO^, and the solvent removed. Crude 155 was isolated as pale yellow 

powder with some contamination from the starting material. Pure 155 was obtained as white 

crystalline flakes via recrystallization from hot Et0 H/H 2 0  in an overall yield o f 9 3 %; m.p. 

162-164 °C; 'H  NMR (360 MHz, CDCI3 ) Ô 3.84 (s, 3H, OCH3 ), 5.43 (d, IH, J= 1.2 Hz, CH 

of alkene), 5.49 (d, IH, J= 1.2 Hz, CH o f alkene) 6.96 (d, 2H, J= 8.9 Hz, ArH ortho to 

phenol), 7.30-7.39 (m, 7H, ArH), 7.51-7.56 (m, 4H, ArH); MS: (Cl) m/z 287 (M"±l); 

(HRMS) calc, for C2 iH,gO - 286.1358, found 286.1357.

4-Phenylbenzophenone (198)

To PhMgBr (28 mmol in 200 mL dry THF)(prepared as in 195 - above) in a three- 

neck 500 mL round bottom under N2  at 0°C was added (via dropping funnel) 2 g (11.2 

mmol) o f 4-biphenylcarbonitrile dissolved in 50 mL dry THF. The solution was allowed to
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come to room temperature and was then refluxed overnight, at which point it was cooled and 

quenched by acidification to pH 4. After standard workup a pale yellow sohd was obtained. 

This was then recrystallized in acetone/HzO to yield pale yellow crystalline plates (77%); 

m.p. 101 -103 °C (Lit. 102-103)“ °; 'H  NMR (360 MHz, CDCI3) 5 7.37-7.52 (m, 5 H, ArH) 

7.57-7.71 (m, 5H, ArH) 7.82 (d, 2H, J = 8.4 Hz, ArH) 7.89 (d, 2H, J =  8 . 6  Hz, ArH) MS: 

(Cl) m/z 259 (M++1); HRMS calc, for C.gHi^O - 258.1045, found 258.1054.

4-Phenyl-a-methylbenzhydrol (199)

4-phenylbenzophenone (198) (1.1 g, 4.3 mmol) was dissolved in 100 mL of dry 

diethyl ether in a 250 mL round bottom three neck flask cooled to 0°C and equipped with 

a dropping funnel. The dropping funnel was charged with 30 mL o f dry diethyl ether and 

the entire system was flushed with N 2 . At this point 6.7 mL o f CH^MgBr (Aldrich, 1.4 M,

9.4 mmol) was added to the funnel via syringe, and the entire contents o f the funnel were 

slowly dripped (10 minutes) into the round bottom. The solution was allowed to warm to 

room temperature before being set to reflux overnight. After refluxing, the solution was 

cooled, acidified to pH 4 and the organic material was extracted into DCM. Following 

removal o f the solvent a pale yellow solid remained which was recrystalhzed from 

ethanol/water to yield pure 199 as yellow crystalline flakes. (Ig, 85%); m.p. 104 - 106 °C; 

'H N M R (300 MHz, CDCI3 ) 6  1.98 (s, 3H, CH3 ), 2.21 (s, IH, OH), 7.21-7.58 (m, 14H, ArH); 

MS: (Cl) m/z 275 (M++1); (HRMS) calc, for QgHigO - 274.1357, found 274.1360.

4'-PhenyI-l,l-diphenyIethylene (158)

4-Phenyl-a-methylbenzhydrol (199) (0.9 g, 3.3 mmol) was dissolved in 30 mL of
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THF and added to a 100 mL round bottom flask containing 20 mL o f aqueous HCl. 

Following a 3 hour reflux, the organic material was extracted into CH 2 CI2  and subjected to 

standard work-up. ‘H NMR and MS confirmed the identity o f the desired product, which 

was isolated as pale yellow crystalline needles following sihca gel column chromatography 

(2 : 1  hexanesrethyl acetate) to remove residual starting material, and recrystalhzation in 

methanol; 0.51g (62 %); m.p. 96 - 98 °C (Lit. 99-100)^'; %  NMR (360 MHz, CDCI3) 5 5.45 

(d, IH , J= 1.2 Hz, CH o f alkene), 5.5 (d, IH, J= 1.2 Hz, CH of alkene), 7.30-7.45 (m, lOH, 

ArH), 7.53-7.61 (m, 4H, ArH); MS: (Cl) m/z 257 (M++1); (HRMS) calc, for CzoH,  ̂ - 

256.1252, found 256.1252.

4-(4'-Hydroxyphenyl)benzhydrol (196)

In 50 mL o f acetonitrile in a 250 mL round bottom flask was dissolved 500 mg 

(0.0018 mois) o f  195. To this was added 60 mg (18 mmol, 4 eq.) o f NaBH^ in 50 mL of 

H2 O. After stirring for 2 hours the reaction was quenched by aqueous HCl and the organic 

material was extracted into CH 2 CI2 . Following standard workup, the 196 was obtained in 

> 90% yield. This material was carried forward without further purification; ‘H NMR (300 

MHz, CDCI3) Ô 2.20 (s, IH, OH), 4.71 (s, IH, methine H), 5.88 (s, IH , phenol), 6.87 (d, 2H, 

J = 8.1 Hz, ArH ortho to phenol), 7.26-7.51 (m, IIH , ArH); MS: (Cl) m/z 277 (M^+l).

4'-(4”-Hydroxyphenyl)diphenyImethane (157)

4-(4'-Hydroxyphenyl)benzhydrol (196) (350 mg, 1.26 mmol) was dissolved in a 

quartz irradiation tube containing 100 mL of 1:1 CH 3 CN/H2 O and an excess ofNaBH^ (100 

mg). This was irradiated in a Rayonet using 254 nm lamps (8 ) for 1 hour. The solution was 

quenched by slowly adding dilute HCl to the tube, and then extracting the organic material
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into CH 2 CI2 . Following drying and removal o f  the solvent a red-brown solid remained. This 

was recrystallized from hot hexanes to yield pale brown needles in 73% yield (240 mg); m.p. 

161 - 163 °C; ‘H NMR (300 MHz, CDCI3 ) Ô 3.99 (s, 2H, Methylene), 6.87 (d, 2H, J = 8 . 8  

Hz, ArH ortho to phenol), 7.19-7.28 (m, 7H, ArH), 7.42-7.45 (m, 4H, ArH); Mass 

Spectrum: (Cl) m/z 261 (M^+1); (HRMS) calc, for C^gHigO - 260.1201, found 260.1205.

3-(4'-MethoxypheiiyI)benzophenone (200)

/ 7-Methoxyphenylboronic acid (12.5 g, 82 mmol, 1.6 eq. - preparation described 

above) was dissolved in 250 mL of deoxygenated toluene in a 500 mL three neck round 

bottom flask, containing 17.9 g (130 mmol, 2.5 eq.) o f  K 2 CO3  and 17 g (52 mmol, 1 eq.) o f 

3-hydroxybenzophenone triflate (preparation described above). The flask was fitted with a 

reflux condenser and a stir bar. After flushing with N 2 , 1.5 g o f Pd(PPh3 ) 4  (9% by weight o f 

triflate) was added through the side-arm. The mixture was then purged again with N2  and 

allowed to reflux overnight. The solution was cooled and filtered through celite to yield a 

yellow-black (due to residual catalyst) liquid which was filtered again. The solvent was then 

removed from the resulting yellow solution to yield a light brown solid. This was 

recrystallized from 95% ethanol to yield white crystalline plates in a 78% yield (11.5 g); m.p. 

73 - 75 °C; %  NMR (300 MHz, CDCI3 ) Ô 3.84 (s, 3H, OCH3 ), 6.98 (d, 2H, J= 8 . 8  Hz, ArH 

ortho to phenol), 7.45-7.61 (m, 6 H, ArH), 7.70 (d, IH, J= 7.4 Hz, ArH), 7.75 (d, IH, J= 8.1 

Hz, ArH), 7.83 (d, IH, J= 7.35 Hz, ArH), 7.98 (s, IH, ArH meta to benzylic OH); IR (KBr 

disk) 3391, 1649 cm*'; Mass Spectrum: (Cl) m/z 289 (M^+1); (HRMS) calc, for C2 0 H 1 6 O2  - 

288.1150, found 288.1149.
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3-(4'-Hydroxyphenyl)-benzophenone (201)

Pyridine HCl was melted in a 500 mL round bottom flask equipped with a condenser, 

containing 7 g (24 mmol) o f200. This was allowed to reflux for 5 hours, at which point the 

mixture was cooled and 200 mL of dilute HCl was added. The organic material was 

extracted into 3 x 100 mL aliquots o f CHjClz- The pale yellow sohd, obtained after drying 

with MgzSO^ and removal o f solvent, was recrystallized in 95% ethanol to give 4.8 g of pale 

brown crystals (73 %) which were shown by ‘H NMR and MS to be pure 201; m.p. 152.5 - 

155 °C; ‘H NMR (300 MHz, CDCI3) Ô 5.06 (s, IH, phenol), 6.91 (d, 2H, J= 8.1 Hz, ArH 

ortho to phenol), 7.46-7.59 (m, 6 H, ArH), 7.70 (d, IH, J= 8.1 Hz, ArH), 7.75 (d, IH, J= 7.4 

Hz, ArH), 7.84 (d, IH, J= 7.35 Hz, ArH), 7.97 (s, IH, ArH meta to benzylic OH); Mass 

Spectrum: (Cl) m/z 275 (M++1); (HRMS) calc, for C^gH^Oz - 274.0993, found 274.0993.

3-(4'-Hydroxyphenyl)-a-methylbenzhydrol (160)

Methyl magnesium bromide (Aldrich, 1.4 M, 63 mL, 8 8  mmol, 3 eq.) was added via 

syringe to 8  g (29 mmol) o f 201 dissolved in 200 mL o f dry THF in a 500 mL two-neck flask 

under N% equipped with a reflux condenser and cooled to 0 °C. This was allowed to come 

to room temperature before refluxing overnight. After cooling to 0 °C, the reaction was 

quenched with aqueous HCl and the organic material extracted into CH2 CI2 . Standard work

up gave a brown oil which solidified to a yellow powder (6.4 g, 76 %) after several hours 

under vacuum; m.p. 124 - 126 °C; 'H NMR (300 MHz, CDCI3) 5 1.98 (s, 3H, CH3), 2.21 (s, 

IH, OBQ, 4.79 (s, IH, ArOH), 6.87 (d, 2H, J= 8 . 8  Hz, ArH ortho to phenol), 7.23-7.46 (m, 

lOH, ArH), 7.61 (s, IH, ArH meta to benzyhc OH); Mass Spectrum (Cl) m/z 291 (M^+l);
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(HRMS) calc- for C^oHigOz - 290.1307, found 290.1305.

3-(4'-Methoxyphenyl)-a-methylbenzhydroI (162)

Methyl magnesium bromide (Aldrich, 1.4 M, 31 mL, 43 mmol, 2.5 eq.) was added 

via syringe to 5 g (17 mmol) o f200 dissolved in 200 mL o f dry THF in a 500 mL two-neck 

flask equipped with a  reflux condenser (Nj atmosphere, 0 °C). This was allowed to come 

to room temperature before being refluxed overnight. After cooling again to 0 °C, the 

reaction was slowly quenched with NH4CI and the organic material extracted into CHjCh. 

After drying with MgzSO^ and removal o f the solvent, a  pale yellow oil remained which 

eventually solidified over several weeks. H  NMR and MS have shown this compound to 

be pure, however all attempts at recrystallization have failed; 3.8g (73 %); m.p. 69-71  °C; 

H  NMR (300 MHz, CDCI3) Ô 1.99 (s, 3H, CH3), 2.20 (br s, IH, OH), 6.94 (d, 2H, J= 8 . 8  

Hz, ArH ortho to phenol), 7.21-7.51 (m, lOH, ArH), 7.62 (s, IH, ArH meta to benzylic OH); 

Mass Spectrum: (Cl) m/z 305 (M^+l); (HR) calc, for C2 1 H 2 0 O2  - 304.1463, found 304.1458. 

3 '-(4"-Hydroxyphenyl)-l ,1-diphenylethyIene (154)

3-(4'-Hydroxyphenyl)-a-methylbenzhydrol (160) (4 g, 14 mmol) was dissolved in 

100 mL o f THF and added to a 250 mL round bottom flask containing 50 mL o f aqueous 

HCl. The solution was refluxed for 36 hours and then extracted into CH 2 CI2 . Crude 154 was 

isolated as a pale brown oil following standard work-up. This was then run through a silica 

gel column (4:1 hexanes:ethyl acetate) to remove residual 160 and other impurities. 

Following removal o f  solvent, 154 was isolated as a pale brown oil (2.1g, 56%); H  NMR 

(300 MHz, CDCI3) 5 4.68 (s, IH, phenol), 5.49 (s, 2H, CH 2  o f  alkene), 6.87 (d, 2H, J = 8 . 8
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Hz, ArH ort^o to phenol), 7.24-7.39 (m, 7H, ArH), 7.43-7.50 (m, 4H, ArH); IR (Neat) 3368, 

3027, 1615, 898 cm'^; MS: (Cl) m/z 273 (M++1); (HRMS) calc, for CjoHigO - 272.1201, 

found 272.1201.

3'-(4”-Methoxyphenyl)-l,l-diphenyiethylene (156)

3-(4'-Methoxyphenyl)-a-methylbenzhydrol (162) (3 g, 9.9 mmol) was dissolved in 

70 mL o f THF and added to a 250 mL round bottom containing 3 0 mL o f  aqueous HCl. This 

was refluxed overnight and the organic material was extracted into CHzCl^. Following 

standard work-up, 156 was isolated as a yellow oil (-70%  conversion) which was then run 

through a silica column (4:1 hexanes:ethyl acetate). After removal o f solvent, 156 was 

isolated as a yellow solid which was recrystallized from 95% ethanol to yield white crystals;

1.5 g (54%); m.p. 47 - 49°C; ‘H N M R (300 MHz, CDCI3 ) Ô 3.83 (s, 3H, OCH3 ), 5.49 (s, 2H, 

CH; of alkene), 6.94 (d, 2H, J= 8 . 8  Hz, ArH ortho to phenol), 7.27-7.50 (m, 1 IH, ArH); IR 

(KBr disk) 3056, 1608, 8 8 6  cm'*; MS: (Cl) m/z 287 (M++1); (HRMS) calc, for C2 iH,gO - 

286.1358, found 286.1363; e = 28000 cm-'M ' (±500)

2-(3 '-Methoxyphenyl)-benzophenone (202)

w-Methoxyphenyl boronic acid (7.25 g, 48 mmol, 1.5 eq. - preparation described 

above) was dissolved in 250 mL of deoxygenated toluene in a 500 mL three neck round 

bottom flask, containing 8 . 8  g (64 mmol, 2 eq.) o f  K2 CO3  and 10.5 g (32 mmol, 1 eq.) o f 2- 

hydroxybenzophenone triflate (preparation described above). The flask was fitted with a 

reflux condenser and a stir bar. After flushing with N 2 , 0.6 g o f Pd(PPh 3 ) 4  (9% by weight of 

triflate) was added through the side-arm. The mixture was then purged again with N 2  and
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allowed to reflux overnight. The solution was then cooled and filtered through a celite plug 

to yield a yellow liquid. The solvent was then removed firom resulting yellow solution to 

yield ~9 g o f a light brown solid. This was recrystallized firom 95% ethanol to yield white 

needles in an 8 8 % yield (8.1 g); m.p. 97.5 - 100 °C; ‘H NMR (360 MHz, CDCI3) Ô 3.66 (s, 

3H, OCH3), 6.67 (dd, IH, J = 2.5, 8.3) 6.78 (m, IH, ArH), 6.81 (m, IH, ArH), 7.08 (t, IH, 

J =  7.9 Hz, Ar H), 7.25 (t, IH, J =  7.9 Hz), 7.37 - 7.63 (m, 7H, ArH); MS: (Cl) m/z 289 

(M++1); (HRMS) calc, for CaoHigOz - 288.1150, found 288.1152.

2-(3 '-Methoxyphenyl)-a-metliyIbenzhydroI (203)

Methyl magnesium bromide (1.4 M, 37.2 mL, 52 mmol) in THF (100 mL) was added 

dropwise to 202 (7.1 g, 24.7 mmol) in THF (200 mL) in a dry, N2  purged two-neck 500 mL 

round-bottom flask cooled in a dry ice/acetone bath. The mixture was allowed to come to 

room temperature, and then gently refluxed for 5 hours. The reaction was slowly quenched 

with aqueous NH 4 CI and brought to pH 4 with H3 0 \  Following extraction with CHjCL and 

removal o f solvent, the product 203 was obtained as a pale brown solid. This was 

recrystallized firom hot ethanol to yield 5.8 g (77%) o f product as large white crystals; m.p.

109.5 - 112 °C; H  NMR (360 MHz, (€ 0 3 )2 8 0 ); Ô 1.62 (s, 3H, CH3), 3.46 (s, 3H, OCH3 ), 

5.41 (s, IH, OH), 6.01 (s, IH, ArH ortho to OCH3  and phenyl), 6.29 (d, IH, J = 7.6 Hz, 

ArH), 6 . 6 6  (d, IH, J =  8.3 Hz, ArH), 6.88-6.97 (m, 4H, ArH), 7.05-7.09 (m, 3H, ArH), 7.25 

(t, IH, J = 7.4 Hz, ArH), 7.39 (t, IH, J = 7.5 Hz, ArH), 7.91 (d, IH, J = 7.9 Hz, ArH); MS: 

(Cl) m/z 305 (M+4-1); (HR) calc, for C2 1 H2 0 O2  - 304.1463, found 304.1464.
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4.3 Product Studies

All preparative photolyses were carried out in a Rayonet RPR 100 photochemical 

reactor equipped with 254, 300, or 350 nm lamps. The solutions were contained in quartz 

tubes (100-200 mL) which were cooled to ^ 15 °C with tap water by means o f an internal 

cold finger. All solutions were purged with either argon or oxygen {via a stainless steel 

needle) for 5 minutes prior to irradiation and for the entire time o f  the irradiation, to promote 

stirring and maintain the atmosphere. Photolysis times varied firom 30 seconds to 1 hour, 

depending upon the system being studied. General work-up following photolysis involved 

extraction o f the solvent system (typically CH3 CN/H 2 O or CH3 OH/H 2 O) with CHzCh and 

separation o f the aqueous and organic layers, followed by drying o f  the combined organic 

layer over MgzSO^, filtering to remove the drying agent and evaporation o f the solvent under 

reduced pressure. All pH studies list the pH of the aqueous phase prior to mixing with 

CH 3 CN or CH 3 OH. In these studies, the solution was brought to -pH  7 following irradiation 

by the addition of NH 4 CI, 0.05 M NaOH or 0.1 M pH 7 buffer solution, prior to extraction 

o f the organic material. The irradiation products were separated (if necessary) by preparative 

TLC and then analyzed by MS and ‘H NMR. In all cases, thermal control experiments at < 

15° C and in the absence o f light were conducted to determine the contribution of thermal 

processes to the observed reactivity.

4.3.1 Pyridoxine Systems

Photolysis of Pyridoxine (150)

A solution of 54 mg o f 150 in 80 mL o f 1:1 CH3 OH/H2 O was photolyzed at 254 nm 

( 8  lamps) for times up to 15 minutes. Solutions which were not irradiated showed no
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conversion to th e  methyl ether (no thermal reaction). ‘H NMR analysis showed the methyl 

ether 183 as the  only product at these irradiation times. During irradiation the solutions 

turned from clear to pale yellow. Preparative TLC separation (100% ethyl acetate) was used 

to obtain a pure sample o f the methyl ether which has previously been identified^^^^; 'H 

NMR (free base) (300 MHz, (€ 0 3 )2 8 0 ) 6  2.34 (s, 3H, CH3  on phenyl), 3.25 (s, 3H, OCH 3 ),

4.50 (s, 2H, C H 2 ), 4.53 (s, 2H, CH2 ), 7.93 (s, IH, ArH); HRMS calc, for C9 H 1 3 NO 3  - 

183.0895, found 183.0893.

NOE difference experiments conducted in DMSO-dg indicated that 182 was formed 

exclusively over 183: Irradiation 7.93 ppm - growth 4.5 ppm; irradiation 4.53 ppm - growth 

3.25 ppm; irradiation 4.5 ppm - growth 7.93 ppm, small growth 3.25 ppm.

Solutions o f 54 mg 150 in 80 mL 1:1 CH3 OH/H2 O at several pH’s (1, 2.2, 3.5, 5.2, 

6.7, 7 .5 ,9 .1 ,10.3 ,11.2  and 12) were photolyzed at 254 nm for times up to 15 minutes. The 

product obtained in each case was shown via 'H  NMR to be identical to methyl ether 182.

A solution o f 80 mg 150 dissolved in 80 mL o f  1:1 CH3 CN/H2 O was photolyzed with 

EVE (1 mL, 10 mmol) at 254 nm ( 8  lamps) for 5 and 15 minutes. Following work-up, the 

resultant product mixture was found to contain both residual 150 and chroman-like 186 as 

identified by ‘H  NMR. Preparative TLC (100% ethyl acetate) was used to obtain a pure 

sample o f 186; NMR (free base) (300 MHz, D2 O) ô 1.05 (t, 3H, J = 7.4 Hz, CH3  o f  ethoxy 

group), 1.95 (m, 2H, CH2  next to ethoxy group), 2.25 ppm (s, 3H, CH 3  on phenyl ring), 2.70 

ppm (t, 2H, J =  7.4 Hz, ( ^ ^ p a r a  to N), 3.71 ppm (qq, 2H, J = 7.4, 9.6 Hz, CH2  o f ethoxy 

group), 4.48 (s, 2H, CH 2  on phenyl ring), 5.33 (t, IH, J = 3.7 Hz, H geminal to ethoxy 

group), 7.78 (s, IH , ArH); HRMS calc, for Ci2 H,7 N 0 3  - 223.1208, found 223.1213.
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Solutions ofSO mg 150 in 80 mL o f 1:1 CH 3 CN/H2 O at several pH’s (1,1.7,3.5,5.2, 

6.5, 7,9.2 ,10.2 and 12) were photolyzed with 1 mL o f EVE (1 mL, 10 mmol) at 254 nm ( 8  

lamps) for 5 and 15 minutes. Irradiation in solutions o f pH = 1 showed none o f the chroman 

product due to decomposition of the EVE, while irradiation at pH's z3.5 showed - 8 % 

product formation.

Photolysis of a-Phenylpyridoxine (151)

A solution o f 54 mg o f  151 in 80 mL o f 1:1 CH3 OH/H 2 O was photolyzed at 254 nm 

( 8  lamps) for times up to 15 minutes. During irradiation the solution turned from clear to 

pale yellow. ‘H NMR analysis showed the methyl ether 184 as the only product at these 

irradiation times, although photolysis for greater than 15 minutes showed the appearance of 

secondary photoproducts (not identified). Preparative TLC separation (100% ethyl acetate) 

was used to obtain a pure sample o f the methyl ether; ‘H NMR (free base) (300 MHz, 

(CDCI3 )) 5 2.48 (s, 3H, CH 3  on phenyl), 3.48 (s, 3H, OCH 3 ), 4.50 (s, 2H, CH 2 ), 5.92 (s, IH, 

CH), 7.32 (s, 5H, Phenyl H ’s), 7.87 (s, IH, ArH), 8.72 (s, IH, phenol); Mass Spectrum (Cl) 

m/z 260 (M+4-1); HRMS calc, for Ci5 H,7 N 0 3  - 259.1208, found 259.1213.

A solution o f  50 mg 151 dissolved in 80 mL o f 1:1 CH 3 CN/H 2 O was photolyzed with 

1 mL (10 mmol) o f  EVE at 254 nm ( 8  lamps) for 15 minutes. Following work-up, the 

resultant product mixture was found to contain diastereomers 187 and 188, as well as 

residual 151. Preparative TLC (100% ethyl acetate) was used to obtain a pure sample of the 

chroman-like diastereomers 187 and 188; 'H  NMR (free base) (360 MHz, (CDCI3 )) 5 1.07 

(t, 3H, J =  7.1 Hz, CH3  o f ethoxy group, diastereomer 1), 1.20 (t, 3H, J =  7.1 Hz, CH3  o f
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ethoxy group, diastereomer 2), 2 .11- 2.48 (m, 2H, CH; next to ethoxy group, diastereomers 

1 and 2) 2.49 (s, 3H, CHj on phenyl ring, diastereomer 2), 2.50 (s, 3H, CHj on phenyl ring, 

diastereomer 1), 3.46 - 3.95 (m, 2H, CH 2  o f  ethoxy group, diastereomers 1 and 2), 4.15 (d, 

2H, J =  4.1 Hz, CH; on phenyl ring, diastereomer 1), 4.18 (s, 2H, CH; on phenyl ring, 

diastereomer 2), 4.38 (dd, IH, J = 5.3,7.9 Hz, CH with phenyl, diastereomer 1), 4.44 (t, IH, 

J = 6.5 Hz, CH with phenyl, diastereomer 2), 5.13 (dd, IH, J = 2 .4 ,6 . 6  Hz, diastereomer 2), 

5.23 (dd, IH, J= 2 .5 ,4.8 EQz, diastereomer 1), 7.05 - 7.09 (m, 5H, phenyl ArH, diastereomer

1), 7.15 - 7.31 (m, 5 H, phenyl ArH, diastereomer 2), 8.02 (s, ArH ortho to N, diastereomer

2), 8.03 (s, ArH ortho to N, diastereomer 1); Mass Spectrum (Cl) m/z 300 (M'^+l); HRMS 

calc, for C,gH2 iN0 3  - 299.1521, found 299.1524.

4.3.2 Biphenyl Alkenes and Alcohols

Photolysis of 4’-(4"-Hydroxyphenyl)-l,l-diphenylethylene (153)

A solution o f 15 mg o f 153 in 90 mL o f 2:1 CH3CN/H2O was irradiated at 300 nm 

( 8  lamps) for times up to 20 minutes. ‘H NMR indicated that 159 was the only product 

formed even at high conversions (> 87%)(N2 or O2 ). The identity o f 159 was confirmed by 

comparison to the ’H NMR of authentic material. Relative Op tests for irradiation in 1:1,2:1, 

4:1 and 9:1 CH3CN/H2O showed essentially no difference between the solvent systems (± 

4%). Experiments in which the sample was not irradiated showed no conversion to products.

pH studies (1, 3, 5 ,7 ,9 ,10,11 and 12) were conducted in 2:1 CH3CN/H2O with the 

pH of the system measured for the aqueous portion prior to addition. In the pH 7 studies a 

0.01 M phosphate buffer solution was used. In each case, 15 mg of 153 was dissolved in 60 

mL o f CH3CN and then the aqueous portion was added. Following irradiation ( 8  lamps, 300
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nm, 10 minutes) the solutions were brought to neutral pH and then work«ed-up. As with the 

above studies, 159 was the only observable product at all pH’s.

Photolysis of 4'-(4"-Methoxyphenyl)-l,l-diphenyIethyiene (L55)

A 15.8 mg sample o f 155 irradiated for 10 minutes at 300 n m  ( 8  lamps) in 2:1 

CH3 CN/H2 O (N2  or O2  ) gave ~ 1 2 % conversion to the alcohol 161 with no other products 

being observed. The identity o f the product was confirmed by comparis-on to the ‘H NMR 

of the authentic material. The blank experiments (no irradiation) show ed no conversion to 

161. The relative Op was calculated by comparison to the yield o f 159 fi’o o i  153 as described 

in Section 4.5. Relative Op tests for irradiation in 2:1, 4:1 and 9:1 CH 3 *CN/H2 0  (100 mL 

total volume) showed a range firom 0% in 9:1 CH3CN/H2O to 12% in 2:1 CH3CN/H2O.

pH studies (7 (O.OIM phosphate buffer), 9.7,10.5,11.3 and 12.5) '«were conducted in 

2:1 CH3CN/H2O with the pH o f the system measured for the aqueous portion prior to 

addition to the organic solvent. 15.8 mg of 155 was dissolved in 60 mL oJf CH3CN and then 

the aqueous portion was added. The solutions were brought to pH ~1 and worked-up 

following irradiation ( 8  lamps, 300 nm, 10 minutes).

Photolysis of 4 -phenyl-1,1-diphenyIethylene (158)

15 mg o f 157 was dissolved in 90 mL of 2:1 CH3CN/H2O and irra_diated at 300 nm 

for 5 minutes. Analysis by 'H NMR indicated no conversion to the photoliydrated product. 

Photolysis of 3'-(4"-hydroxyphenyl)-l,l-diphenylethyiene (15*4)

A solution o f 15 mg o f 154 in 90 mL o f 1 : 1  CH3 CN/H2 O was irra-diated at 254 nm 

( 8  lamps, purged with N 2 ) for times up to 5 minutes. Even at high conversion (>80%), 160 

was found to be the only product, as shown by comparison to the 'H  N~MR o f authentic
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material. Trials run with 0% purging rather than N; yielded the same conversion to the 

photohydrated product. The relative Op was calculated by comparison to the yield o f 162 

from 156 as described in Section 4.5. The relative Op was found to vary little (< 5%) 

between irradiation in 1:1,2:1,4:1 and 9:1 CH3 CN/H 2 O (15 mg, 254 nm, 8  lamps, 1.5 min, 

100 mL total volume). Experiments where the sample was not irradiated showed no 

conversion to product.

pH studies (7 (0.01 M  phosphate buffer), 9.3,10.2,11.2 and 12.5) were conducted in 

both 1:1 and 2:1 CH3CN/H2O with the pH o f the system measured for the aqueous portion 

prior to addition ( 8  lamps, 254 run, 1.5 min.). In each case, 15 mg o f 154 was dissolved in 

the organic solvent prior to addition o f  the aqueous portion. The solutions were brought to 

pH 7 with 0.1 M  phosphate buffer after irradiation ( 8  lamps, 254 nm, 1.5 minutes) and then 

worked-up. In all cases, 160 was the only observable product.

Photolysis o f 3'-(4"-m ethoxypheayL)-l,l-diphenylethylene (156)

Irradiation o f  15.8 mg o f  156 in 100 mL o f  1:1 CH3 CN/H 2 O ( 8  lamps, 254 run, 1.5 

min.) gave 162 as the only observable product in 33% yield. Relative yield experiments in 

various solvent systems ( 1 : 1 , 2 : 1 , 4:1 and 9:1 CH 3 CN/H2 O; 81amps, 254 nm, 1.5 min.) 

ranged from 33% conversion (1:1) to 0 % conversion (9:1).

pH studies (7 (0.01 M  phosphate buffer), 9.3,10.2,11.2 and 12.5) were conducted in 

2:1 CH3 CN/H 2 O in order to compare the reactivity with that o f  154. At each pH an 

equimolar amount o f  156 (15.8 mg) was irradiated at 254 nm for 1.5 minutes ( 8  lamps)
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Photolysis of 4-(4’-hydroxyphenyl)-a-methylbenzhydrol (159)

Solutions o f  20 mg of 159  in 100 mL o f 1:1 CH3 OH/H 2 O were irradiated for times 

up to 30 minutes (16 lamps, 254 nm) to yield the methyl ether 208 as the only product (26% 

yield after 30 min.). Similar irradiations were carried out in 1:1 CH3OH/CH3CN for up to 

2 hours (16 lamps, 254 nm). No difference was found between the yields obtained from 

irradiation in N 2  or O 2  purged solutions. Prep TLC (3:1 hexanes:ethyl acetate) was used to 

isolate a pure sample o f the product ether; 'H  NMR (300 MHz, CDCI3) S 1.87 (s, 3H, CH3), 

3.17 (s, 3H, OCH3), 4.8 (br. s, IH, phenol), 6 . 8 6  (d, 2H, J= 8 . 8  Hz, ArH ortho to phenol), 

7.24-7.34 (m, 3H, ArH), 7.35-7.5 (m, 8 H, ArH); Mass Spectrum (Cl) m/z 273 (M^- OCH3) 

pH studies (1.2, 3.4, 5.3, 7 (0.01 M phosphate buffer), 9.3,10.2, 1 1 . 2  and 12.5) were 

conducted on 159  in 1:1 CH3OH/H2O (20 mg, 16 lamps, 254 nm, 5 min). In each case, the 

methyl ether 208 was the only observable product.

Photolysis of 4-(4'-methoxyphenyI)-a-methyIbenzhydroI (161)

Irradiation o f a solution o f 161 (21 mg, 16 lamps, 254 nm, 100 mL 1:1 CH3 OH/H2 O) 

gave less than 6 % conversion to the respective methanolysis product after 30 minutes. 

Photolysis of 3-(4'-hydroxyphenyl)-a-methyIbenzhydrol (160)

Irradiation o f  20 mg o f 160 in 1 : 1  CH3OH/H2O for times up to 2 0  minutes (5 2 % 

conversion) gave the methyl ether 210 as the only product. A pure sample of 210 was 

isolated by prep TLC (3:1 hexanes: ethyl acetate); 'H NMR (300 MHz, CDCI3) 5 1.89 (s, 

3H, CH3), 3.18 (s, 3H, OCH3), 4.8 (br. s, IH, phenol), 6 . 8 6  (d, 2H, J=8.1 Hz, ArH ortho to 

phenol), 7.18 - 7.51 (m, lOH, ArH), 7.55 (s, IH, ArH meta to benzylic OH); MS (El) m/z
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272 (M"+ - HOCH 3 ).

pH studies (1.2,3.4,5.3,7 (0.01 M phosphate buffer), 9.3,10.2, 11.2 and 12.5) were 

conducted on 159 in 1:1 CH^OH/H^O (20 mg, 16 lamps, 254 nm, 5 min). In each case, the 

methyl ether 2 1 0  was the only observable product.

Photolysis of 3-(4'-methoxyphenyI)-a-methyIbenzhydrol (162)

A solution o f 21 mgs o f 162 in 100 mL of 1:1 CH 3 OH/H 2 O gave less than 2 % 

conversion to the respective methanolysis product after 10 minutes irradiation ( 8  lamps, 254 

nm). The blank runs (no irradiation) showed no conversion to product at all.

4.4 UV-Vis Studies

The molar absortivities (e) for 153 and 156 were determined at 300 and 237 nm 

respectively. In each case, a known mass o f sample was dissolved m a 500 mL volumetric 

flask containing 1:1 CH3CN/H2O. 3 mL o f this stock solution was then pipetted into a quartz 

cuvette and the UV-Vis spectrum was recorded on the Cary 5. This was repeated 3 times for 

each sample, e was calculated firom the Beer-Lambert relationship (A= eel) to yield values 

of 19000 cm'‘M*' (±100) and 28000 cm'*M"' (±500) for 153 and 156, respectively.

4.5 Product Quantum Yield Measurements

Product quantum yields for the photosolvolysis of the Vitamin B 6  systems and the 

biphenyl alkenes and alcohols were determined using either relative or absolute methods.

Relative quantum yields involved comparison o f the yields o f photosolvolyzed 

product between a compoimd with a known quantum yield (secondary actinometric standard) 

to those of the compound under study. A known amount o f  compound was dissolved in a
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given solvent system (Abs. at Xexc. > 3) and irradiated enough to give a low conversion (as 

determined by time dependent product studies), hnmediately following this, an equimolar 

amount o f the compound with the known quantum yield was irradiated under the same 

conditions. Integration from ‘H  NM R (Growth o f the methyl protons ( -5  2 ppm) for the 

photohydration reactions and growth o f the methoxy protons (5 3.1 - 3.5 ppm) for the 

photomethanolysis reactions) was used to determine the relative conversions to the 

photosolvated products, which could then be used in Eq. 4.1 to determine the relative 0p.

(Da =  0 8 (A /B )  (4.1)

Where Og — Relative quantum yield o f A, Known quantum yield o f  B
A/B =  Relative conversion to photosolvated product

Each system was maintained at -  IS °C by means o f an internal cold finger and was purged

with argon for 5 minutes prior to irradiation. All values are the result o f  at least three

independent irradiations.

Absolute quantum yields were determined on an optical bench using an Oriel 200W

high pressure Hg lamp and a PTI monochromater set at the desired wavelength. Potassium

ferrioxalate actinometry (0.006M K 3 Fe(C2 0 4 ) 3  in 0.05 M  H2 SO4 ) was employed to determine

the intensity (I) o f the light absorbed by the sample being irradiated.

The general procedure for determining the hght intensity at the irradiation

wavelength used involves irradiating 3.0 mL (V2 ) o f the ferrioxalate solution in a quartz

cuvette for the same amount o f  time (t) as the imknown sample. Following irradiation, 1.0

mL (V;) is removed from the cell and added to a 10 mL volumetric flask by a pipette. To

this is added 2.0 mL o f a 2% by weight solution of 1,10 phenanthroline, 0.5 mL of the buffer
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solution and H2 O to make up to the 10 mL mark. The solution is then mixed and allowed

to develop in the dark for 1 hour. This procedure is repeated following irradiation o f each

of the three alkene solutions so that I can be accurately determined for each sample. A blank

ferrioxalate solution (no irradiation) is left next to the red light during the entire set of

irradiations. This is used to determine the amount o f stray light present and also serves as

a blank to accurately determine the absorption change in the irradiated actinometer solutions.

After the development period, the absorbance o f the irradiated solution (corrected for the

blank solution) is recorded at 510 nm (AA).

From this data, I can be calculated utihzing Eq. 4,2.

1 =  AA V i V j / e O x t  Vj (4.2)

Where AA = Absorption o f the actinometer at 510 nm minus absorption o f the blank 
Vi = Volume o f actinometer removed from the cuvette 
V2  = Volume o f actinometer irradiated
8  = Extinction coefficient o f phenanthroline complex at 510 nm 
Oj. = Quantum yield o f  Fe^^ production at the excitation wavelength 
t = Time o f  irradiation (min.)
V3  = Volume o f the volumetric flask used for dilution

The quantum yield o f product formation (Op) is then calculated using Eq. 4.3.

Op =  AA / (etc 1*10^) (4.3)

Where AA= Change in absorption o f the irradiated alkene at X̂ bs 
8  = Extinction coefficient o f  the alkene at Xobs 
c = A correction factor for the amount of light absorbed (see below)

All ferrioxalate work (including irradiation o f the alkenes) was carried out under red

photographic lights in an otherwise dark room. The solution o f  0.006 M potassium

ferrioxalate in 0.05 M HCl was prepared in the dark and stored in a red 250 mL volumetric

flask in the absence o f light. The 2% by weight solution of 1,10 phenanthroline was
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prepared by dissolving 0.5021 g o f substrate in distilled H^O in a 250 mL volumetric flask, 

while the required buffer solution was prepared by adding 41 g ofNaOAc and 5 mL 

cone. H 2 SO4  to 400 mL o f H2 O and then making up to the mark in a 500 mL volumetric 

flask. Samples of the alkene solutions were prepared by diluting 5 - 10 pL o f a stock 

solution o f the substrate (in CH3CN) into 3.0 mL of 1:1 CH3CN/H2O in a quartz cuvette. 

Each cuvette was purged with argon for 5 minutes prior to irradiation and during the 

photolysis time. In each case, the sample was irradiated for an amount o f time known to give 

<10% conversion to the photohydrated products. As conversion o f the biphenyl alkenes to 

the alcohols involves observing a loss o f  absorption, the O.D. o f each solution was 

determined prior to irradiation. In order to obtain accurate measurements o f  the change in 

O.D., the absorption o f each alkene solution was kept below 2 at the monitoring wavelength 

(lobs.)- As the wavelength o f irradiation (Ifnad) ût each case was necessarily close to Igbs., ^ 

correction factor for the amount o f light absorbed by the sample (relative to that absorbed 

by the actinometer) was required. This was accomphshed by taking the average absorption 

o f the sample at before and after irradiation and converting this value to a percentage 

of light absorbed, which was then used as a  correction factor in eq. 4.3.

4.5.1 Photohydration of Biphenyl Alkenes

The absolute product quantum yields for photohydration (d>p) o f 153 and 156 in 1 : 1  

CH3 CN/H2 O were determined using potassium ferrioxalate actinometry. The quantum yields 

o f photohydration o f alkenes 155 (15.8 mg, 100 mL 2:1 CH3 CN/H2 O, 10 min., 254 nm, 8  

lamps) and 154 (15 mg, 80 mL 1:1 CH3 CN/H 2 0 , 1.5 min, 254 nm, 8  lamps) were determined 

via comparison to the relative conversion for 153 (15 mg) and 156 (15.8 mg) respectively
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(Table 4.1). Due to a lack o f  solubility in 1:1 CH3CN/H2O, the Op for photohydration o f  155

was measured in 2:1 CH3CN/H2O, however, the difference in the Op between these two

solvent systems has been shown to be negligible (< 5%).

Table 4.1 Quantum Yields o f  Photohydration Products from 
Irradiation of Hydroxybiphenyl Alkenes in CH3CN/H2O

Compound Op (Product) Compound Op (Product)

153 0.013 ±0.005=^ (159) 154 0 . 1  ± 0.02= (160)

155 -0.008" (161) 156 0.125 ±  0.005" (162)

 ̂ From potassium ferrioxalate actinometry.
Using Op for photohydration o f  153*’ (1:1 CH3CN/H2O) or 156"= (1:1 CH3CN/H2O) as a 

secondary standard. Each value is the result o f three independent trials.

4.5.2 Photomethanolysls of Biphenyl Alcohols and Vitamin Bg Systems

The product quantum yield for methyl ether formation from m- and p-

hydroxybenzhydrol were previously determined by Diao“ ® (Op= 0.40 and 0.19 respectively).

These compounds were used to determine the relative Op for methanolysis o f 159 and 160

(20 mg, 100 mL 1:1 CH3OH/H2O, 2 min., 254 nm, 8  lamps). Similarly, o-

hydroxybenzhydrol (Op= 0.46)^°* was used to determine the relative Op for methanolysis o f

150 and 151 (51.4 mg and 70.3 mg respectively, 80 mL 1: 1  CH3OH/H2O, pH 7,5 min., 254

nm, 8  lamps). Results are listed in Table 4.2.
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Table 4.2 Quantum Yields o f Respective Methyl Ether Products from 
Irradiation o f 150,151,159 and 160 in 1:1 H 2 O/CH3 OH

Compound Op (Product)

159 -0.04“ (208)

160 0 . 2 2  ±  0.02" (210)

150 0.18 ± 0 .0 2 ": (182)

151 0.21 ± 0.02" (184)

Op for photomethanolysis o f 135“ (Op = 0.19)^^®, 134’’ (Op = 0.40)^®, 133"= (Op= 0.46)^°‘ 
or 150"̂  used as a secondary standard. Each value is the result o f three independent trials.

4.6 Steady State Fluorescence and Lifetime Measurements

Steady state fluorescence spectra (uncorrected) were taken in 3 mL quartz cuvettes 

and recorded on a Photon Technologies International (PTI) QM-2 fluorimeter at 20 °C. All 

solutions were purged with argon for 5 minutes prior to measurement.

Samples for quenching experiments (fluorescence and fluorescence lifetime) were 

prepared by adding a stock quencher solution to CH3CN via pipette, such that the total 

volume in  the fluorescence cell was 3 mL. The stock quencher solution was typically 20 mL 

o f H2O in 50 mL CH3CN. The cell was then spiked with the desired compound (in CH3CN) 

until the absorbance at the excitation wavelength was -0.1. The absorbance o f all 

subsequent samples were matched to this value. The cells were then purged for 10 minutes 

with argon, and the fluorescence spectrum was recorded after verifying the absorbances.

Fluorescence quantum yields (O^) were calculated by comparing the integrated 

emission bands o f a standard (2-aminopyridine in 0 .1N H 2 SO4  (Of = 0.60 ±  0.05)) with those 

o f the desired compounds according to eq. 4.4.^“"



Ou =  O; (A, nu^/Ai Fs ns^)
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(4.4)

Where <I>f“ and <!>/ =  fluorescence quantum yields o f the unknown and the standard 
Au and A  ̂=  Absorbance o f  the unknown and the standard at 
Fu and F, = total integrated emission area o f  the unknown and the standard 
Tiû  and ris^=refractive index o f the solvent containing the unknown and the standard

Absorptions for the standard and the sample were matched at the excitation wavelength

(either 280 or 300 nm). All Of s (Table 4.3) were measured using solutions with O.D. <0.1.

In an effort to detect aggregation effects the fluorescence quantum yields were measured at

a minimum o f  three concentrations for 153-155,159 and 160 (O.D. 0.02-0.1).

Table 4.3 Fluorescence Quantum Yields (Of) 
for Biphenyl Alkenes and Alcohols in Dry CH3CN

Compound <Df̂ Compound Of“

153 0.61 ±  0.05 154 0.17 ±0.05

155 0.65 ±  0.05 156 0.15 ±0.05

159 0.16 ±0.05 160 0.17 ±0.05

161 0.25 ±  0.05 162 0.14 ±0.05

 ̂Measured using 2-aminopyridine in 0.1 M  H 2 SO4  as a standard, 3 trials per concentration.^'*' 

Fluorescence lifetimes (Xf) were measured using a PTI LS-1 Time-correlated Single 

Photon Counting system utilizing a arc lamp as the excitation source. Software supplied 

by PTI was used to deconvolute the signals from the lamp and the sample and to fit the 

decays. All decays were first order except for 154 and 162 which were fit to the sum o f two 

first order exponential decays (two lifetimes). The lifetimes shown (Table 4.4) are the 

average o f three independent trials. In all cases, the values were below 1.3 (where is 

a measure o f the agreement between the actual data and the calculated line).
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Table 4.4 Fluorescence Lifetime (x^ 
for Biphenyl Alkenes and Alcohols in dry CH3CN

Compound Tf(ns) Compound Tf(ns)

153
(exc. 295, em 370)

1 . 6  ± 0 . 2 154
(exc. 260, em. 370)

6.9 ± 0.2
13.9 ± 0.5

155
(exc. 295, em 370)

-1.3 156
(exc. 260, em. 370)

6.9 ± 0.2
13.9 ±0.5

159
(exc. 280, em. 330)

6.5 ± 0.2 160
(exc. 260, em. 330)

7.5 ± 0.2

161
(exc. 280, em. 330)

6.4 ±0.5 162
(exc. 260, em. 330)

6 . 8  ± 0 . 2

4.7 Laser Flash Photolysis (LFP) Studies

All LFP studies were conducted at the University o f Victoria LFP Facility utilizing 

either a Spectra Physics YAG laser Model OCR-12 (266 and 355 nm excitation) or a 

Lumonics excimer laser (Model EX-510,308 nm excitation). In order to avoid multiphoton 

processes, the laser pulse energies were adjusted to < 2 0  mJ/pulse through the use of neutral 

density filters in the case o f the excimer laser or attenuation o f power for the YAG. The 

monitoring beam utilized was either a pulsed 150 W (Oriel housing Model 66057, Osram 

lamp Model XBO150W-1 and PTI power supply LPS-220) or a 75 W ( PTI housing Model 

AlOlO), Ushio xenon short arc lamp75XE and PTI power supply LPS-220) for lifetimes up 

to 5 ps and, when possible, a more stable lamp (Home-made housing, Osram lamp Model 

XBO150W-1, Hanovia Starter 28302a and Hanovia power supply) for lifetimes longer than 

this. In all cases, the monitoring lamp and the detection equipment were angled at 90 ° to the 

laser beam. The intensity of the light at each wavelength was detected using a 

monochromator (CVT Digikrom 240) and a photomultiplier tube (PMT) (Hamamatsu R446,
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5 dynodes). The signal from the PMT is sent to a baseline compensation unit which holds

the value o f  the background intensity from the Xe lamp after the lamp pulse, prior to firing

o f the laser. The signal received upon triggering o f the laser is recorded by a T ektronix TDS

520 digital oscilloscope and then sent to the computer. Transient signals were corrected for

the slope o f  the baseline in cases where the 150 W Oriel lamp or the 75 W PTI lamp were

used and the time scale being observed was > 5 ps/div. Studies utihzing the DC lamp for

long time scales did not require this correction. The software utilized to run the laser system

and analyze and process the data was written in Labview 5.01 and was run through either a

Macintosh Hci or a Macintosh G3.

In all cases, Pq values were kept between -0.2V and -0.25V by the Labview program,

which adjusted the PMT voltage and monochromater slit width recursively. Unfortunately,

the output o f the DC lamp was often too weak to yield reasonable Pq values. As such the

other lamps (which only allow accurate measurement o f  shorter lifetimes) had to be used.

In a typical experiment, a solution with an O.D. o f  <0.3 was prepared in a given

solvent system in a modified graduated cylinder attached to a flow cell (7mm x 7mm quartz)

from a stock solution o f the desired compound in dry CH 3 CN according to eq. 4.5:

SV =  (0.3 S /  Abs) (10/7) (x /  3+s) (4.5)

Where SV =  Spike volume (in pL) required to give an O.D. o f 0.3 in x mL
S =  Vol. o f spike (in pL) utilized to give an absorbance o f -0.3 in a 3 mL cuvette 
Abs =  Actual abs. from the spike o f S pL in the 3 mL cuvette 
X = Vol. o f solvent required in the flow cell (typically 60-100 mL) 
s = Same as S, but in mL
10/7 = a factor for the different pathlengths between the cuvette and the flow cell 

The solution was then purged with either oxygen or nitrogen for a minimum of 10 minutes
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prior to starting, and continuously throughout the experiment. The flow cell system was 

utilized to provide fresh solution for each shot from the laser, in order to avoid secondary 

excitation o f  long-lived intermediates or photoproducts. In each case, the flow rate was set 

so that two spectra and the relevant transient decays, could be recorded from one solution.

Transient decays (and growths) were recorded as a time resolved collection of 500 

hundred points in a given time scale at a  given wavelength. These decays were fitted using 

either Kaleidagraph 3.08 orFitVic (a Labview program written for the University of Victoria 

LFP facility). The absorption spectra o f the transients were collected in a similar fashion, 

with the transient growth or decay being recorded at several different wavelengths. At each 

wavelength, the transient signal was divided into four time windows, and the average AO.D. 

from each window was plotted against the average time. Thus, four points were plotted for 

each wavelength, yielding a time resolved absorption spectrum at the end o f the experiment.

Quenching experiments were conducted utilizing individual 7mm x 7mm quartz 

cuvettes instead o f  the flow cell system. For these experiments, 3 mL o f the desired solvent 

and quencher (in varying concentrations) was added to a cell which was then sealed by a 

small septum. The ceU was then spiked with a small amoimt o f a stock sample solution until 

the absorbance at the excitation wavelength was -0.3. The absorbance from all subsequent 

samples were then matched to this value. The cells were then purged for 10 minutes with 

either oxygen or nitrogen and the transient decay at a given wavelength was recorded.

4.8 X-Ray Crystallography

X-Ray crystallographic data was obtained by Drs. B. Chak and D. Berg, Department 

of Chemistry, University o f  Victoria using a Nonius CAD-4 diffractometer with Cu-Ka
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radiation and a rotating anode generator. Crystallographic data is summarized in Table 4.5.

Table 4.5 Crystallographic Data for 4-(4'-Hydroxyphenyl)benzophenone (195) and 
2-(3'-Methoxyphenyl)-a-methylbenzhydrol (203)

Compound 195 203

Empirical Formula C 1 9H 1 4 O2 C2 1 H 2 0 O2

MW 274.32 304.39

Crystal System Monoclinic Triclinic

Space Group P2, (#4) P-1 (#2)

Cell Dimensions

a(Â ) 7.358(1) 7.7326(7)

b(Â ) 16.171(2) 9.888(2)

c(Â) 12.0388(8) 11.853(5)

a ( ° ) 90 105.26(2)

pn 97.986(9) 103.22(2)

Y D 90 103.963(13)

V(A^) 1418.5(2) 806.1(4)

Z 4 2

T(K) 293 293

Pcucd (g/cm^) 1.284 1.254

p (cm ') 6.57 6.23

R 0.077 0.064

Rw 0.059 0.073

No. of Observations 1857 2358

No. of Parameters 379 209

Source, X (Â) CuKa, 1.54178 CuKa, 1.54178
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