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Abstract 

This Thesis reports the mechanistic investigation of a variety of aromatic compounds 

capable of undergoing either simple photochemical extrusion of carbon dioxide or water, 

giving reactive carbanion or quinone methide-type intermediates, respectively. New 

reactions are reported for several compounds synthesized in this Thesis. Noteworthy is the 

discovery that a wide variety of aroyl- or acetyl-substituted phenylacetic acids 

photodecarboxylate efficiently. The findings add to the understanding of the chemistry of 

electronically excited aromatic ketones and hydroxyaromatic alcohols. 

A series of benzoyl-substituted phenylacetic and biphenyl acetic acids as well as the 

parent p-acetylphenylacetic acid were synthesized and their mechanisms of 

photodecarboxylation investigated by product studies, solvent deuterium isotope effects, pH 

effect, triplet sensitization and quenching studies, as well as by laser flash photolysis. It was 

found that photodecarboxylation, via a carbanion mechanism, is a general process that can 

be initiated by electronically excited aromatic ketones, in which the aromatic ketone serves 

as a powerfbl "electron-withdrawing" group.- This "electron-withdrawing" property is 

comparable to that previously observed for the nitro moiety. The excited triplet state is 

responsible for the extrusion of carbon dioxide of benzoyl-substituted phenylacetic acids, 

while both singlet and triplet excited states are involved in the benzoyl-substituted biphenyl 

acetic acids. Novel acid catalyzed photodecarboxylation was observed for , 3 -  

benzoylphenylacetic acid as well as for both 3- and 4-benzoylbiphenylacetic acids, consistent 

with protonation of the carbonyl group in the excited state (in acidic solution) prior to loss 



. . . 
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of carbon dioxide. Noteworthy is that photodecarboxylation can be efficiently mediated 

through biphenyls and possibly longer conjugated systems. 

In the second part of this Thesis, a series of hydroxybiphenyl and hydroxyterphenyl 

methanols and their respective methoxyl derivatives were synthesized and the mechanistic 

investigation of their photodehydration reaction was carried out by product studies, quantum 

yield measurements, steady state fluoresence and laser flash photolysis. Photo-initiated 

deprotonation of the phenol moiety to the phenolate ion in the singlet excited state is the 

primary step before the dehydroxylation step from the benzyl alcohol moiety. It was found 

that highly conjugated biphenyl quinone methides are readily photogenerated and observed 

by laser flash photolysis from the hydroxybiphenyl methanols. The quinone methide 

intermediates can be efficiently trapped by nucleophilic agents in the system, such as 

methanol and ethanolamine, to give methyl ether and an ethanolamine adduct. New 

chemistry was discovered in that the quionone methide formed from 4-hydroxy-2'-(a- 

hydroxybenzyl)biphenyl(161) is able to undergo an electrocylic closure reaction to give a 

fluorene derivative. Results from studies on the hydroxyterphenyl alcohols were consistent 

with photogeneration of terphenyl quinone methides, but LFP studies failed to detect such 

intermediates. 
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Chapter 1 

Introduction 

1.1 Prologue 

1.1.1 Decarboxylation 

Decarboxylation is a chemical reaction of great importance. It plays an indispensable 

role in the global carbon cycle, which in turn achieves the goal of gathering, fixing and 

utilizing solar energy from the sun. The fixed solar energy associated with the carbon cycle 

is the ultimate energy source for almost all living systems on this planet. 

Due to the importance of the decarboxylation reaction, it is not surprising that there 

is great interest on the details of this process and countless papers have been published. A 

number of reviews has also been published on the decarboxylation process, either initiated 

thermally, e.g., using enzymes, ' or photo~hemically.~,~ Thermal decarboxylation catalyzed 

by enzymes is essential for living organisms. Without enzyme catalysis, thermal 

decarboxylation will be too slow to be useful. For example, orotic acid (la) is 

decarboxylated to orotidine (1 b) with a half lifetime of 78 million years in neutral aqueous 

solution at room temperature when the process is uncatalyzed (eq. 1.1). But in modem 

very slow 

n 
(1.1) 

I I 

CH3 CH3 

1 a 1 b 



ODCase 

(1.2) 

Ribose-phosphate H Ribose-phosphate 

organisms, the enzyme orotidine 5'-monophosphate decarboxylase (ODCase) catalyzes the 

decarboxylation of orotidine 5'-monophosphate (2a) to form uridine 5'-monophosphate (2b) 

in a "spontaneous" fashion (eq 1 .2).'y6 The ODCase enzyme is known to be one of the most 

proficient enzymes known In modern organisms the ODCase-catalyzed 

decarboxylation of 2a is the essential last step in the biosynthesis of the pyrimidine 

nucleotide. The reaction is so important for nucleic acid synthesis that sluggish 

decarboxylation of 2a in the absence of the enzyme would have raised a serious barrier to 

biochemical evolution. In addition, the uniqueness of the ODCase-catalyzed decarboxylation 

is that the intermediate is likely a non-conjugated carbanion, where the negative charge 

cannot delocalize into the n-system of the substrate8 or to a covalently-attached cofa~tor .~  

Many enzyme-catalyzed decarboxylations have long been a subject of study, but many 

details of the catalytic mechanisms still remain unclear. 

A more obvious important class of enzyme-catalyzed decarboxylations is the 

oxidation of sugars and lipids to provide energy for metabolism. The oxidation of sugars in 

the body is the "reverse" process of photosynthesis. In the first step, the six-carbon sugar is 

converted via glycolysis to two molecules of pyruvate, which, in turn, are oxidatively 

decarboxylated to form acetyl-S-CoA, catalyzed by pyruvate dehydrogenase. The acety1-S- 

CoA fragment then enters the citric acid cycle in the body and is completely oxidized to C02, 
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by two steps of oxidative decarboxylation under enzyme catalysis. The acetyl-S-CoA 

mechanism is also important in fatty acid metabolism. Long chain fatty acids are oxidized 

to CO, to provide energy, by a series of repeated reactions of so-called P-oxidation reaction 

from the carboxylic acid group, to form the acetyl-S-CoA fragment. 

Decarboxylation initiated by light is one of the many interesting properties that 

compounds containing a carboxylic group (acid and acid derivatives) display. 

Photochemical reactions such as direct a- and P-cleavage, hydrogen abstraction, 

cycloaddition, and loss of a CO or CO, have been documented for compounds containing a 

carbonyl group. The mechanism by which carbon dioxide is photochemically extruded from 

a substrate depends critically on the structure of the substrate and its solvent environment. 

By studying the mechanism ofphotodecarboxylation reactions, structural and solvent effects 

on excited state reactions can be probed. Photochemical decarboxylation reactions are also 

employed in synthetic chemistry. Photochemical excitation may lead to a selective 

decarboxylation process, leaving other parts of the substrate untouched. Simple removal of 

the carboxyl moiety may give desired products, or the products may be formed by some 

rearragement of the intermediate left behind after extrusion of the carboxyl moiety. 

1.1.2 Dehydration 

Dehydration, like decarboxylation, is another important class of elimination reactions 

in which a fragment or a small molecule is lost. As the name implies, a water molecule is 

eliminated in a dehydration reaction. The importance of such elimination reactions, more 

specifically, dehydration and decarboxylation, is that the materials left behind are essential 



intermediates or products that have critical chemical and biological functions. 

Two examples of dehydration reactions are shown in eqs 1.3 and 1.4. The 

dehydration of citrate (3a), to give cis-aconitate (3b), is the first step of the citric acid cycle. 

A second example is shown in eq 1.4 where o-hydroxybenzyl alcohol (4a) is able to undergo 

thermal or photochemical dehydration to give o-quinone methide (4b), which undergoes 

efficient nucleophilic reactions at the methylene carbon position. Such nucleophilic 

reactions of o-quinone methides are widely occurring in biological chemistry. 

COO 
HO$COO - - H 2 0  + 

- 
r COO 

1.2 Photodecarboxylation 

1.2.1 Arylacetic Acids 

1.2.1.1 Phenylacetic Acid 

The simplest arylacetic acid is phenylacetic acid (5a). It has a low 

photodecarboxylation quantum yield of ca. 0.01. Due to its structural simplicity, it is not 

surprising that early research work in the 1970's on the mechanisms of photodecarboxylation 

was carried out on 5a. Meiggs and Miller 'O carried out flash photolysis on 5a in basic 
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methanol solution and observed transient spectra that were assigned to a benzylic radical 

intermediate (Lax= 302,3 14 nm). Further supporting evidence for this assignment was from 

the isolation of bibenzyl photoproduct. However, bibenzyl accounted for only 2% of the 

photolysis products, with toluene being by far the major product (97%). In contrast, 

photolysis of 5a in neutral methanol or water yielded bibenzyl, carbon dioxide, carbon 

monoxide, polyacids, and only traces of toluene.loa Meiggs and Miller l '  listed some 25 

distinct primary photocleavage modes available to carboxylic acid derivatives. Only a few 

of these pathways have been observed for arylacetates. The authors concluded that process 

a (Scheme 1.1) dominates for phenylacetate in methanol with minor contribution from b. 

In water it was suggested that a and c processes are operative. A satisfactory mechanistic 

explanation has been provided by Epling and Lopes, 'l who proposed that photo- 

fragmentation of 5a proceeds predominantly through a radical pathway, and that the 

fragmentation of 5b proceeds mainly through an ionic mechanism (Scheme 1.2). A 

troublesome point lies in the origin of toluene 

Scheme 1.1 



hv 

Scheme 1.2 

from the photolysis of 5a. It was found that photolysis of Sa-OD (PhCH2COOD) gave more 

than 95% normal toluene and less than 5% deuterated toluene after photolysis in CH30D or 

in hexane with 10% isopropyl ether. Formation of toluene from 5a is most likely via a 

residual H-abstraction reaction of the benzyl radical with methanol or organic co-solvent. 

Photolysis of 5b (sodium salt) in CH,OD with 10% isopropyl ether or in D20 with 10% 

(CH,),CHOD yielded a-deuteriated toluene as the predominant product, with only a trace of 

normal toluene. All of these experimental results are consistent with the conclusion drawn 

that 5b photodecarboxylates via an ionic mechanism and that 5a photodecarboxylates mainly 

via a homolytic cleavage mechanism. A minor process involving photoionization of 5b to 

solvent is also possible since solvated electrons have been observed spectroscopically for the 

series Ph(CH,),COO- (n = 0 to 4).I27l3 

A recent study14 reported direct observation of competitive cleavage pathways upon 

excitation of 5a,b and showed the dependancy on environment. Nanosecond laser flash 

major 

-C02, -Ha 

A 

hv 

major 

-C02 
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photolysis (LFP) showed that excitation of 5b (formed by incorporating 5a in cation- 

exchanged zeolites) gave two transients, one at 3 15 nm (benzyl radical) and a second at 350 

nm (benzyl anion). Those two transients displayed different decay kinetics. Furthermore, 

when 5a-a,a-d, was irradiated in zeolite, toluene-a,a-d,, produced by protonation of the 

benzyl-a,a-d, anion, was obtained as a major product, in addition to bibenzyl-a,a-d,. 

Toluene-a,a,a-d, was not observed, indicating that toluene is not formed by reaction of the 

benzyl radical with the precursor. On the other hand, when unlabeled 5a was photolyzed 

within CH,OD incorporated Nay zeolite, the products obtained were toluene, toluene-a-d, 

and bibenzyl. For both cases, it was also found that the benzyl anion yield was highly 

dependent on the hydration state of the zeolite, as more water was co-adsorbed into the 

zeolite, a greater production of the 350 nm band (benzyl anion) was observed. This is 

consistent with the favourability of anion intermediates in a more polar environment. 

1.2.1.2 Nitrophenylacetic Acids 

While 5b undergoes photodecarboxylation with a quantum yield of only ca. 0.01, the 

nitro-substituted (on benzene ring) derivatives photodecarboxylate much more efficiently, 

with a quantum yield of 0.6 for both p-nitrophenylacetic acid (6) and m-nitrophenylacetic 

acid (7).15 The products were p,p '-dinitrobibenzyl and p-nitrotoluene from 6 and m- 

nitrotoluene from 7. For the photodecarboxylation mechanism of 6, it was proposed by 

Craig et a1.Isa that process a in Scheme 1.1 was almost the exclusive pathway responsible for 

the photodecarboxylation based on their picosecond and nanosecond LFP studies. LFP 

experiments established that an excited triplet state ofp-nitrobenzyl anion (8(T,), LaX-290 

nm, Scheme 1.3a) decayed in 90 ns, giving rise to a ground state 8(So) with A,,,,,- 356 nm 



Scheme 1.3a 

which had been erroneously assigned to the p-nitrobenzyl radi~al.'~." Though the p- 

nitrobenzyl radical (generated via reaction of one-electron reducing p-nitrobenzyl halide 

followed by elimination of X-) coincidently has a transient spectrum with I,,,,,-350 nm, it 

was ruled out as being the species contributing to the one observed at &,-356 nm, based 

on the kinetics and its insensitivity to oxygen quenching. The radical displayed second order 

kinetics decay (k = 9.6 x lo9 M-I s-' ) an d was extremely sensitive to oxygen, while in 

contrast, the observed species at 356 nm fiom decarboxylation of 6 did not show enhanced 

decay in either oxygen or nitrogen saturated solution. In fact a lifetime of -60 seconds was 

determined using UV-Vis spectrophotometry for this intermediate. The characteristic 

hydrated electron absorption (I,,,,-720 nm)18 was not observed as would be expected if 

process c (Scheme 1.1) was significant. The efficient intersystem crossing (S,- T,) of 

photoexcited 6 is the same as the overall quantum yield of its photodecarboxylation (both 

were 0.6). This is consistent with a mechanism of decarboxylation via T, and suggests that 



the decarboxylation is an adiabatic process on the triplet state surface (Scheme 1.3a). 

The mechanisms for the transformation of ground state 8(SJ to the observed products 

of p-nitrotoluene and the p,p'-dinitrobibenzyl appear to be complex. However, there is 

evidence that p-nitrobenzyl anions can give rise to a radical-derived product via overall 

electron loss. Buncel and Russell and their respective co-~orkers '~ . '~  have shown that 

thermally generated 8 (via deprotonation of p-nitrotoluene with potassium tert-butoxide) 

rapidly givesp,p'-dinitrobenzyl and nitroaromatic radical anions, the latter detected by ESR 

spectroscopy. A similar observation was reported by Wan and Muralidharan 20* 21 in their 

study of an interesting class of reactions of 2-(p-nitropheny1)ethanol and related nitrobenzyl 

derivatives in aqueous acetonitrile. Strong ESR signals of the radical anions were recorded 

upon photolysis of those substrates that led to photo-retro-Aldol type reactions via 

heterolytic cleavage of the a - P carbon bonds. It was proposed that electron transfer from 

the carbanion to substrate through bimolecular reaction resulted in ap-nitrobenzyl radical 

which dimerized to givep,p'-dinitrobibenzyl. Alternatively, Craig and Pace22 suggested the 

possibility of dimerization of thep-nitrobenzyl anion (to givep,p'-dinitrobenzyl dianion) as 

the only important bimolecular process available for the anion. The dianion subsequently 

reacts with two substrate molecules to give the dimer product and two molecules of substrate 

radical anions. The final fate of the "ejected" electron is not clearly understood. However, 

reduced nitroaromatic compounds were observed under prolonged photolysis. Also it is 

reasonable to assume the electrons reside in the product in the form of a radical anion, which 

may react further with electron scavengers in the system or oxygen during exposure to air 

on product isolation. 
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Compared to the p-isomer 6,  the m-nitrophenylacetic acid (7a) appeared 

mechanistically simpler. Petrusis and Margerum observed no transient for photolysis of 

7a in basic aqueous solutions, in contrast to the p- and o-isomers. This is probably due to 

the fact that the m-nitrobenzylic carbanion (7c), as shown in Scheme 1.3b, would be expected 

to be much short-lived as there is no direct conjugation between the negative charge and the 

nitro group. In other words, the carbanion 7c in the ground states is not stabilized by the 

nitro moiety by direct resonance interaction. In the excited state, electron density is 

favorably transmitted to the electron-withdrawing nitro- group at the m-position,'5c which 

explains its high decarboxylation quantum yield (Q, -0.6). 

Scheme 1.3b 

1.2.1.3 Naphthylacetic Acids 

As described above, both excited singlet and triplet states can readily initiate 

photodecarboxylation. Also, decarboxylation can be initiated by ground state intermediates 



produced photochemically or thermally in a prior step. Work done by Steenken et al.23 

showed that, in pH 3.5 aqueous CH,CN solution, photolysis of 2-naphthylacetic acid (9a) 

gave rise to transient absorption with several bands (after scavenging of the triplet excited 

state and solvated electrons), which were very similar to those reported for naphthyl radical 

cation 9b independently formed by y- radiolysis and pulse-radiolysis of naphthalene. 24*25.26 

The radical cation 9b led to decarboxylation to give radical 9c according eq 1.5. In the 

presence of oxygen, the major product observed was naphthaldehyde in aqueous solution. 

A radical transient spectrum with one main absorption at La, -330 nm was also detected 

when 1-naphthylacetic acid was irradiated. This transient was assigned to the 1- 

naphthylmethyl radical 27 (1-positioned isomer of intermediate of 9c). The photoionization 

seemed to be a prominent feature for a naphthalenelnaphthyl group, as Steenken and his 

coworkers23 showed the radical cations were readily generated from naphthalene and various 

naphthalene derivatives, such as 1- or 2-methyl-, chloro, fluoro, and 2- 

hydroxylethylnaphthalenes. The radical cation was also observed to react with another 

ground state molecule, through n-n interaction, forming a transient dimer (a broad band at 

ca. 1,100 nm). 24,28 

Photoionization, which constitutes an important step in many photochemical 

reactions, may occur by a monophotonic or biphotonic process (in the latter of which a first- 

formed excited state is ionized by interaction with a second photon).29 It has been suggested 
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the production in aqueous solution of radical cations is monophotonic for anthracene and 1 - 

methylnaphthalene 30 or biphenyl derivatives 3' in acetonitrile where e- is scavenged to 

produce (MeCN),-'. 32 It was rationalized that the ease with which photoionization occurs 

and its mechanism should be influenced by the oxidation potential of the substrate and the 

nature of the solvent. 33 The energy associated with a photon at 245 nm is 5 eV and the free 

energy of hydration of an organic radical-cation and of e- is 3-3.5 eV.29934 This implies that 

only those molecules with a gas-phase ionization energy potential (E,) below ca. 8.5 eV 

would be expected to undergo monophotonic ionization in water and these conditions. This 

suggests that for benzene (Ei = 9.2 eV) monophotonic ionization would not be expected 

while for naphthalene (Ei = 8.1 eV) and its derivatives this might constitute a significant 

pathway for ionization. However, experimental results showed that the yields of e- and of 

naphthyl radical cations both increased in proportion with the square of the light intensity, 

indicating the production of the radical cations (and e-) is a biphotonic process. Furthermore, 

evidence supporting a biphotonic ionization process of the naphthalene moiety was provided 

by the results that both excited singlet states and triplet states of naphthyl-containing 

substrates absorbed a photon to give the radical cation. 23 

1.2.1.4 Aroyl-Substituted Phenylacetic Acids 

An interesting class of aryl acetic acids that are used as non-steroidal anti- 

inflammatory drugs, are known to undergo efficient decarboxylation on exposure to light. 

Such non-steroidal anti-inflammatory drugs include Naprofen, Benoxaprofen, Tiaprofenic 

acid (Chart 1. I), Ketoprofen and Indomethacin (vide infra). Among those compounds, 

Ketoprofen (10a in Scheme 1.4) may be considered as a benzoyl-substituted phenylacetic 
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acid derivative. This compound contains a benzophenone chromophore, which has well- 

documented photophysical and photochemical properties. The efficient decarboxylation of 

10a initiated by excited state benzophenone has a high quantum yield of 0.75 in aqueous 

solution.35 Compared to the parent phenylacetic acid (5a) photodecarboxylation quantum 

yield of 0.01, the dramatic increase in 10a indicates that the benzoyl-substituent has a great 

impact on the reactivity of the molecule in the excited states. Photodecarboxylation is 

known to be aided by electron-withdrawing groups (e.g. the nitro moiety), so the benzoyl 

substituent (or benzophenone group) may be acting as a powerful electron-withdrawing 

group in the excited state, since the photodecarboxylation yield of 10a is even higher than 

that observed for the nitro-substituted phenylacetic acids 6 and 7a. '5b 

The introduction of a benzoyl-substituent onto phenylacetic acid might lead to 

chemistry different from that of nitro-substituted phenyl acetic acids, since the carbonyl- 

group is already rich in photochemistry itself: the excited state chemistry of 10a may be 

dominated by carbonyl-group photochemistry. Photochemical studies showed that 10a 

could pose adverse effects to biological systems when undergoing photosensitive 

decarboxylation reaction, probably due to the complex photophysics and photochemistry of 

benzophenone and intermediates involved in the decarboxylation process. This photo- 



toxicity is believed to cause lipid peroxidation via a free radical or singlet oxygen 

mechanism.36 Many have reported that the excited triplet state of benzophenone 

could lead to selective allylic hydrogen abstraction from a lipid to form free radical 

intermediates which form lipid peroxides in the presence of oxygen. 

As the main light absorbing chromophore in the Ketoprofen (10a) molecule, 

benzophenone could have contributed to the phototoxicity and biological effects of it. It has 

been shown that the mechanism for photodecarboxylation of 10a is complex. Photolysis of 

10a in deuterated solvents gave the photoproduct incorporated with one deuterium at the 

benzylic position to give 12, which clearly indicated a carbanion intermediate 1 l c  (Scheme 

1.4). However, controversy has arisen regarding the stages prior to formation of the 

carbanion. Monti and coworkers 39 have proposed via LFP studies that photoexcitation of 

- 
COO hv & lob L-C 

l l c  
1 H20  or D20 

10a (Ketoprofen) 

Scheme 1.4 
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a benzophenone moiety in 10a resulted in a populated triplet state through efficient 

intersystem crossing. They proposed that after rapid electron transfer (ET) fiom the 

carboxylate group to the benzophenone moiety, a molecule of CO, is extruded from 11 a, 

giving a biradical species 11 b which may be regarded as a resonance structure of carbanion 

l l c .  Protonation from solvent forms the final product 12 (Scheme 1.4). Contrasting with 

these proposals, Scaiano and co-workers 40 carried out a detailed LFP investigation using 

triplet quenchers to establish their mechanistic proposal. Based on the observation of the 

quenching of triplet absorption by quenchers with no quenching effect on the carbanion 

absorption, the authors came to the conclusion that singlet and triplet pathways were 

independent of each other and that the carbanion 1 l c  formation from decarboxylation of 1 Ob 

stemmed from a singlet precursor. 

Despite controversy in the mechanistic details responsible for photodecarboxylation 

of 1 Oa, one thing that is strikingly interesting is the extremely high yield of the reaction. The 

incorporation of a deuterium atom at the benzylic position of final photoproduct 12 

unambiguously establishes a carbanion as the key intermediate in the photodecarboxylation 

of 10a. In other words, the carbanion l l c  can be readily generated by a simple 

photochemical method via decarboxylation of properly designed arylacetic acids! The 

importance of carbanions is widely accepted among chemists. They play an essential role 

in organic chemistry. A huge effort has been put towards developing reagents that can 

generate carbanions readily. Some reagents, such as Wittig reagents, Grignard reagents, 

alkyl lithiums, etc., play invaluable roles in current laboratory work. Compared to these 



reagents, carbanions generated by photochemical methods offer great advantages, including 

low cost, ease in preparing and handling, and mild conditions for their generation. If 

photochemically generated carbanions could be used as conventional reagents, it would be 

a significant development in organic chemistry. A most convincing work in this vein was 

reported recently in which carbanion 1 l c  (formed after photodecarboxylation of 1 Ob), in 

Nay zeolite reacted with acetaldehyde to give alcohol product 13 in an 82% yield (eq 1 .6).4' 

1.2.2 Diarylacetic Acids 

As demonstrated above, a variety of mechanisms have been advanced for the 

apparently simple photodecarboxylation of various carboxylic acids and derivatives. The 

mechanisms may be broadly classified into three categories: (1) electron transfer induced 

COOH COOH 

Chart 1.2 
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(as in the 2-naphthylacetic acid case. See below for more examples), (2) direct homolytic 

carbon-carbon bond cleavage (proceeding through radical intermediates), and (3) direct 

heterolytic carbon-carbon bond cleavage (proceeding through ionic intermediates). In most 

cases, there is competition between homolytic and heterolytic processes. However, Wan and 

 coworker^^*,^^ reported photodecarboxylation reactions taking place exclusively via 

carbanion intermediates (heterolytic carbon-carbon bond cleavage only) for properly 

designed diarylacetic acid derivatives. Results showed that upon irradiation of compounds 

14-19, all displayed decarboxylation cleanly and gave only one product, i.e., the 

corresponding hydrocarbons for 14-17, xanthene for 18 and thioxanthene for 19 (Chart 1.2). 

Compelling evidence for the carbanion intermediates was demonstrated by photolysis in 

D,O, in which the corresponding monodeuteriated products were isolated. Radical coupling 

products were completely absent from photolysis of 14-19. 

Fundamental differences exist in the photochemical reactivities of 14-19, though all 

of them showed photodecarboxylation. There was a significant difference in quantum yields 

among the compounds 14 to 19, in which 16 (eq 1.8) gave the highest yield (@ -0.6 in pH 

hv @$J) D20 b& 
aq. CH3CN , / / 
-co2 

15a (6x1 

COOH H .D 

hv +@ % (1.8) 

\ / aq. CH3CN \ / \ - 
-co2 - 

16 16a (8n) 



18 

7 aqueous solution) and 15 (eq 1.7) the lowest (0 - 0.042). However, in the ground state, 

compound 15 was the most reactive among 14-19, showing a clean conversion to fluorene 

via thermal decarboxylation in aqueous solution at pH > pK, at 80 "C with a half-life of ca. 

10 hours. Other compounds did not show any thermal decarboxylation at all under these 

conditions. A similar observation has been noted in a study of the decarboxylation of related 

An important rationalization for the ground state reactivity comes from the 

application ofHuckel's 4n+2 rule to the incipient carbanion intermediate. The carbanion 15a 

from decarboxylation of fluorene-9-carboxylic acid (15) has an Internal Cyclic Array (ICA) 

of 6 .n electrons, which is a very stable aromatic ground state. It is not surprising that those 

systems that proceed via ground state aromatic intermediates (e.g., the carbanion 15a (6 n)) 

are several orders of magnitude more reactive than those proceeding through intermediates 

that are formally antiaromatic (e.g., the carbanion 16a (8 7 ~ ) ) . ~ ~ , ~ ~ * ~ ~  Those systems which do 

not contain an ICA of .n electrons, such as 14 and 17, produce charged intermediates that are 

neither stabilized nor destabilized by ICA aromaticity. They display reactivities intermediate 

between these extremes. However, things changed dramatically when the decarboxylation 

reactions occur changing from the ground state (on So surface) to the excited state (on S, 

surface). It has been shown by  calculation^^^*^^ that 4n n electron systems display features 

of aromaticity in the excited states. A notion of "excited state aromaticity" is envisaged. It 

was argued that for the studied systems, suberene-5-carboxylic acid (16), 

photodecarboxylates through an eight IT electron ICA, 16a, which accounts for its reactivity. 



19 

And 15, the most reactive system in the ground state, became the least reactive toward its 

decarboxylation on the excited state. 

The ICA electron count applies to intermediates other than carbanions. The 

photosolvolysis of 9-fluorenol and related compounds has led to a means of generating the 

corresponding carbocations by way ofphoto-dehydroxylation.49~50 Fluoren-9-01 and suberen- 

5-01 were employed as progenitors of 4n and 4n+2 7c electron carbocation intermediates, 

respectively. It has been reported that the 4n carbocations were much more efficiently 

photogenerated than their corresponding 4n+2  counterpart^.^' 

1.2.3 Heteroatom-Substituted Arylacetic Acids 

A recent work examined oxygen and nitrogen kinetic isotope on the 

thermal decarboxylation of 4-pyridylacetic acid, and showed that the transition state of the 

process was strongly dependent on the polarity of the solvent. The general properties of the 

photochemical decarboxylation ofpyridylacetic acids were reported much earlier by Stermitz 

and H ~ a n g . ~ ~ . ~ ~  In aqueous solution, 2-, 3- and 4-pyridylacetic acids all underwent efficient 

- 

COOH *r coo 

hv & - 2  + qCH> nCH3 (1.9) 
\ 

___) 
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and clean photodecarboxylation, to give the corresponding methylpyridines with quantum 

yields of -O.48,0.46 and 0.19, respectively. It was found that the quantum yields reached 

a maximum at pH 4, at their isoelectric points. Zwitterion 20a (eq 1.9) was suggested as 

being responsible for photodecarboxylation of 3-pyridylacetic acid (20). The resulting 

carbanion is stabilized by the formally positively charged nitrogen (20b), which upon 

rearrangement gave the final product 20c. The stabilization of carbanion intermediates was 

more obvious for 2-pyridylacetic and 4-pyridylacetic acids, where a conjugated resonance 

structure in the ground state can be drawn (e.g., 21b for 2-pyridylacetic acid). This can also 

explain the phenomenon that decarboxylation of 2- and 4-pyridylacetic acids also occurred 

thermally at 90 "C whereas 20 did not show any thermal reactivity. Singlet excited states 

were believed to be responsible for the decarboxylation since the yields of intersystem 

crossing (S, - T,) were l o ~ , ~ ~ m u c h  lower than the product quantum yields observed. That 

the carbanion intermediates were stabilized by pyridinium ion more than pyridine was 

corroborated by the observation of a related photoelimination of formaldehyde in high yields. 

Pyridylethanols 21 and 22 56s8s9 showed efficient retro-aldol reaction via initial excited state 

intramolecular proton transfer (ESIPT), forming 21 a, which on loss of formaldehyde gave 

conjugated carbanion 21b and subsequently the final product 21c (eq 1.10). 



As discussed in Section 1.2.1.4, many anti-inflammatory drugs show interesting 

photoreactivity through decarboxylation reactions. Indomethacin (23) is different from 

others in that it is an acetic acid derivative based on an indole chromophore. Photolysis of 

23 in benzene is believed to involve initial ESIPT, to give zwitterion 23a (Scheme IS), 

which undergoes decarboxylation to give an unstable intermediate 24,@ which readily 

rearranges to the product, N-(para-chlorobenzoyl)-5-methoxy-2,3-dimethylindole (26). The 

initial major product 24 was so unstable that the authors observed the transformation of 24 

to 26 even during the mild chromatographic separation process. The authors demonstrated 

that 24 could be trapped by hydrogenation over a palladium catalyst to form 25. It has been 

shown that double bonds undergo protonation readily in acid upon excitation and the 

mechanism presented in Scheme 1.5 is consistent with the formation of 24 as the primary 

photochemical product. It is also possible that the two steps of ESIPT and decarboxylation 

take place in a concerted manner in the excited state. 
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Scheme 1.5 

1.2.4 Amino Acids 

The decarboxylation of amino acids is a typical example of decarboxylation taking 

place as a secondary process after the initial one electron removal from the neighboring 

amino:' th iometh~xy ,~~  or aromatic These processes can be effected by 

photoexcited molecules or by free radical precursors. Glycine (27) has received a great deal 

of attention as it serves as a model for the more complex amino acids. 

Recent work 64 on the decarboxylation of aliphatic amino acids showed that amino 

acids quenched the excited triplet state of 4-carboxybenzophenone (3CB*) by losing one 

electron (oxidation) to form the aminium radical H,N+*-CH2-COO- (28a) and CB-*. The 
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Scheme 1.6 

aminium radical 28a is subject to rapid decarboxylation via heterolytic cleavage. Early 

studies involving X-ray and radiolysis 65 of glycine (27) solutions provided evidence for the 

decarboxylation of 27 occurring after removal of an electron from the amino group. The 

decarboxylation reaction of this rather simple molecule turned out to be surprisingly 

complex. A scheme responsible for glycine decarboxylation has been proposed (Scheme 

1.6). A major product from all these processes is CO,. It was shown6' by pulse-radiolysis 

that the initial step in the hydroxyl radical induced mechanism is oxidation of the amino 

group, producing 28a and 28b with yields of 63% and 37%, respectively. The amino radical 

cation 28a suffers fast (1 100 ns) fragmentation into CO, and a radical 'CH,NH2 (29). 

It is interesting to note that the decarboxylation process is a chain reaction, albeit with 

a somewhat short chain length. The carbon-centered radical, (e.g., 'CH,NH, (29)), can 

abstract a hydrogen atom from Gly and generate 28b or 28c. Following a protonation step 

it transforms to the amino radical cation 28a, the direct precursor for the decarboxylation 

reaction. 



Scheme 1.7 

Photo-induced decarboxylation of amino acids can also occur intramolecularly. o- 

Nitrodimethyoxyphenylglycine (30) underwent photochemically-triggered decarboxylation 

and deamination reactions via an intramolecular redox reaction (Scheme 1.7).66 Upon 

excitation, 30 underwent intramolecular hydrogen atom transfer fiom the a-carbon of the 

amino acid to generate an aci-nitro intermediate 31 via n - n* excitation. The intermediate 

31 cyclizes affording 32. The subsequent collapse of 32 in the presence of a proton source 

results in the elimination of ammonia, forming a-ketoacid 33. Thermal decarboxylation of 

33 gives transient ketene, with the o-nitroso substituent serving as an electron sink. In the 

last step, the o-nitroso substituent is restored and a proton is abstracted fiom the solvent to 

form o-nitrosobenzaldehyde derivative 34. The ready transformation of 30 has made it a 

good photolabile synthetic amino acid. A hydrophobic inhibitor of carbonic anhydrase 11,67+68 

structure I, has been incorporated into 30, a polar caging group. It has been shown that the 
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"caged inhibitor" 30.1 readily releases free I upon irradiation which in turn can tightly bind 

to carbonic anhydrase 11. Such an approach provides advantages of increase in water 

solubility and generation of the drug in situ by removal of the mask by exposure to light of 

an appropriate wavelength. 

Anilinium radicals 35a, derived from a-anilinocarboxylates 35 , P-anilinoalcohols, 

a-anilinosilanes, can readily undergo decarboxylations, retro-aldol reactions and 

desilylations. Mariano and his coworkers 69 have reported the fragmentation of anilinium 

radical 35a to give product 36 (eq 1.1 1). The decarboxylation of 35a occurred via an a- 

heterolytic bond cleavage followed by electron transfer from carbon to nitrogen to give the 

radical 35b. Using photo-sensitization techniques (to achieve single electron transfer 

oxidation) of a-anilinocarboxylates, P-anilinoalcohols, and a-anilinosilanes, the authors 

observed that the respective decarboxylation and retro-aldol cleavage processes occur with 

exceptionally high efficiencies. The rate of unimolecular decarboxylation of 



aniliniumcarboxylate radical 35a was determined to be in the range of lo6 - lo7 s-I. 

1.2.5 Esters 

Decarboxylation is one of the many photochemical reactions that carboxylic esters 

can undergo, among decarbonylation, C-0 cleavage, cycloaddition (oxetane formation), 

hydrogen abstraction (fi-om carbonyl), isomerization and rearrangement. 70 Due to the lack 

of intense absorption bands in the conventional W region for a simple carboxyl 

chromophore, the studied compounds have concentrated mostly on arenecarboxylates, in 

which the carboxyl chromophore is conjugated with an aromatic moiety. However 

photodecarboxylation of arenecarboxylates is not usually favorable and the yields are 

generally low, due to the strong interaction of the ester group with the adjacent aromatic ring 

(vide infra). For esters, the first step of cleavage can take place at the a and b positions (see 

37), via both heterolytic and homolytic pathways. 

Pincock and  coworker^^'.'^ have carried out extensive studies of the photochemistry 

of naphthylmethyl esters 38 with various substituents on the naphthyl group. Irradiation of 

38 in methanol resulted in the formation of three major products, methyl ether 39, 

phenylacetic acid (40), and the coupling product 41 fi-om direct loss of a CO,, together with 

minor amounts ofproducts due to out-of-cage coupling and hydrogen abstraction of benzylic 

and l-naphthylmethyl radicals. All of the possible photochemical events are shown in 

Scheme 1.8. The solution 

photochemist ry  o f  benzylic 

compounds with leaving groups 
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(ArCH,-LG, LG = leaving group) are well known to yield products resulting fiom both ionic 

(42, ArCH,') and radical (43, ArCH,')  intermediate^.^^,^^ The ether 39 is formed via an ionic 

pathway by trapping of the 1-naphthylmethyl cation by methanol solvent. In contrast, 41 

results from in-cage coupling of the 1-naphthylmethyl radical with the benzylic radical 

formed by loss of carbon dioxide from the (phenylacety1)oxy radical. Escape of the radical 

pairs from the solvent cage gave 3 possible coupling products (ArCH,CH,Ar, ArCH2CH2Ph, 

PhCH,CH,Ph). The distribution ofproducts 39,40,41 and the out of cage coupling products 

is a reflection of the relative rate constants in the competition processes, k, vs k, as well as 

the rate constant of electron transfer (kET) fiom radical pair 43 to ionic pair 42. Due 

Ar-CH2* +PhCH2* - 3 coupling 

-co2 /r Products 
/out of cage 

MeOH - ArCH20Me + PhCH2COOH 

Ar = 

Scheme 1.8 
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to ultrafast in-cage decarboxylation and subsequent in-cage reaction, products derived from 

out of cage reaction are minimized. 

The direction of photodecarboxylation of an ester can be altered by the acidity of the 

medium in which the reaction is carried out.75 It was found75 that 

mesitylcyclohexanecarboxylate 44 was readily photodecarboxylated in good yield in neutral 

acetonitrile solution, to give exclusively decarboxylated products 45 and its positional 

' \  
0. oQ f l  - + 

49 45 
+positional isomers 

s, 

Scheme 1.9 

isomers, with 45 being the dominant one (Scheme 1.9). The other positional isomers were 

assigned to 2,3,5-, 2,3,6-, and 2,4,5-trimethyl-1-cyclohexylbenzenes, which were produced 

via the 1,2-shift of the alkyl group, due to prolonged irradiation of 45. This was confirmed 

by secondary photolysis of pure 45 and as well as prior literature ~ o r k . ~ ~ , ~ '  In contrast, 
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addition of a very small amount of acid to the system dramatically switched the mode of 

photolysis, from decarboxylation, to transesterification when the reaction was carried out in 

acetonitrile solution in the presence of ethanol or 2-propanol (and acid). In the presence of 

1 mM methanesulfonic acid, photolysis of 44 exclusively afforded the transesterification 

products 46 and phenol 47. Mechanistic investigation led to a proposal for reactions as 

shown in Scheme 1.9. Excitation of 44 led to two types of bond homolysis, giving the 

radical pairs 48 and 50. The radical pair 50 may afford the cyclohexadienone derivative 51, 

which is similar to the intermediate postulated in a photo-Fries rearrangement. In the 

presence of an acid, the labile intermediate 51 is trapped by acid to give 52, which underoes 

solvolysis to give the products 46 and 47. In the absence of acid, both 50 and 51 efficiently 

return to starting material 44. On the other hand, radical pair 48 decarboxylates to give 

radical pair 49, which in turn recombines in the solvent cage to afford 45. 

1.2.6 Photodecarboxylation in the Solid State 

One feature of solid state photoreactions is the higher product selectivity that is 

generally observed due to the restricted motion of molecules in the crystal lattice as opposed 

to solution photoreactions. An interesting example of photodecarboxylation was carried out 

in the solid state in the presence of a stoichiometric sensiti~er. '~. '~.~~ Highly selective 

decarboxylation was observed under proper conditions. In the two component molecular 

crystal, aza-aromatic compounds served as sensitizer, acting only in one cycle to sensitize 

the photodecarboxylation of substrates. Photoinduced electron transfer reactions 
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are well known.81 Decarboxylation reactions via photoinduced electron transfer (vide infra) 

are very common, especially when an electron acceptor is present. 1,2,4,5- 

Tetracyanobenzene (54), acridine (55) and phenanthridine (56) have been employed as 

electron acceptors in the investigation of the differences between solid phase and solution 

phase photodecarboxylation reactions of a series of carboxylic acids, e.g. 3-indoleacetic acid 

(57), 1 -naphthylacetic acid (58), 9-fluorenecarboxylic acid (15), 9-fluoreneacetic acid (59) 

and 3-indolepropionic acid (60) (Chart 1.3). Irradiation of solutions of sensitizers 54-56 and 

the carboxylic acid in acetonitrile or benzene caused decarboxylations of the acid and to give 

typically four products. For example, irradiation of carboxylic acids in solution in the 

presence of an equal amount of 55 resulted in the decarboxylation product 62, condensation 

product 63 and dimers 64 and 65 (Scheme 1.10). However, when the reactions were carried 

out in the solid state, irradiation of the two-component molecular crystals ( e g  61) caused 

selective decarboxylation for all substrates except for 60 to give the corresponding 

decarboxylation product 62 in high yield as the main product. Condensation product 63 was 
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a minor product, and the dimers fiom radical self-coupling (64 and 65) were not produced 

at all. The high product selectivities were rationalized by the restricted motion of radical 

species in the crystal lattice, very different fiom those in solution. It was also observed that 

lowering the irradiation temperature led to an increase in the selectivities due to a smaller 

thermal motion of the radical species. At -70 "C, crystals formed from 55.15,55*59,56*15 

and 56.57 undergo completely selective decarboxylation upon excitation, to give the 

corresponding decarboxylated product alone. 

The mechanism responsible for these processes is shown in Scheme 1.10. Irradiation 

of a co-crystal excites the electron acceptor (e.g., 55). This is followed by electron transfer 

from the acid to 55 to afford a radical pair. Subsequent proton transfer gives the acyloxy 

radical and a hydroacridine radical. The acyloxy radical rapidly decarboxylate, giving rise 

to a radical pair, which accounts for all the observed products 62-65. 



1.2.7 Kinetics of Decarboxylation and Photodecarboxylation 

Of equal importance to what (kind of substrates) decarboxylates or 

photodecarboxylates is how fast or slow the reaction occurs. Amino acids, such as glycine, 

have been estimated to decarboxylate with first order rate constants about 2 x 1 0-l7 s-' at 25 

"C, which means the half-time for the reaction is 1.1 billion years!' 

There are obviously fundamental differences in reaction rates among the 

decarboxylation reactions of RCOO*, RCH,COO* and RCH,COO-. One obvious difference 

is that decarboxylation of an acyloxy radical and a carboxylate ion will leave behind a radical 

and a carbanion, respectively. Carboxylate ions are produced readily by dissolving the acid 

substrate in basic solution. Various more involved methods have to be employed to produce 

acyloxy radicals, including direct photolysis of peroxyesters, or photo-induced one electron 

transfer from a carboxylate anion in the presence of an electron acceptor. 

tert-Butyl-9-methylfluorene-9-peroxycarboxylate (66) has been used as a precursor 

to generate acyloxy radical 67 by direct photolysis, in order to investigate the kinetics of 

decarboxylation from acyloxy radical (eq 1.12). 71,82 In contrast to the lifetimes of 

naphthoyloxy and benzoyloxy radicals in CCl, (-0.2 ~ s ) , ~ '  the lifetime of 67 was extremely 

short, due to the efficient scission of the carbon-carbon bond to give 68a, 68b and COz. The 

product CO,, monitored by picosecond transient IR spectroscopy, is produced 

"instantaneously" upon excitation. The rate constant kc, was so large that decomposition 

was believed to take place within the 1.8 picosecond time resolution. 

Employing photoexcited methylviologen (MV2+) as electron acceptor, a series of 



acyloxy radicals has been generated from carboxylate donors, including benzilates 

[Ar,C(OH)COO-] and arylacetates [ArCH,COO-1, and their decarboxylation kinetics 

studied.84 The photodecarboxylation of benzilate anion [Ph,C(OH)COO-] with MV2+ was 

very efficient with a quantum yield of 0.8-1 . o . ~ ~  A remarkable observation in the study was 

the extremely rapid fragmentation of the generated benziloxy radicals. The rate constants 

for carbon-carbon bond cleavage (Table 1.1) were on the order of 1012 s-', approaching the 

rate of barrier-fiee unimolecular  reaction^.^^ The ultrafast decarboxylation of 

Ar,C(OH)COO. radicals should be contrasted with the relatively slower rate constants (on 

the order of 1 O9 a') of arylacetoxyl radicals in Table 1.2. Thess latter data are consistent with 

prior work that indicates that the decarboxylation process of various aliphatic acyloxy 

radicals takes place within 1 ns.87-90 The explanation for the differences in the reaction rates 

between the two categories was that, although aliphatic acyloxy radicals decarboxylate 

exergonically, the activation energy is relatively high. 91 By increasing the stability of ketyl 

radicals (Ar,C(OH)*) relative to benzyl radicals (ArCH,.), the activation energy is lowered 



3 4 

Table 1.1 Rate Constants for Homolytic Decarboxylation of Acyloxy Radicals 

Generated via Photo-induced One-electron Oxidation of Benzilate by 

Methylviologen. 92 

Benzilates kCc (1 0" s-') 

Benzilate [Ar,C(OH)COO-] 8 

4,4'-dimethylbenzilate 5 

4-methoxybenzilate 1 

4,4'-dimethoxybenzilate 2 

2,2',5,5'-tetramethoxylbenzilate 0.4 

9-hydroxyl-9-fluorenecarboxylate84 0.02 

for the decarboxylation of the corresponding benzyloxy radicals, due to more extensive 

delocalization of the radical center (over two aromatic rings and to the a-hydroxyl group). 

The decarboxylation rate constants for reactions occurring via ionic mechanisms are 

much smaller than for those occurring via radical  mechanism^.^^ The rate constant (kc,) for 

heterolytic decarboxylation of fluorene-9-carboxylate (15) in S, was estimated to be 9 x lo6 

s-', which is 220 times slower than the decarboxylation of the radical from 

hydroxyfluorenecarboxylate ( k c  -2 x lo9 a ' ,  Table 1.1). Only heterolytic decarboxylation 

for derivatives containing a special stabilizing effect (such as "excited state aromaticity", 

vide supra) for the resulting carbanion can compete ( k c  6 x lo9 s-', entry 1 in Table 1.3) 

with the rates observed for radical processes. 



Table 1.2 
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Rate Constants for Homolytic Decarboxylation of Acyloxy Radicals 

Generated via Photo-induced One-electron Oxidation of Arylacetate by 

Methylvi~logen.~~ 

- - - 

Arylacetates kcc (lo9 s-l) 

phenylacetate [PhCH2COO-] (5b) 1.6 

diphenylacetate (14) 6.1 

Aroyloxy radicals are much less prone to decarboxylation than acyloxy radicals 

(Table 1 .4).93 Structural considerations help explain the slower decarboxylation of aroyloxy 

radicals. The CO, moiety in these radicals closely interacts with x-system of the benzene 

Table 1.3 Rate Constants for Heterolytic Decarboxylation to Stable Carbanion 

Intermediates 42 

Carbanion precursor ko (lo9 S-') 

diphenylacetate (1 4) 0.1 



ring by conjugation, forming canonical structure 69b in resonance with 69a. Thus these 

radicals are stabilized compared to acyloxyl radicals. The interaction is greatly enhanced 

when aroyloxy radicals have electron-donatingpara-substituents, X, which can contribute 

electron density to the two oxygen atoms by conjugative delocalization. The increased 

double-bond character in Ar-COO* even decreases fiuther the rate at which the Ar-COO. 

radicals decarboxylate. It is noteworthy that the dipolar character of canonical structrue 69b 

implies polar solvents stabilize aroxyloxy radicals in the ground state. It has been observed 

that C6H,COO* decarboxylates in water at room temperature at an estimated rate of 2 x 1 O5 

s - ' , ~ ~  which is about an order of magnitude smaller than in CCl,. 

Table 1.4 Rate Constants for Decarboxylation from Aroyloxy Radicals From Diaroyl 

Peroxides and tert-Butyl Peresters in CC14at 24 "C 93 

Aroyloxy Radicals kc, (lo6 s') 



1.2.8 Synthetic Utility of Photodecarboxylation 

Investigation ofphoto-induced decarboxylation is not limited to mechanistic aspects. 

Recent work has been reported indicating that photodecarboxylation can be useful in organic 

synthesis by exploitation of the intermediates left behind after the extrusion of CO,. Very 

recently, Axel and coworkers 9s,96 have shown that cyclization products were obtained after 

photodecarboxylation of a series of carboxyl-substituted N-alkylphthalimides as well as 

several sulfur-containing carboxylates in aqueous solution. Numerous applications of 

photodecarboxylation of phthalimidoalkylcarboxylic acids for medium and large ring 

synthesis have also been developed. 97-'00 Mechanistically, these reactions rely on radical 

coupling induced by intramolecular photo-induced electron transfer and subsequent CO, 

loss. Intermolecular coupling (radical addition) is an obvious case '00 as shown in eq 1.13a, 

in which potassium isobutylate was photodecarboxylatively coupled to N-methylphthalimide 

(70) upon irradiation in 3: l(vol%) water-acetone solution, yielding addition product 71 in 

86% yield. Intramolecular macrocyclization was also observed for N-alkylphthalimides. As 

0 

C H 3  + 7 COOK 
hv - &cH3 (1.13a) 

\ - CO* 

0 0 
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shown in eq 1.13b, carboxy-substituted N-alkylphthalimides 72 (n = 2, 3, 9, 10) have 

smoothly cyclized decarboxylatively upon irradiation under mild conditions, providing 

product 73 in yields as high as 90%. The length of the tether had no major effect on the 

cyclization process, nor did the presence of some functional groups built into the tether. 

Other work loo has shown that substrates 74 with a sulfur-containing alkyl group photo- 

cyclized (eq 1.13c), as efficiently as those in eq 1.l3b. A 26-membered cyclic dipeptide 77 

was successfidly synthesized through photodecarboxylative cyclization of 76 in 60% yield 

by irradiation in water-acetone solvent in the presence of a base (eq 1.13d). 

Some metal-ligand systems that present a challenge synthetically can be obtained by 

photodecarboxylationreactions. Metallocycles ofvarious ring sizes (3,4,5-membered) have 

been made via photodecarboxylation of metal-ligand complexes containing a carboxyl 

moiety. '01~'02 As shown in Scheme 1.11, a novel trans-0-(dithiodicarboxy1ato)cobalt (111) 

complex 78 displayed photoactivity through decarboxylation, forming trans-C, 0 -  cobalt 

complex racemate 79.'03 The -CH,S- moiety of the -CH2S(CH2),SCH2COO- ligand 



79 (racemate) 

Scheme 1.11 

coordinates to the cobalt atom through a carbon atom and sulfbr atom to form the three 

membered ring, which would be inaccessible by conventional synthetic techniques. 

1.3 Photogeneration of Quinone Methides via Photodehydration 

1.3.1 General Chemical Properties of Quinone Methides 

Quinone methides (QMs) have been found to be one class of intermediates which 

have important chemical and biological ramifications. Parent quinone methides, such as o- 

quinone methide (0-QM) 4b (Scheme 1.12), have a cyclohexadiene core with a carbonyl 

group and a methylene unit attached. They are related to the structurally similar 

benzoquinones and quinone dimethides (two methylene units). Unlike their relatives, 

however, quinone methides are highly polarized with their two different functional groups, 

and therefore can undergo both nucleophilic and electrophilic reactions. Scheme 1.12 shows 

reactions of 4b with nucleophiles such as water, methanol or trifluoroethanol to give adduct 

80. In the presence of an electron-rich alkene, 4b can undergo a hetero-Diels-Alder 

cycloaddition reaction, providing adduct 81. 



Scheme 1.12 

Due to the transient nature of QMs, they are difficult to isolate and study. However, 

there is abundant indirect evidence for in situ formation of QMs. Most indirect evidence 

comes from the structural identification of the products resulting from dimerization, 

trimerization, intramolecular and intermolecular [4+2 

nucleophilic trapping of the intermediates.'" 

] cycloadditions, as we1 .1 as the 

1.3.2 Biological Relevance 

QMs are reactive intermediates and have been extensively harnessed by nature. They 

have, for example, been implicated as the ultimate cytotoxins responsible for the effects of 

such agents as anti-tumor h g s ,  antibiotics, and DNA a l k y l a t o r ~ . ' ~ ~ " ~ ~ ~ ~  Reviews'04f exist 

focusing on the toxicological consequences of QMs formation from mitomycin, daunamycin 

and other naturally occuring molecules. Mechanistic work on alkylation of DNA by these 



0CONH2 

reductase 

82 (Mitomycin C)  OH 

0CONH2 

+ DNA alkylation adduct 

OH NH2 

agents has shown the important role QMs play in the biological p r o c e s ~ e s . ' ~ ~ ~ . ~ ~ ' ~ ~ " . ~  

Highly conjugated QMs are common in many situations when alkylating agents react 

with biological macromolecules. Typical examples are mitomycin C (82) and daunomycin 

(83), as shown in eqs 1.14a,b, where 82 is reduced, followed by a loss of methanol, with 

rearrangement to give a highly conjugated o-QM 82a, which reacts with macromolecules 

loss of sugar 
* 

83 (Daunomycin) 

-.) 

DNA adduct 
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such as DNA, giving an alkylation product. Daunomycin 83 follows a similar pattern in its 

DNA and other macromolecules alkylation reaction, via reductive elimination of sugar to 

form QM 83a. 

In contrast to the reductive formation of QMs fiom mitomycin C (82) and 

daunomycin (83), quercetin (84), the most ubiquitous and widely studied flavonoid, 

undergoes rapid autoxidation when dissolved in aqueous buffer at physiological pH, a fact 

to which its pro-oxidant properties are attributed.'08 A variety of bacterial and mammalian 

mutagenicity tests have related quercetin to its quinonelquinone methide pro-oxidant 

chemistry (eq 1.15). The electrophilicity of the o-quinone and quinone methide-type 

metabolites (84a,b,c) is of interest in the context of cytotoxicity, mutagenicity, and possible 

carcinogenicity. '09 

QMs also play a key role in the biological functions of some vitamins. Vitamin E 

(85), for example, has important anti-oxidant properties resulting fiom selective oxidation 

HO - - 
/ 

OH 
- 

OH + 2 e  0 

OH 0 OH 0 OH 0 

84 (Quercetin) o-quinone 84a 
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oxidation dimerization - (1.16) 
Me Me Me 

Me 

85 (Vitamin E) 85a 85b 

of a methyl residue of 85 to form o-QM 85a. Dimerization then yields dimer 85b (eq 

1.16). 'I0 Interestingly, the dimer 85b undergoes reductive retro-dimerization upon addition 

of vitamin C, leading to the speculation that it serves as a molecular switch in order to inhibit 

free-radical oxidation of polyunsaturated esters in vivo. 

1.3.3 Photochemical Methodologies for Quinone Methide Generation 

1.3.3.1 Hydroxybenzyl Alcohols and Hydroxystyrenes 

Wirz and others "I have shown that photolysis of phenols with labile benzylic 

substituents and other benzenoid derivatives led to QMs. Wan and coworkers "2 have 

successfully demonstrated a general methodology for making QMs, by photolysis of 

hydroxyl-substituted benzyl alcohols in aqueous solutions. Phot~lysis"~" of isomeric 



phenols 86 - 91 gave the corresponding QMs via an overall photodehydration reaction. 

Photolysis of 86 and 87 in the presence of ethyl vinyl ether or dihydropyran gave the 

corresponding [4+2] chroman adducts 92 and 93, respectively, consistent with o-QM 

intermediates. Nanosecond LFP of 87 gave a long-lived (z - 5 - 10 s) and strongly absorbing 

species with k,,,,, -345, 450 nrn. All of the above data point to formation of o-QM 

intermediates 86a and 87a via loss of a water.'12" 

Thep- and m- isomers 88 - 91 also provided the correspondingp- and m-QMs upon 

photolysis. In the MeOH-water solvent, the corresponding methyl ether products were 

formed, as shown in eq 1.18, where adduct 95 was efficiently produced from photolysis of 

89. Transient spectra from LFP of 89 and 91 showed strong absorption bands at 360 and 440 

nm, respectively, which were unaffected by oxygen and which could be quenched by adding 

ethanolamine as a nucleophile. The corrresponding methoxy (in place of phenol OH) 

derivative failed to give similar signals. As anticipated, m-QMs such as 94, were found to 

- OMe Hodph hv 

H20- MeOH 2 / (1.'") 
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be much shorter-lived (- 20 ns) compared to that of o- andp-QM, which had lifetimes in the 

subsecond domain. This is probably due to the fact that zwitterion-like m-QMs do not have 

significant contribution from charge-neutral resonance structures and hence are more 

reactive. Brousmiche and Wan112e demonstrated that Vitamin B, (pyridoxine, 96), which 

bears a similar chemical structure unit as hydroxylbenzyl alcohols, was able to photogenerate 

o-QMs as well upon photolysis. Conceivably, both o- and m-QM could be formed via 

photodehydration of 96, though experimental results showed only o-QM 97 was generated, 

H ~ O - C H ~ C ~  Me N Me' -Nc 

based on the trapping experiments with methanol and ethyl vinyl ether. The methyl ether 

was unambiguously determined at the o- position (to the ArOH) and 98 was formed in the 

presence of ethyl vinyl ether (eq. 1.19). The facile photochemical generation of 97 from 

biologically active 96 suggests its potential toxicity, due to the capability of 97 to alkylate 

macromolecules such as DNA. 

Wan and coworkers '12c-d7g also demonstrated that hydroxyaryl alkenes 99 - 102 can 

undergo ESIPT to form quinone methides. The overall photohydration of o-, p-,and m- 

hydroxylaryl alkenes is initiated by a solvent-mediated formal ESIPT process, to give the 

corresponding o-,p-,and m-QM intermediates. Product studies showed that photolysis of the 

o-hydroxystyrene 99 in H20-CH,CN solution gave cleanly the corresponding Markovnikov 

hydration product 104 (Scheme 1.13). Under the same conditions, the methoxy (of ArOH) 



Ph 

- & \ hv dcH3 - 
OH ESIPT ' 

Scheme 1.13 

derivatives of 99 gave a much lower yield of the corresponding hydration product, indicating 

that the hydroxyl group plays a vital role in the reaction. In the presence of methanol, 

photolysis of 99 provided the corresponding methyl ether 105, which was formed upon 

photolysis of 104 in H,O-MeOH. In addition, LFP of 99 yielded transient spectra with 

maximum absorption bands at 340 and 420 nm, which were similar to those obtained from 

LFP of hydroxylbenzyl alcohol 87 and consistent with o-QM 103. 

m-hydroxyaryl alkenes 101 and 102 are also able to undergo water-mediated ESIPT 

to form m-QMs efficiently. For example, m-hydroxystyene 101 give product 107 in a high 

yield in photolysis, via m-QM 106 (eq 1.20). The uniqueness of m-QM formation from these 

substrates is that a small amount of water can act (in the form of a water timer) to catalyze 

the formal ESIPT. The water-mediated ESIPT from the phenolic proton to the P-carbon of 

the alkene is irreversible, and the m-QMs formed were trapped completely by water, to form 

the final photohydration product. Data from LFP experiments supported the envisaged 
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intermediates, as the transient spectra of m-QM 106 and the corresponding m-QM from 

photolysis of 102 showed absorption bands with maxima at - 425 and 4 15 nm, respectively, 

which were consistent with the LFP data from photolysis of m-hydroxybenzyl alcohol 

derivatives. 

Prior to the above reported facile photochemical generation of QMs from the 

hydroxylbenzyl alcohols and related compounds, many diverse precursors have been shown 

to give the same intermediate under thermal or photolysis conditions. o-Hydroxylbenzyl 

alcohols 109 (if Rl = H, 86) gave o-QMs 108 (if Rl = R, = H, 4b) via thermal dehydration 

when heated to 200 0C.113a,b*c Other examples include 1,2-benzooxazines 11 O,"'"-" 

((trimethylsily1)methyl)- 1,4,-benzoq~inones,~'~~ 2-vinyl phenols 11 1 (0-hydroxylstyrene if 

R, = Ph),1'3g,h Mannich bases of phenol and naphthol derivatives 112,' I3'J benzooxetanes, (X 

= 0, 1 13),'13k7' 1 -azobenzofuran 1 l4,Il3" benzodioxins 1 15,"'" and o- 

hydroxylbenzylthioethers 116,' '30~* a11 ofwhich readily give o-QMs thermally or in cases also 

photochemically (Chart 1.4). 

Chemical oxidation can facilitate formation of QMs. Zanarotti showed that QMs 

118 (X = H or OMe) were successfully obtained via Ag,O oxidation of eugenol 117 (eq 

1.21). In the presence of a nucleophile, adducts resulting from nucleophilic attack at both 

the a- and y-positions ofp-QM 118 were isolated. Moore and Karabelas developed a 



Chart 1.4 

protocol by which a silyl group located at the benzylic position of 119, upon attack by a 

nucleophile, yielded the vinylogous enolate, which protonates to give the QM 120 (eq 1.22). 

The basicity of a solution can facilitate the formation of QM as shown by Freccero et a1."4c 

The authors reported that 2-hydroxylbenzyltrimethyl ammonium iodide (121) formed 4b at 

80 "C under neutral conditions (eq 1.23). Higher yields of formation of the QM 4b were 

observed upon addition of a base. Also, 121 was found to be a photoactive precursor to o- 



&IH A"" * 4; (1.2 1) 
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117 x 118 X 

1.3.3.2 Biphenyl Systems 

Wan and coworkers have extended the methodology of employing hydroxybenzyl 

alcohols as photochemical precursors of QMs to biphenyl systems, to generate biphenyl 

QMs, which are more conjugated (additional benzene ring). Shi and Wan ' l 7  reported that 

o, p-hydroxybiphenyl methanols 122 and 123 gave long wavelength transients centered at 

570 and 525 nm, respectively, upon irradiation in aqueous solution. The transients were 



assigned to o,p-biphenyl-QMs 124 and 125 (eqs 1.24 and 1.25), which in aqueous solution 

react with H,O to give back starting material. The lifetimes of transients 124 and 125 were 

found to be 0.4 and 67 ps, respectively, and were much shorter-lived than the parent QMs 

without the extra benzene ring, which were in the subsecond range. The rationale was that 

insertion of another benzene ring provided additional driving force for the biphenyl backbone 

to gain aromaticity, thus, making the biphenyl QMs much more reactive. All data are 

consistent with formation of highly conjugated biphenyl QMs on photolysis of these 

hydroxybiphenyl methanols. 

o-Biphenyl QM gave new chemistry. It was reported "2f~"8b that photolysis of 126 

and derivatives gave essentially planar pyran derivative 128 in high yield, resulting from 

electrocyclic ring closure of the o,o'-biphenyl QM (cD up to 0.5), as shown in eq 1.26. Due 

to the proximity of the alkene and carbonyl moieties in this o-biphenyl QM, reaction via 

electrocyclic ring closure is very efficient and competes well with trapping by external 

nucleophiles. 

The above chemistry observed for 126 was found to be extendable to naphthyl 

derivatives. Biarylmethylalcohols 129, 130 and 131 were smoothly converted to their 

corresponding pyrans on photolysis in CH$N or aqueous CH,CN. It is well known that 



biaryls, especially binaphthyl, are highly twisted in the ground state, with dihedral angles 

approaching 90 " . However, the photocyclized pyran products are much more planar (typical 

dihedral angles < 30"). Therefore, a twisting motion towards coplanarity of the two aryl 

units must occur in the excited states prior to cyclization. It was rationalized, based on 

extensive fluorescence studies, that these systems twist to become more planar only after 

adiabatic deprotonation of the ArOH moiety, followed by loss of hydroxide ion fi-om the 

arylmethyl position to generate the naphtho-QM intermediates. 

Unique biphenyl QM intermediates have been proposed as the intermediates for the 

observed photochemical H-D exchanged on arylphenols. Shi and Wan 'I7 reported that the 

observed charge polarization of 4-phenylphenol (132) in the excited singlet state is 

responsible for formation of o, p-deuterated products at the second benzene ring (133 and 

134), when photolyzed in D,O/D,SO, solution. Under thermal conditions, only the position 

ortho to the hydroxyl group was deuterated and only under high tempperature. Direct ESIPT 

fi-om the phenol to the 2'-position of the attached benzene ring is responsible for phot- 

deuteration observed for 2-phenylphenol(135) to give 137."" It was rationalized that direct 
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Scheme 1.14 

ESIPT between the phenol group and the 2'-position of second benzene ring gives rise to 

biphenyl QM 136 (Scheme 1.14). Biphenyl QM intermediates resulting from direct ESIPT 

from the adjacent hydroxyl group to a carbon of the adjacent aromatic ring was also 

observed for 138 (Scheme 1 .l5). One of those (140) reacts via electrocylic ring closure to 

give 142, whereas the other (139) can only give rise to 2'-deuterium exchange (141, if 

photolyzed in D,O). 

Scheme 1.5 



1.3.3.3 Terphenyl Systems 

Research into photochemical generation of terphenyl quinone methides has also been 

carried out by Wan and  coworker^.'^^ Hydroxyterphenyl methanols 143 and 144 were 

synthesized in the expectation that these compounds would follow similar photochemistry 

as observed for the parent hydroxybenzyl alcohols. Product studies showed that both 143 

and 144 provided the expected methyl ether product on photolysis in H20-CH,OH solution, 

consistent with formation of terphenyl QMs as intermediates. LFP studies on these proposed 

intermediates are not available to include in this review, but it would be anticipated that 

terpheyl QMs may be much shorter-lived than the related biphenyl QMs. 

1.3.4 Synthetic Utility 

The potential synthetic utility for these highly reactive QMs has gradually emerged, 

as evidenced by a recent flux of publications. The most recent review appeared in 2002.'04e 

S ~ h l e i g h " ~ ~  reviewed early publications using o-QMs in ~ynthesis."~" o-QMs used as 

heterodienes in Diels-Alder reactions have been reviewed well by Desimoni and T a ~ c o n i . ' ' ~ ~  

A well written and more recent review on the preparation of QMs for Diels-Alder reactions 

is also available."* 



Scheme 1.16 

Many natural products have been synthesized using [4+2] cycloaddition of these o- 

QMs species as a key step.12' In properly selected systems, inter- and intramolecular [4+2] 

Diels-Alder reactions have been reported for the successful synthesis of cyclic products via 

QMs generated in situ. Inoue and coworkers 121c,d have reported that pyranobenzopyrans 147 

were obtained via intramolecular [4+2] Diels-Alder reaction of o-QM 146 , which was 

generated via thermalysis of l 6 b ,  which was readily available from 145 via 145a (Scheme 

1.16). The ease of using QMs methides to synthesize complex targets regioselectively is 

well demonstrated by Nair's one pot reaction in the synthesis of coumarin 150.12'" The 

authors showed that, in one pot, reaction of 4-hydroxyl cournarin (148), paraformaldehyde 

and 6,6-diphenylfblvene in refluxing 1,4-dioxane led to the pyranocoumarin derivative 150 

in yields as high as 85% (Scheme 1.17). Interestingly, only one regioisomer of 150 was 

formed in the reaction, presumably via the [4+2] cycloaddition of QM 149 and the fulvene 

derivative. 



Scheme 1.17 

1.4 Proposed Research 

1.4.1 Photodecarboxylation of Benzoyl- and Aroyl-Substituted Phenylacetic Acids 

As reviewed above, there is continuing interest in the mechanisms of 

photodecarboxylation of a variety of aromatic systems. One half of this thesis is concerned 

with investigating photodecarboxylation of systems analogous to ketoprofen (10a). To the 

surprise of mechanistic photochemists, ketoprofen (10a) appears to photodecarboxylate 

efficiently (<D -0.75, vide supra) via a carbanion intermediate. At present, there is no 

mechanistic explanation for this high reactivity. Therefore, in order to understand this 

reaction further, analogous systems were designed and studied using ketoprofen (10a) as a 

model. Three options were considered in the design of model compounds: firstly, the light- 

absorbing chromophore should be varied. Several chromophores were considered, ranging 
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from benzophenone to acetophenone, to anthraquinone and to phenylbenzophenone (1 51, 

153,154 and 157 in Chart 1.5); Secondly, positional isomers were studied (151 vs 152,157 

vs 158). Finally, replacing the leaving group from CO, to the less labile formaldehyde and 

benzaldehyde leaving groups required compounds 155 and 156. The nature and efficiency 

of photodecarboxylation (and the related photo-retro-aldol reaction of 155 and 156) should 

shed considerable mechanistic infonnaton on a reaction initially discovered for ketoprofen 

(10a). 
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1.4.2 Generation of Biphenyl and Terphenyl Quinone Methides via Photodehydration 

The facile photochemical generation of QMs via hydroxyarylmethyl alcohols will be 

extended to more complex diphenyl and terphenyl systems. Exploration of this area with 

more complex substrates might lead to new chemistry, as already demonstrated in biphenyl 

system 126 and related compounds. For a simple extension of biphenyl QMs, the o and p- 

hydroxylbiphenyl methanol derivatives 159 and 161 were designed as starting points (Chart 

1.6). Extension of these biphenyl systems with an a-phenyl ring is expected to bring stability 

to the incipient QM, which may facilitate its detection by LFP. As control experiments, the 

methoxy derivatives 160 and 162 were also included in the study. Addition of one more 

benzene ring to these biphenyl systems offers precursor substrates for possible terphenyl QM 

intermediates. Thus terphenyls 163 and 166 and their corresponding methoxy derivatives 

164 and 167 (for control experiments) are proposed for study. The methoxy-substituted 

compounds allow investigation of the role the hydroxyl group plays in the photogeneration 

of the expected QM intermediates. Substrate 165 was designed to investigate the possibility 

that a corresponding QM could be photogenerated with a linear connecting unit of acetylene 

moiety, instead of a benzene ring. Compound 168 was also synthesized for comparison 

purposes (fluorescence and LFP studies), since it can not undergo the required reaction. 



Chart 1.6 



Chapter 2 

Photodecarboxylation and Photoretro-Aldol-Type Reactions of 

Benzoyl- and Acetyl-Substituted Phenylacetic Acids and 

Related Compounds 

2.1 Introduction 

As reviewed in Chapter 1, the photodecarboxylation of organic carboxylates and 

carboxylic acids is an area of active research interest. The mechanisms for the 

photodecarboxylation processes depend largely on the chemical structures of substrates and 

the environment in which the photolysis is carried out. A variety of mechanisms have been 

suggested as operative for photodecarboxylation of carboxylic acid substrates and 

derivatives. The photodecarboxylation of Ketoprofen (10a) has a higher quantum yield (@ 

- 0.75) 35 than that of the photodecarboxylation ofp- and m- nitrophenylacetic acid (6 and 

7a) (both @ -0.6).15 This could be an indication that the benzophenone chromophore is an 

even more powerhl "electron withdrawing" group in the excited state than is the nitro group. 

In order to examine the properties of photoexcited aromatic ketones, the proposed aroyl- 

substituted phenylacetic acids, 151 - 154,157 and 158, and arylethanol derivatives 156 and 

155 were designed, synthesized and characterized. The photodecarboxylation (or photo- 

retro-Aldol reaction) of related compounds were examined in detail and Chapter 2 outlines 

the experimental results and findings of this study. It shows that photodecarboxylation 
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(photo-retro-Aldol reaction) is a general reaction of aroyl-substituted phenyl acetic acids (and 

related compounds) upon excitation of the aromatic ketones. 

2.2 Synthesis of Substrates 

2.2.1 Benzoyl and Acetyl-Substituted Phenylacetic Acids 

The general methodology employed for the synthesis of benzoyl and acetyl- 

substituted phenylacetic acids is shown in Scheme 2.1 for 4-benzoyphenyl acetic acid (152). 

In the synthesis, the extra carbon was introduced by nucleophilic replacement of bromide by 

cyanide. The bromomethyl precursor was readily made by bromination of 4- 

methylbenzophenone withNBS in CCl,. The cyano compound was hydrolyzed in conc. HC1 

to give the desired phenylacetic acid. The ease of this synthetic strategy is illustrated by the 

high yields of each step, giving rise to >60% overall yield. Recrystallization of 152 in 

toluene-hexane gave the pure sample, as characterized by 'H NMR, HR mass spec. and 

melting point. The synthesis of 151, 153 and 154 followed the same above procedure. 

Starting with the corresponding 3-methylbenzophenone, 4-methylacetophenone and 2- 

methylanthraquinone, respectively, the substrates underwent bromination, substitution of 

bromide by cyanide and acid hydrolysis. Additional care was taken with 153 and 154 

because they were found to be prone to oxidation when exposed to air on refluxing in HC1. 

4-Acetylbenzoic acid was observed as the oxidation product in the case of 153. 



6 1 

NaCN 

reflux CH2Br 

conc. HC1 
P 

A 
CH2CN OH 

Scheme 2.1 

2.2.2 Benzoylphenethyl Alcohols 

Both benzoylphenethyl alcohols 155 and 156 initially appeared to be readily 

accessible. In the case of 155, this was indeed the case. It was obtained by reaction of (3- 

benzoy1)phenyl acetic acid (151) with BH,.THF in at 0 OC, giving the target reduction 

product in 80% yield (eq 2.1). Silica gel column chromatography was employed to readily 

separate the two alcohols. For the synthesis of 156, route A was initially devised, followed 
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by route B (Scheme 2.2). However, both methods failed to give good results, though a small 

amount of target compound 156 was made by both routes (as indicated by 'H NMR). 

Ph 156 
Ph 

1. PhCHO 1. Styrene oxide 
2. dil. HCl 

CHzMgBr Li 

Mg 1 THF 

1. HC(OMe)3 /H+ 

2. NBS, 

route A route B 

Scheme 2.2 
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Both routes employed the key Grignard (aryl lithium) reaction in the last step. In 

route A, the synthesis begins with 4-methylbenzophenone, which was a-brominated with 

NBS after the carbonyl group was protected in the form of a dimethylacetal. This 

benzylbromide was then expected to react with magnesium metal to give the corresponding 

Grignard reagent which could be added to benzaldehyde solution. T h e i n t e r m e d i at  e 

carbonyl-protected bromide 169 was successfully made. The 'H NMR showed six 

equivalent protons at 6 2.4 ppm (corresponding to the two methoxyl groups) and two 

equivalent protons at about 6 3.7 ppm (corresponding to the two benzylic protons). Several 

measures were taken to ensure success in making the Grignard reagent, including drying of 

glassware, using freshly distilled THF and freshly cleaned magnesium metal and even 

addition of one equivalent 1,2-dibromoethane to the system, which could act as a way of 

cleaning and activating the Mg surface. Despite all of these efforts, negative results were 

obtained. After one or two hours of stirring Mg with 169, the once clean and shining surface 

of the Mg became corroded and failed to be further consumed as in normal Grignard 

reactions. When this solution was reacted with benzaldehyde solution, work-up gave only 

traces of 156. 

In route B, the first step is identical to that employed in route A where in this case the 

carbonyl group of 4-bromobenzophenone was protected as an acetal to give 170. This acetal 

was dissolved in hexane and the solution was maintained at -78 "C to which one equivalent 

of n-BuLi was added dropwise. The resulting phenyllithium was observed to precipitate 

from the solution. Upon completion of addition of n-BuLi, 0.9 equivalents of styrene oxide 

(in hexane) was slowly added and the solution maintained at low temperature for a few 
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hours, and then allowed to warm up slowly to room temperature. After work-up, the major 

product was that from epoxide ring opening at the a-carbon position, rather than the P- 

carbon, giving compound 172 (>80%). A small amount ( 4 0 %  overall yield) of pure 156 

was obtained after column chromatography separation 172. 

In view of the failure of Scheme 2.2 to provide 156 in reasonable yield, a different 

synthetic approach was taken employing the Friedel-Crafts acylation reaction shown in 

Scheme 2.3. Although this synthetic route was only considered as a last choice, it offered 

an effective way to obtain a large quantity of the target compound. Benzophenone acetic 

acid 152 was converted to the acid chloride with SOCl,, which underwent Friedel-Crafts 

acylation readily in benzene in the presence of at least two equivalents of aluminum 

chloride. The acylation product 173 was purified before reduction. Reduction of 173 with 

BH,*THF at 0•‹C offered the target alcohol 156 in about 65% yield, with the remaining 

material being the doubly reduced diol 174. The reaction takes advantage of the fact that 

BH, reduced the acetophenone faster than the benzophenone at 0 "C. Pure benzophenone 

ethanol 156 was obtained after column separation and recrystallization. 



Scheme 2.4 
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2.2.3 Benzoylbiphenyl Acetic Acids 

The synthetic procedure used for the synthesis of the 4-(4'-benzoy1)biphenylacetic 

acid (157) is shown in Scheme 2.4. The starting material, 4-hydroxybenzophenone, was first 

converted to the benzophenone triflate by reaction with trifluoromethylsulfonic anhydride, 

followed by Suzuki coupling with 4-methylphenylboronic acid to gave the 4-methyl-4'- 

benzoyl biphenyl (175) in 85% yield. After a-methyl bromination, cyanide displacement of 

the bromide and acid hydrolysis, 175 was converted to the target compound 157 in -50% 

overall yield. Synthesis of 158 followed the same protocol, except that 3- 

hydroxybenzophenone was employed as the starting material. Purification of 158 took 
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additional effort, requiring esterification with methanol, column chromatography separation 

and hydrolysis of the ester to regenerate the acid product. 

2.3 Product Studies 

2.3.1 Benzoyl and Acetyl-Substituted Phenylacetic Acids 

Product studies on 151-154 were carried out with irradiation at 254,300 or 350 nrn 

for a period of minutes to investigate the effects of the different chromophores and the 

position of the substituents on the benzene ring on the photodecarboxylation process. Since 

151 and 152 are close relatives of Ketoprofen (lo), it would be natural to expect that the 

reaction of 151 and 152 would resemble that of 10, although it is not clear if the meta-isomer 

151 would react as efficiently. Indeed, photolysis of 151 and 152 in 1 : 1 H,O-CH3CN 

M, pH 7, N, purged) gave the corresponding methylbenzophenones 178 and 179 cleanly (eq 

2.2) in up to quantitative yield, depending on the irradiation time (Figure 2.1). Complete 

transformation could be achieved by prolonged irradiation. 
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Plots of % conversion to photoproduct 178 on photolysis of 151 vs 

photolysis time. 

Photolysis of (4-acety1)phenyl acetic acid (153) under the above conditions gave 4- 

methylacetophenone (180) and a dimer 181 (Fig 2.2) in the ratio of 85: 15 (eq 2.3). The ratio 

of these two products was found to be relatively constant with irradiation time (Figure 2.2). 

When the photolysis of 153 was carried out at twice the initial substrate concentration, but 

under the same number of photolysis lamps, a ratio of 7O:3O for 180 vs 181 was observed, 

indicating that the relative yield of dimer 181 is dependent on concentration. This makes 

sense since product 181 arises via formal coupling of two intermediates, each derived from 

a single substrate (153) molecule. Moreover, as will be shown (vide infra), 180 is derived 



cH h HOOC 

153 

exclusively from the corresponding benzylic carbanion via protonation by water. Therefore, 

since only the relative yield of 180 vs 181 is altered by changing concentration of substrate 

(and pH, vide infra), it suggests that "dimer" 181 also arises via the same benzylic carbanion 

as 180. 

The presence of oxygen had only a minor effect on the photodecarboxylation of 151 

and 152. Thus photolysis of 151 and 152 in 1 :l  H,O-CH3CN, pH 7 (02 purged) gave rise 

0 5 10 15 
Photolysis Time (rnin) 

Figure 2.2 Yields of photoproducts 180 and 181 from 153 vs photolysis time. 
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to minor side products, the corresponding benzoylbenzaldehyde (< 10% in both case). The 

major products were still the corresponding methylbenzophenones (typically - 92% yield) 

Figure 2.1 shows the % conversion of 151 to 178 at different photolysis times. Nearly 

quantitative conversion to 178 can be achieved at sufficiently long photolysis time. The 

relative yields are not apparently affected by the presence of 0,. 

The introduction of oxygen had large effects on the resulting photolysis of 153. 

Oxidized products 4-acetylbenzoic acid and 4-acetylbenzaldehyde became dominant from 

photolysis of 153 in oxygen-purged conditions, while the direct photodecarboxyation 

product, 4-methylacetophenone, decreased to only 20% of all the photoproducts. The minor 

oxidized products from photolysis of 151-152 and predominant 4-acetylbenzoic acid from 

153 indicate that the intermediates involved in the photodecarboxyation of 1 51-1 53 can be 

trapped by oxygen. Under prolonged irradiation of 153,4-acetylbenzoic acid was formed 

predominantly compared to other products (>90%), which suggests the intermediate product, 

4-acetylbenzaldehyde, could undergo oxidative secondary reaction under the same photolysis 

conditions. 

Product studies under the conditions of 1 : 1 D20-CH,CN (N, saturated, pD 7, adjusted 

with NaOD/D,O solution) revealed that a deuterium atom was incorporated in the benzylic 

methyl group of 178, 179 and 180. No incorporation of deuterium atoms was observed at 

the benzylic position of dimer 181. Incorporation of one deuterium atom in the 

photoproducts from 151-153 suggests a carbanion intermediate is involved in the 

photodecarboxylation reaction. It was interesting to note that in D,O, up to three deuterium 

atoms were also incorporated into the methyl of the acetyl groups in 180 and 181. This 
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phenomenon is unrelated to the photodecarboxylation of 153 since deuteration of the methyl 

of acetophenone was also observed under thermal conditions. The reason for this exchange 

is probably due to the well-known enolization phenomenon of ketones. 

In order to probe the origin of dimer 181 from photodecarboxylation of 153, pH 

studies were carried out to investigate the effect of pH on the ratio of dimer 181 to the 

expected 4-methylacetophenone (180), and the results are shown in Table 2.1. The data 

show that the solution pH has a dramatic effect on the decarboxylation pathways of 153. As 

the pH decreased (more acidic), the proportion of dimer 181 also decreased with a 

corresponding increase in the yield of the protonation product 180. Furthermore, in 

deuterated solvent (i.e. 1: 1 D,O-CH,CN, POD = 12) the overall yield of the dimer 181 was 

-15% greater than in aqueous solvent. These results suggest that the in more acidic 

solutions, the protonation product 180 from a carbanion intermediate is the favoured product 

from photodecarboxylation of 153. It is consistent with the results observed in product 

studies in deuterated solvent. The change of the relative yields of 181 vs 180 by pH suggests 

that the origin of dimer 181 is also fkom 4-acetylbenzylic carbanion fkom decarboxylation 

of 153. In other word, 180 and 181 evolve from the same carbanion intermediate. This is 

similar to that observed in the photodecarboxylation ofp-nitrophenylacetic acid (vide supra, 

chapter I), where both the protonation product (p-nitrotolunene) and dimer (p,p'- 

dinitrobibenzyl) are formed via the p-nitrobenzylic carbanion intermediate. It has been 

suggested that p,p'-dinitrobibenzyl is formed by the dimerization of the p-nitrobenzylic 

carbanion to give a "dianion", followed by the loss of two electrons either to ground state 

starting material or to oxygen during work-up. Our observations of (1) the formation of 
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increasing amounts of 6methylacetophenone as the solution pH decreased (due to more 

eficient protonation of the carbanion); (2) the formation of increasing amounts of dimer 181 

in deuterated solvent (slower protonation of the carbanion); and (3) a decrease in the product 

yield of 153 in D,O (vide infra), support the inference that dimer 181 may be generated via 

a similar "dianion" mechanism (i.e. 4-acetylbenzylic carbanion) though its details remain to 

be explored. 

Table 2.1 Effect of pH on the Ratio of Dimer 181 and Protonation Product 180 

from Decarboxylation of 153." 

PH Relative Product Yields ratio 

a In 1:l H,O-CH,CN, pH refers to aqueous portion, adjusted by dilute NaOH or 

H2S04 solutions; Conversions were between 30-70%. Errors h 2. 

In 1 : 1 D,O-CH,CN, adjusted with NaOD/D,O solution. 
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Photolysis of 154 in 1 : 1 H20-CH,CN (pH 7.5,254,300 or 350 rim, N, purged) gave 

complicated 'H NMR spectra, even for low conversion runs (<lo%), suggesting the 

operation of several competing pathways. One of the products was isolated and identified 

as 2-methylanthraquinone by comparison with an authentic sample. Compared to the 

benzophenone chromophore, anthraquinone is a stronger electron-withdrawing group and 

thus 154 was expected to exhibit a more efficient photodecarboxylation reaction than 151 

and 152. However, the anthraquinone chromophore is also readily able to accept an electron, 

which could lead to intermolecular electron transfer, resulting in the formation of reduction 

products. Due to the high electron affinity of the anthraquinone chromophore, intermolecular 

electron transfer is very efficient and able to compete with the photodecarboxylation 

reaction, resulting in the generation of radical species that give rise to multiple coupling 

products. Because of the intractability of the photoproducts from photolysis of 154, no 

further efforts were made to study it in detail. 

2.3.2 Benzoylbiphenyl Arylacetic Acids 

The photochemical behaviour of the biphenylacetic acids 157 and 158 was similar 

to that of benzoyl-substituted phenylacetic acids 151 and 152. Both biphenylacetic acids can 

undergo efficient decarboxylation upon excitation. Photolysis of 157 and 158 in 1 : 1 H,O- 

CH,CN (pH 7, aqueous portion, N2 purging), using 300 or 350 nrn gave only one product, 

p-(p'-toly1)benzophenone (182a) and p-(m '-tolyl)benzophenone, respectively. Under O2 

purged conditions, the same products were obtained with the corresponding aldehyde 



COOH 

observed as a minor component (-5-lo%), as shown in eq 2.4. Photolysis in 1:l D,O- 

CH,CN under the same conditions resulted in incorporation of one deuterium atom at the 

benzylic position for the products from 157 and 158, as identified by 'H NMR and MS. 

2.3.3 Benzoylphenethyl Alcohols 

The potential photo-retro-aldol type reaction of benzoylphenethyl alcohols 155 and 

156 would demonstrate that the benzophenone moiety is a very good electron-withdrawing 

group in the excited state. This would mirror what was observed for the photolysis of the 

nitroaromatic derivatives. Wan and Muralidharan 124 had reported that m,p-nitrophenyl 

ethanol derivatives and related compounds readily underwent retro-aldol type reactions upon 

irradiation. Both m andp-nitrophenyl ethanol derivatives underwent the carbon-carbon bond 

heterolysis at various pH values on excitation. The nitrobenzyl carbanion ion acquired a 

proton or a deuterium from the solvent to give nitrotoluene or its deuteriated counterpart, 

respectively. 
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Photolysis of 155 and 156 in 1:l H20-CH3CN, pH 12 (aqueous portion) using 254, 

300 or 350 nrn light gave clean and efficient conversion to the corresponding 

methylbenzophenones as the only isolated products. The same products were separated 

when the solutions were purged with either nitrogen or oxygen. W-Vis  spectrophotometry 

was selected to follow the photo-retro-aldol reaction of 156 since benzaldehyde is one of the 

photoproducts which can be easily monitored by W-Vi s  (I,,,,, - 254 nm). As shown in 

Figure 2.3, photolysis of 156 in basic H20-CH3CN with 300 nm light resulted in an increase 

in optical density (O.D.) at -254 nm, with a broad shoulder peak at -265 nm as the reaction 

progressed. The W-Vi s  trace after 9 min of photolysis was almost identical to that of an 

equimolar amount of benzaldehyde and 4-methylbenzophenone (inset of Figure 2.3). 

Growth of a 'H NMR signal at 6 -10.1 confirms that benzaldehyde is gradually being 

produced (vide infra). Since the product 4-methylbenzophenone contains the same 

chromophore as the substrate, the -265 nm band did not change on photolysis. With 

prolonged irradiation time, the retro-aldol reaction went to completion. 
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Figure 2.3 UV-Vis spectra for photolysis of 156 (1:l H,O-CH,CN, pH 12, N, 

purged, 300 nm). Each trace represents about 1 min of photolysis 

time. Inset UV spectra of authentic samples for comparison: (a) 

absorption curve of 4-methylbenzopheone; (b) absorption curve of 

benzaldehyde; (c) absorption of a solution with equimolar 

benzaldehyde and 4-methylbemophenone. 

Attempts were unsuccessful to separate the expected equimolar amounts of 

formaldehyde and 3-methylbemophenone formed from photolysis of 155, and equimolar 

amount of benzaldehyde and Cmethylbenzophenone formed from 156. For both cases, the 

corresponding methylbenzopheones could be readily isolated. However, the corresponding 
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aldehydes could not due to either their high water solubility or their volatility. To obtain 

direct evidence that equivalent amounts of the aldehydes and methylbenzophenones were 

formed from the photo-retro-aldol reaction, photolysis of 156 was carried out in an NMR 

tube in D,O-CD,CN, pD 12 with the 'H NMR recorded immediately after photolysis. It was 

observed that growth of the benzaldehyde peak at 6 -10.1 with formation of a mono- 

deuterated methyl group of 4-methylbenzophenone at 6 2.42 occurred on photolysis, with 

the decrease of the methine hydrogen of the starting material 156. In this method, purging 

the solvent with argon was essential, as trace amounts of oxygen present in the solvent were 

able to consume the benzaldehyde formed, as demonstrated by runs saturated with 0, that 

produced no corresponding benzaldehyde peak. 

2.4 Product Quantum Yields and Deuterium Isotope Effects 

The efficient decarboxylation process of the acetic acid derivatives is evident from 

product conversion plots at short photolysis times, as shown in Figures 2.1 and 2.2 for 

substrates 153 and 151. Results of direct measurement of decarboxylation quantum yields 

of the arylacetic acids are summarized in Table 2.2, in which ketoprofen (lOa) was employed 

as a reference standard with a reported quantum yield of 0.75. It was assumed that the 

quantum yield of ketoprofen (10a) would not change when the solvents used for photolysis 

were changed fkom a phosphate buffer saline solution to our co-solvent system of 1 : 1 H,O- 

CH,CN (pH 7). It is not surprising that the two benzoylphenylacetic acids 151 and 152 

underwent photodecarboxylation as efficiently as 10a since they are all structurally similar. 



Table 2.2 Quantum Yields (0)" and Solvent Isotope Effects on the Yields for 

Arylacetic Acids Photodecarboxylation Reactions. 

Substrates @H @D @HI@, 

158 0.73 0.17 4.3 

a 0, (0,) refers to the yields measured in H20 (D20)-CH,CN, pH or pD 7, 

N, purged. Errors * 0.02. 

As shown in Table 2.2, compounds 151 and 152 have a decarboxylation quantum yield of 

0.66 and 0.63, respectively. (4-Acety1)phenylacetic acid (153) had a lower 

photodecarboxylation quantum yield, likely due to the fact that the acetophenone 

chromophore is a poorer electron-withdrawing group in the excited state compared to 

benzophenone. It is interesting to note that the difference in product quantum yields between 

the biphenyl acetic acids 157 and 158 is large, unlike the similar quantum yields observed 

for the parent benzoylphenylacetic acids 151 and 152. As shown in Table 2.2, (3- 

benzoy1)biphenylacetic acid (158) had a quantum yield of 0.73 compared to 0.66 for the 

parent 151, while the quantum yield of (4-benzoy1)biphenylacetic acid (157) was only 0.3 

compared to a 0.63 for the parent 152. The rationale for the observed chemical reactivities 



Table 2.3 Solvent Isotope Effects on the Product Quantum Yields of Arylacetic 

Acids Photodecarboxylation at Neutral, Acidic and Basic Conditions 

Substrates @H/@Da @HI@, @HI@, 

PH 7 pH 1.5 pH 13 

a QH (@,) refers to the yields measured in H20  (D20)-CH,CN, pH (pD) refers 

to aqueous portion. Solution adjusted with D2S04 or NaOD. N, purged. 

Errors * 0.2. 

is that there are fundamental differences in the electronic properties in the excited state of the 

benzophenone and phenyl-benzophenone chromophores (see Discussion, vide infra). 

Solutions of 1:l D,O-CH,CN were used to study the solvent isotope effects on 

photodecarboxylation quantum yields of the acetic acid derivatives (Table 2.3). The data 

show a small solvent isotope effect on the photodecarboxylation of 151 and 152 at pH 

values above 7. Values for 0, / 0, of -1 .O-1.2 were observed. The small solvent isotope 

effect on the photodecarboxylation reaction is indicative of a secondary isotope effect, which 

suggests that, at neutral and basic conditions, a proton is not involved in the primary rate 

determining step of the formation of the key carbanion intermediate (indicated by the 

incorporation of deuterium in the products, vide supra) from photodecarboxylation of 151 

and 152. Since protonation of the carbanion is required for the formation of final product, 
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the results also suggest protonation is not a rate determining step. The rate determining step 

is the loss of C02  by the excited molecule to give the intermediate. At pH(pD) 1.5, however, 

a larger solvent isotope effect ( a H  10, = 2.2) was observed. For biphenyl arylacetic acids 

157 and 158, large isotope effects (@,/aD -2) were observed at both pH 7 and pH 1.5. Only 

in very basic solution (pH 13) was a small secondary isotope effect recorded. The large 

isotope effects on photodecarboxylation of 151 in acidic conditions and of biphenyl acetic 

acids 157 and 158 in both acidic and neutral conditions clearly implicate the involvement of 

a proton (deuterium) in the primary step of the reaction, e.g., a proton (deuterium ion) assists 

in the heterolytic carbon-carbon bond cleavage to form the carbanions (or enolates). The 

assistance of a proton in the primary step of photodecarboxylation reaction of 157 and 158 

is further supported by the observed pH effect on the quantum yields (vide infra). 

2.5 pH Effect for Photodecarboxylation and Photo-Retro-Aldol Reactions 

In pure organic solvents, such as neat CH,CN, photodecarboxylation of ketoprofen 

(10a) does not occur, which has led to the proposal that deprotonation of the carboxylic 

group is a prerequisite for the departure of CO,. The loss of CO, fiom 10a in basic methanol 

provided further evidence for this view.'26 However, a study of the pH effect on the 

photodecarboxylation of the compounds in question showed an interesting dependence 

relationship. As shown in Figure 2.4,4-benzoylphenylacetic acid (152) displayed a normal 

titration trend: constant decarboxylation yields from pH 5 to 10, decrease in yields as the pH 

dropped fiom pH 5 to pH 1 and beyond into the H, region ( H, = -1). The trace amount of 



Figure 2.4 The pH dependence plots of photodecarboxylation of 151 (squares) 

and 152 (circles) (5 min, 1 : 1 H,O-CH3CN, -lo-' M, N,). pH refers 

to aqueous portion. H, was obtained by appropriate (w/w) percent of 

H2S04 solutions. Errors * 5%. 

photodecarboxylation in high H2S04 concentration (up to 57% wlw) can be attributed to the 

competitive process of homolysis. This phenomenon was consistent with the view that the 

base form of the carboxylic acid was a prerequisite for photodecarboxylation. Increasing the 

acidity resulted in less carboxylate ion present in the solution, which led to lower yields. 

From the titration curve, the pK, of 152 can be estimated to be 3.5, a value close to the 

reported pK, of 3.7 for phenylacetic acid. However, the photodecarboxylation conversion 
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of 151 displayed an unique pH dependence. Like the para-isomer 152, 151 had similar 

constant photodecarboxylation yields at pH > 5, but the yields begin to decrease as the 

solution became more acidic. After reaching a minimum at pH 2, the yields gradually 

increased and levelled off at a yield 20% lower than the maximum value observed in basic 

conditions. The pH dependence of photodecarboxylation of 151 shows an apparent acid- 

catalyzed process below pH 2. When the photolysis was carried out in deuterated solvent 

in acidic conditions, e.g. D,S04-D20-CH,CN, incorporation of one deuterium atom was 

observed at the methyl group of the product methylbenzophenone for 151. Dark reactions 

Figure2.5 The pH dependence plots of the relative yieldsof 

photodecarboxylation of 158 (squares) and 157 (circles). (1 : 1 H,O- 

CH,CN, M, N,). pHs refer to aqueous portion. H, obtained by 

appropriate (w/w) percent of H2S04 solutions. Errors * 5%. 
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carried out at room temperature in both basic and acidic solutions ruled out any thermal 

reactions. 

The effect of pH on the photodecarboxylation of biphenylacetic acids 157 and 158 

is shown in Figure 2.5. Like the observed pH dependence of the 151 and 152 

photodecarboxylation, the substrates 157 and 158 displayed interesting trends. The 

photodecarboxylation of (3-benzoy1)biphenylacetic acid (158) showed a small decrease as 

the pH of the solutions dropped. At the minimum at pH 1, the conversion yield was only -2 

times lower than the maximum in basic solutions. Below pH 1, a slight increase was 

observed when the solution acidity went into the H, region. On the other hand, acid catalysis 

was much more prominent for the photodecarboxylation of (4-benzoy1)biphenylacetic acid 

(157). The dependence of the decarboxylation process on solution acidity showed that the 

yield was a minimum in basic solution (above pH 7). When the solution acidity increased, 

the yield of photodecarboxylation reaction of 157 gradually increased, contrary to that 

observed for 158. The photodecarboxylation process of 157 appears to be much more 

sensitive to acid than the other arylacetic acids, such as 158 and 151. 

The interesting pH dependence of the photodecarboxylation reactions of 

biphenylacetic acids 157, 158 and 3-benzoylphenyl acetic acid (151) prompted us to 

investigate the effects ofpH, especially in acidic conditions, on the photo-retro-aldol reaction 
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of 3-benzoylphenethyl alcohol 155 (eq 2.5). From pH 7 to pH 13, the reaction occurred as 

expected via an apparent base catalysis process. In strongly basic solution (pH 12.5-13), 

a clean and efficient photo-retro-aldol reaction was observed, giving only 3- 

methylbenzophenone as the isolated de-formaldehyde product. In neutral and slightly basic 

solutions, photolysis of 155 gave only trace amounts of the retro-Aldol product, 3- 

methylbenzophenone, along with trace amounts ofpossible reduction products. Surprisingly, 

when the acidity of solution increased gradually from pH 7 to H, -1.5, the photo-retro-Aldol 

reaction occurred, giving only 3-methylbenzophenonone. The yields gradually increased to 

half of the maxima observed in basic solution under the same photolysis conditions (Table 

2.4). The photo-retrol-Aldol reaction also appears to be acid-catalyzed, similar to that 

observed for the photodecarboxylation reaction of 151, even though the leaving group 

(formaldehyde) is much less labile than the carboxylic acid group (forming CO,). A 

common feature between substrates 151 and 155 is that both compounds are meta-position 

substituted benzophenones, indicating there is something unique in benzophenones with 

meta-substitution. 

Table 2.4 Effects of pH on the Relative Yields of Photo-Retro-Aldo Reaction 

of 3-Benzoylphenethyl Alcohol (IS)." 

Conversion, % 100 - 0  - 0  - 0  18 40 40 44 

a Determined by 'H NMR; pH refers to aqueous portion; pH adjusted with 

NaOH or H2S04; Errors * 5 %. 



2.6 Triplet Sensitization and Quenching Studies 

It is well-known that benzophenone has a high intersystem crossing (ISC) quantum 

yield. In order to address the question of whether the photodecarboxylation reactions occur 

via the singlet or the triplet state or both, triplet sensitized experiments were designed. 

Among several possible triplet sensitizers, acetone was chosen as it has a high excited triplet 

energy (ET -78 kcal/m01),'~~~ which is sufficient for our purposes. Also using acetone as a 

triplet sensitizer offers several advantages: acetone can not only act as a sensitizer but also 

as a good co-solvent; the low boiling point of acetone promises its facile separation from 

the system; most importantly, acetone is photostable at neutral pH and will not react with 

the substrates. 

Acetone triplet sensitized experiments were carried out on the parent 

benzoylphenylacetic acids 151 and 152, which showed positive sensitization results on 

photodecarboxylation of both 151 and 152 (Table 2.5). Limited by the cut-off absorption 

of acetone, only hex = 254 nrn light was used in the sensitizing experiments. From UV-Vis 

Table 2.5 Product Yields (@)" of Acetone Sensitization on 

Photodecarboxylation reaction of 151 and 152. 

Substrate Yields (@) 

152 0.48 0.08 

a Measured in 35%:65% H,O-CH3COCH3 solution, pH 7, hex = 254 

nm, Estimated errors k 0.02. 
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absorption measurements of a series of acetone solutions and substrate solutions, it was 

calculated from the Beer-Larnbert law that in a 50%:50% (v/v) H20-CH,COCH, system, 

90% of the light was absorbed by acetone in a solution with a substrate concentration of 1.0 

x M. On increasing the acetone content to 65%, 92% of the light was absorbed by the 

triplet sensitizer. The data show that efficient decarboxylation reactions occurred in H20- 

CH3COCH3 systems for 151 and 152 upon excitation under nitrogen purged conditions. The 

yields were slightly smaller, 0.56 and 0.48 for 151 and 152, respectively, compared to 0.66 

and 0.63 respectively obtained by direct photolysis in nitrogen purged 1: 1 H20-CH,CN 

systems. The yields dramatically decreased when the solutions were purged with oxygen, 

which is a known triplet quencher. The yields dropped to 0.06 and 0.08 for 151 and 152, 

respectively. The large difference in photodecarboxylation yields under nitrogen and oxygen 

purged conditions is due to efficient quenching of the excited triplet state of acetone by 

oxygen. These results strongly imply that the excited triplet states of 151 and 152 are 

responsible for the observed decarboxylation reactions. 

Equally important as sensitization experiments to probe triplet state-mediated 

reactions are triplet quenching experiments. Two well-known efficient triplet quenchers, 

1,3-cyclohexadiene and sodium sorbate, were chosen as triplet quenchers. These conjugated 

dienes have triplet energies around 50 - 55 kcaVrn01.'~~~ In our 1 : 1 H20-CH,CN systems, 

it was assumed that the quenchers interact with the benzophenone excited triplet state at the 

diffusion-controlled rate limit, which is about 5 x  lo9 M%' in water. 
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Figure 2.6 Stem-Volmer plots of quenching experiments (he, = 350 nm, 1:1 

H,O-CH,CN, pH 7, N, purged). (a) Sodium sorbate quenching of 

photodecarboxylation of 151. (b) Sodium sorbate quenching of 

photodecarboxylation of 152. (c) 1,3-Cyclohexadiene quenching of 

photodecarboxylation of 152. The decarboxylation yield ratio, (Do/@, 

refers to the yields in the absence and presence of a quencher. 

Figures 2.6a-c show the results of triplet quenching experiments for 151 and 152. 

In all three cases, good linear Stern-Volmer plots (a plot of relative photodecarboxylation 

yield ratio, cDO/@, versus the concentration of the quencher) were obtained. From the plots, 

slopes were calculated as 16.8, 106 and 99.1 M-I for the case of sodium sorbate quenching 

of 151, 152 and 1,3-cyclohexadiene quenching of 152, respectively. Although not shown 

in the plots, higher concentrations of sodium sorbate were used and complete quenching of 
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the decarboxylation reaction was observed for both 151 and 152. In the measurement of 

decarboxylation yields in the presence of a quencher, the photoproducts were extracted from 

reaction solvents and fluorene was used as an internal standard. The decarboxylation 

conversions were calculated against the standard. Blank extraction of the authentic 

compound under the same conditions revealed 298% recovery. From the slopes of the 

quenching plots, it was estimated that the excited triplet lifetimes of 151 and 152 were 

around 3 ns and 20 ns, respectively, assuming the bimolecular quenching rate constant, k,, 

is diffusion-controlled. 

Sodium sorbate was also employed in the studies of quenching experiments on 

biphenyl acetic acids 157 and 158. Stern-Volmer plots of <Do/@ against sodium sorbate 

concentration are presented in Figure 2.7. In contrast to the quenching experiments of the 

parent benzoylphenylacetic acids (151 and 152), in which linear Stern-Volmer plots were 

obtained, the plots show considerable curvature for biphenyl acetic acids. Afier initial 

quenching effects at low concentrations of sodium sorbate, the photodecarboxylation yields 

reached a stable value of QO/Q -4.5 and - 3 for 158 and 157, respectively, at higher quencher 

concentrations. These values mean that about 20% of 158 and 33% of 157 of the 

decarboxylation yields were not quenchable by sodium sorbate. Therefore, about 80% and 

67% of the decarboxylation of 158 and 157, respectively, resulted from the triplet excited 

states of the phenylbenzophenones. The remaining decarboxylation process likely arose from 

the singlet state (or possibly another triplet state that is very short-lived). From the initial 

region of the quenching plots, it can be estimated that the triplet lifetimes of 158 and 



[Sodium Sorbate], 10" M 

Figure 2.7 Sodium sorbate quenching of photodecarboxylation of (4- 

benzoy1)biphenylacetic Acid (157, squares) and (3- 

benzoy1)biphenylacetic Acid (1 58, circles). The decarboxylation yield 

ratio, QO/Q, refers to the yields in the absence and presence of a 

quencher. Errors * 5% 

157 are 100 ns and 60 ns, respectively, with the assumption of a diffusion-controlled 

bimolecular quenching rate constant, 5 x 1 O9 M%'. 



2.7 Laser Flash Photolysis 

Laser flash photolysis (LFP) studies were carried out under similar photolysis 

conditions employed in product studies. With this fast technique, it is possible to detect 

short-lived intermediates involved in the photodecarboxylation reactions of the substrates 

in question. All experimental evidence points to the formation of a carbanion after 

photodecarboxylation of these arylacetic acids. LFP experiments on compounds 151,152, 

153 and 156 and biphenyl acetic acids 157 and 158 were carried out to probe the mechanisms 

for the photodecarboxylation process. 

Nanosecond LFP (266 nm and 308 nm excimer laser, 10 ns pulse, < 30 mJ/pulse) on 

4-benzoylphenylacetic acid (152) in 1:l H,O-CH,CN, pH 7.5 gave a strong, broad 

absorption band spanning 320 nm to 500 nm with a maximum at 390 nm (Figure 2.8). 

Minor changes were observed on purging with oxygen, including a small decrease in the 

absorption value (less transient O.D.) and transient lifetime. Kinetic data revealed that the 

decay could be fitted to a single exponential decay with a lifetime of 5 ps in nitrogen 

saturated conditions and a lifetime of 4 ps in the presence of oxygen (Inset of Figure 2.8). 

LFP of 152 in 1: 1 H,O-CH,CN, in basic pH (pH 12.2) gave a weaker absorption spectrum 

with a maximum at 410 nm that did not change in the presence of oxygen (Figure 2.8). 

Compared to those obtained in pH 7.5, the absorption was 10 times weaker and 30 nm red- 

shifted. Decays monitored across the spectral range were all governed well by the same 

single exponential function with the same lifetime, indicating a single species is present. The 

decays provided a lifetime of 4.2 ,us for the transient observed at pH 12.2. 
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Figure 2.8 Transient spectra observed from LFP of 152 at pH 7.5 and 12.2 (1: 1 

H20-CH,CN, 0, Purged). Spectra recorded at 0.20,0.63, 1.6,4.3 y s 

and at 0.65, 2.3, 5.8, 40 ps after 308 nm laser shots for pH 7.5 and 

pH 12.2, respectively. Inset is the single exponential fit decay 

monitored at 3 80 nrn for spectra of pH 7.5. 

LFP of benzpylphenethyl alcohol 156 gave similar data. Transient spectra observed 

on LFP of 156 in 1 : 1 H20-CH,CN, pH 12.5 under both N2 and 0, saturated conditions are 

shown in Figure 2.9. The 530 nrn absorption present in the transient spectrum of the nitrogen 

saturated solution was not present after introduction of oxygen to the solution, and likely 

represents the triplet state of ben~ophenone.'~~ The absorption shoulder at 400 nm has 
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Figure 2.9 Transient spectra observed from LFP of 156 in 1: 1 H,O-CH3CN, pH 

12.5 Solution, N, (pyramids) and 0, (squares) saturated conditions. 

Spectra recorded 0.53 ps after laser shots. 

similar kinetics to the transient spectrum of 152. The decay was well-fitted to a single 

exponential fbnction with a lifetime of 3.5 ,us in oxygen conditions, similar to that observed 

for 152. 

LFP of (4-benzoy1)biphenyl acetic acid (157) in 1:l H,O-CH3CN, pH 8, oxygen 

saturated solution gave a strong, broad absorption band ranging from 350 nm to 700 nm 

with a maximum at 520 nrn (Figure 2.10). Compared to the transient spectra from 152, the 

maximum absorption wavelength was significantly red-shifted. Across the spectrum, the 
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Figure 2.10 Transient spectra observed from LFP of 157 at pH 8 and pH 12.2.(1: 1 

H,O-CH,CN, 0, purged). Spectra recorded at 0.1 5,O. 52, 1.2 ps and 

0.08, 0.26, 0.63 ps for spectra of pH 8 and pH 12.2, respectively, 

after 308 nm laser shots. 

decay of the transient was fitted well to a single exponential, with a lifetime of - 0.5 ps. 

Introduction of nitrogen showed no noticeable effect on the transient spectra, but the lifetime 

of the transient was found to increase to 1.2 ps. The dflerence observed in the LFP spectra 

of 157 and 152 can be attributed to the fact that 157 has an additional benzene ring, which 

results in the large red-shift in the absorption of the intermediate from 157 because the 



benzene ring is conjugated into the backbone of the intermediate from 152. An even more 

highly conjugated species explains the long wavelength absorption. 

LFP of biphenylacetic acid 157 in 1 : 1 H,O-CH,CN, pH 12.2 provided a different 

transient spectrum from those at pH 8 (Figure 2.10). The spectra obtained show a similar 

broad absorption band from 350 to 700 nrn with a maximum at 540 nrn, which is red-shifted 

20 nm compared to the pH 8 spectrum. The transient decayed at the same rate at all 

wavelengths of the band with a lifetime of 0.3 ps, indicating contribution from only one 

species. The presence of oxygen or nitrogen had little effect on the spectra or the lifetime 

of the transient. 

Due to conjugation in the system, the carbanion intermediate formed immediately 

after photodecarboxylation of the arylacetic acids may exhibit enolate properties, as it is 

well-known that carbonyl compounds are enolizable at thermal conditions. A pH study on 

the transient O.D. and corresponding decays helps to probe the equilibrium between the 

enolate ion and enol. Figures 2.1 la,b show the pH profile of the transient O.D. and observed 

decay rate constants monitored at 410 nm for 152 and the pH profile of the observed decay 

rate constants monitored at 520 nm for 157, respectively. The profiles in Figure 2.1 la show 

that the transient O.D. of 152 is independent of the pH of the solution above pH 9 but 

exhibits a sigmoidal response centred at - pH 8 at lower pH. The observed rate constants 

of the transient remain relatively constant over the pH range studied, varying 



Figure 2.11 (a) pH profile of observed decay rate constants (circles) and AOD of transient 

from 152 (squares) monitored at 410 nm. (b) pH profile of observed decay 

rate constants of transient from 157. Errors *8%. 
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Figure 2.12 Decay profile of the Intermediate after photodecarboxylation of 152 

monitored at 410 nm in pH and pD 13.3 Solutions. 

between 2.7 x lo5 s-' and 2.2 x lo5 s-'. For the biphenyl acetic acid 157, Figure 2.1 1 b shows 

that the observed decay rate constants of the transient monitored at 520 nm gave a sigmoidal 

profile. A pH value of -10 was obtained from the centre of the sigmoidal pH profile for the 

intermediate generated after photodecarboxylation of 157. Monitoring ofthe transient O.D. 

against pH for 157 showed a relatively constant value of 0.11 for the transient O.D. over the 

pH range of 7 - 13.5. 

The dependence ofthe observed transient decay rate constants and the transient O.D. 

on the pH of the solution (and the interesting solvent isotope effects on the 

photodecarboxylation yields) prompted us to investigate possible solvent (KO vs D20) 
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isotope effects on the transient decays observed for 152 and 157 by LFP. A surprisingly 

large solvent isotope effect was observed for the decay of the transient from photolysis of 

152 (Figure 2.12). Fitting the decays to a single exponential function gave first order rate 

constants of k, -2.5 x 1 OS s" and kD -0.56 x lo5 s-' at pH 13.3 and pD 13.3, respectively, 

giving rise to a solvent isotope effect for decay of kHkD = 4.4. This phenomenon was not 

limited to pH (pD) 13.3. At pH (pD) = 7, a solvent isotope effect larger than 2 was also 

observed. The results are summarized in Table 2.6. The solvent isotope effects on the decay 

of the key intermediate present in the photodecarboxylation reaction of biphenyl arylacetic 

acid 157 were also included. In this case, relatively small values for k,/k, were observed 

(1.36 and 0.83 for pH (pD) = 13.3 and 7.0, respectively). Due to the photoreactivity of 157 

in acidic media, investigation of the isotope effect was extended to the acidic region. At pH 

(pD) = 1.5, the decay rate constants of the intermediate from 157 gave a ratio of kHkD -1.03. 

Table 2.6 Solvent Isotope Effects (kHkD)" on Decays of Intermediates observed 

in LFP of 157 and 152. 

13.3 1.36 4.4 

a The ratio of observed first order decay rate constant in H20 vs D20 (both in 

50% CH,CN) at the quoted pH/pD values. pH (pD) refers to the aqueous 

portion. Estimated errors k 0.02. 
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Thus, there appeared to be no significant solvent isotope effect for the decay of the transient 

of 157 at this pH. 

Nanosecond LFP of of 3-benzoylphenylacetic acid (151) in 1 : 1 H,O-CH,CN (pH 7.5, 

N, purged) gave similar spectra to those already reported for ketoprofen (10a) by Scaiano 

and  coworker^'^^, and Monti and coworkers'29 (Figure 2.13). The transient spectra show 

strong absorption bands with &, - 330,525 and 600 nm. The 600 nm absorption band was 

not quenched by the presence of oxygen but the intermediate lifetime was dramatically 

affected. In nitrogen purged conditions, the decay at - 600 nrn was fitted to a single 

Time ( s) after laser shot: 
CL 

1: 0.2 
2: 0.63 
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Figure 2.13 Transient spectra observed from LFP of 151 in 1 :1 H,O-CH,CN (N, 

purged), pH 7.5 (aqueous portion). Spectra recorded at the indicated 

time scale after 308 nrn laser shots. 
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exponential with a short lifetime -100 ns. Introduction of oxygen quenched the weak band 

at 525 nm, suggesting it is likely due to the triplet state ofbenzophenone. The decays at 330 

nm and 525 nm were both well-fitted to a bi-exponential function, providing a short lifetime 

- 100 ns (same lifetime as that of the 600 nm decay) and a long lifetime of about 3.7 ps 

(triplet lifetime of the benzophenone group). When the solution was purged with O,, the 

lifetime of the transient contributing to the 600 nm absorption was dramatically reduced from 

-100 ns to -52 ns. 

LFP of (3-benzoy1)biphenylacetic acid (158) in 1 : 1 H,O-CH,CN, pH 8 gave transient 

spectra vastly different to those from 151. In the presence of O,, the intermediate from 

decarboxylation of 158 has a broad transient absorption spectrum similar to that from 157 

but with absorption maxima at 370 and 560 nm (Figure 2.14). First order decays with a 

lifetime of - 0.15 ps  were recorded for all wavelengths across the spectrum, indicating the 

presence of only one species. Compared to the transient spectra from 151, a red-shift of 40 

nm from 330 nm to 370 nm was observed for the major absorption maximum. Under 

nitrogen saturation conditions, the transient spectrum has absorption peaks at 370,430 and 

560 nrn. First order decays were observed for the three bands, but with different rate 

constants. A lifetime of 4.1 ps was obtained for the transients at 370 and 560 nm, and a 

second lifetime of 6 ps was obtained for the 430 nm band. The 430 nm absorption band was 

quenched in 02 ,  suggesting its triplet state nature. The difference between the spectra 

observed for 158 and 151 can be attributed to the fact that, for 158, there is an additional 

benzene ring conjugated into the backbone of the intermediate from 151, similar to the case 
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of compounds 152 and 157. A highly conjugated species explains the long wavelength 

absorption. 

Studies of the pH effects on the AOD and decays of the transients following 

photodecarboxylation of 151 and 158 did not show similar sigmoidal effects as observed for 

152 and 157. In the investigated pH region (pH 7 - pH 13.5), the transient formed from LFP 

of 158 had a relatively stable AOD, -0.04 and -0.015 at 370 and 560 nm, respectively. 

300 400 500 600 700 

Wavelength (nm) 

Figure 2.14 Transient spectra observed from LFP on 158 in 1 : 1 H,O-CH,CN, pH 

8, in N, (squares) and in O2 (circles) purged conditions. Quoted pH refers to 

aqueous portion. Both spectra recorded at 0.54 ps after 308 nm laser shots. 
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The observed decay rate constant ofthe intermediate monitored at the two same wavelengths 

had a value of - 6.5 x lo6 s-', and showed little change over the pH region. Also, there were 

no pH effects observed on the AOD and decay of the intermediate involved in the 

photodecarboxylation of 3-benzoylphenyl acetic acid (151). In the region of pH 7 to 13.5, 

constant transient AOD values were obtained for the two maximum absorption wavelengths, 

320 and 600 nm. The observed decay rate constants were recorded as 4.5 x lo6 s-' and 1.2 

x lo7 s-' monitored at 320 and 600 nrn, respectively. 

Solvent isotope effects on the decays of the transients generated after 

photodecarboxylation of 151 and 158 were carried out at pH (pD) 1.5, 7.0 and 13.3. The 

intermediate from 158 had a small isotope kinetic effect at all three pH values, k,/k, = 0.9 

-1.3. For the intermediate from 151, a small isotope effect for the three pH values (k,/k, = 

0.9 -1.2), was also observed for the two selected wavelengths 320 and 600 nrn. 

2.8 Discussion 

The results suggest that several mechanisms are operative for the 

photodecarboxylation reactions of the investigated aroyl- and acetyl-substituted phenyl acetic 

acids and biphenyl acetic acids. 3-Benzoylphenylacetic acid (151) and 4- 

benzoylphenylacetic acid (152) photodecarboxylate under neutral conditions with 

photodecarboxylation quantum yields of 0.66 and 0.63, respectively, similar to that of 

Ketoprofen (10a). The solvent isotope effects on the product yields are small for these two 

acids, 1.1-1.2, indicative of a secondary isotope effect on the formation of the key 



intermediate. In other words, solvent is not participating in the primary carbon-carbon 

cleavage step of 151 and 152 in neutral and basic solutions. The sigmoidal behaviour 

observed for the pH effect on the photodecarboxylation yields of 152 suggests the 

carboxylate ion (deprotonated form of carboxylic acid) is the photoreactive species in 

solution, which undergoes decarboxylation upon irradiation. A reasonable mechanism of 

photodecarboxylation of 152 that our experimental data support is as shown in Scheme 2.5. 

After excitation, the excited singlet state (S,) of the carboxylate ion of 152 undergoes 

intersystem crossing (ISC) to the excited triplet state (T,). The excited triplet state is the 

@f&cooH / 152 &(&Q / 156 / - 
hv pH 'P% I I hv, pH 12 

\ /  

- Benzaldehyde 

Scheme 2.5 
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reactive state, which photodecarboxylates rapidly to give the ground state triplet carbanion 

183. Reactivity through T, is strongly supported by the acetone sensitization experiments 

and sodium sorbate and 1,3-cyclohexadiene triplet quenching studies. The ground state 

triplet 183 reverts back to a more stable, highly conjugated ground state enolate 184 

through ISC, which is the key intermediate responsible for the formation of the photoproduct 

4-methylbenzophenone from photolysis of 152. 

The conjugated en01 185, which is in equilibrium with enolate 184, was the observed 

transient in LFP experiments in pH 7.5 (Figure 2.8). The transient absorption spectrum has 

a maximum absorption at 390 nm, which is due to the conjugation of the transient. The 

transient spectrum was dramatically changed when the solution pH was increased from 7.5 

to 12.2 as evidenced by a much weaker absorption band with A,,,, at 410 nm. We assigned 

the transient in basic solution to the enolate ion 184. Deprotonation of en01 185 to enolate 

184 explains the 30 nm red-shift in the observed transient spectra. 

The equilibrium between enolate ion 184 and en01 185 was probed by measuring the 

transient absorption spectra at a variety of pH values. Figure 2.1 1 a suggests that the pK, of 

the en01 185 is about 8, similar to the pK, of 8.2 reported for the ketyl radical of 4- 

carboxybenz~phenone.~ and the pK, of 9.5 and 10.5 for the en01 from indan-l-one and 

a c e t ~ p h e n o n e , ' ~ ~ ~ ~ ~  respectively. The pK, -8 of the en01 185 may help explain the observed 

relatively steady decay rates in the pH region of 8- 13. In basic solution, the enolate ion 184 

was the observed intermediate and its decay rate appeared to be steady in the low [H'] 

region. Due to the low photoreactivity of 152 under acidic conditions, the effects of higher 

[H'] on the decay of enolate 184 was not attempted. This assignment is consistent with 



Scheme 2.6 

the result from LFP on benzoylphenethyl alcohol (156). The ethanol derivative is subject 

to base catalysis. The photo-retro-Aldol reaction of 156 took place cleanly and efficiently 

at pH 12. The transient spectrum of 156 obtained at pH 12.5 was similar to that of 152 

obtained under basic conditions, consistent with the formation of a same enolate ion 184. 

The decay monitored at 410 nrn at high pH has a rate constant of - 3 x lo5 s-', giving a 

similar lifetime to that obtained from photolysis of 152. 

The solvent isotope effects on the decay of the transient observed for 152 deserve 

special notice. Figure 2.12 shows that the lifetime of the enolate 184 generated after 

photodecarboxylation of 152 is 4.4 times longer in deuterated solvent than in non-deuterated 

solution (pH 13.3). At pH 7, the solvent isotope effect on the transient decay had a value of 

2.8. These results suggest that the decay of the en01 and enolate can be attributed to more 

than a carbanion acquiring a deuterium, though the enolate ion is in resonance with a 

carbanion. A typical benzyl carbanion (e.g. 186) has an isotope effect about 1.0-1.2 

(acquiring a proton vs a deuterium ion).I3ld Our rationale is that carbanion 184a is different 
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from carbanion 186 (Scheme 2.6). Carbanion 184a is in resonance with enolate 184. The 

protonation of the benzyl carbon of 184a to form final product is much slower than the 

protonation ofthe oxygen of enolate 184.'3'b The establishment of the acid-base enol-enolate 

equilibrium is much faster (difhsion-controlled rate constant) than the rate constant for 

carbon protonation. The rate constant for carbon protonation by water of the enolate from 

acetophenone was reported as 6 x lo3 s-'.131b For the en01 185 to rearrange the en01 proton 

to the benzyl carbon of 185, the process must overcome the effects of hydrogen bonding and 

break the D-0 bond, leading to large solvent isotope effects. Independent generation of 184 

by photo-retro-Aldol reaction of 156 under basic condition was carried out and a large 

isotope effect on the decay of the transient, kHkD - 1.7, was also recorded. 

For the photodecarboxylation of 3-benzoylphenylacetic acid (151) in basic solution, 

our experimental results suggest a mechanism consistent with the mechanism proposed by 

Monti and coworkers for the photodecarboxylation of ketoprofen (1 0a).'29 Though accurate 

assignments of the LFP intermediates involved in the decarboxylation process may be 

difficult to achieve in this case, there is evidence that the decarboxylation reaction of 151 is 

initiated by the triplet excited state and proceeds via a carbanion intermediate. The process 

is shown schematically in Scheme 2.7. Upon excitation in a solution of pH > pK,, 151 

undergoes efficient ISC from the excited singlet state to populate the excited triplet state, in 

which it loses a CO, rapidly, to give a triplet state carbanion 187. After intersystem crossing, 

the carbanion 189 quickly picks up a proton from solvent to give the final product. 

The process proposed in Scheme 2.7 is considered to be the predominant one, though 

some other minor pathways responsible for the photodecarboxylation of this arylacetic acid 
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are also possible. There is some evidence for photoionization, including observation of 

solvated electrons by LFP and isolation of minor dimeric products from photolysis ofrelated 

arylacetic acids.I3O The main intermediates proposed in Scheme 2.7 are consistent with the 

LFP transient spectrum of 189. The transient contributing to the spectrum at -330 and 600 

nm bands (Figure 2.13) is assigned to the carbanion 189 formed directly after 

decarboxyation. The driving force is believed to be the strong meta electronic transmission 

effect induced by the excited ketone It has been shown that the corresponding 

carbanion formed after photodecarboxylation of Ketoprofen (10a) absorbs at similar 

wavelengths and has a short lifetime of 150 ns.'22 A similar lifetime of 100 ns is reasonable 

for the carbanion of 189. We assigned the long-lived species at 330 and 530 nrn to the triplet 

151, arising from the contribution of the benzophenone chromophore. Its triplet nature 

makes it subject to quenching by oxygen, which was observed as the decay of the transient 

was faster in the presence of oxygen. The triplet lifetime was shortened from 3.7 ps to 0.4 

ps by oxygen and the carbanion lifetime was shortened to 52 ns as well. 
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Although it is formally a resonance structure of carbanion 189, the biradical-like 

carbanion 188 (enolate) is believed to be a minor contributor to the observed species, which 

explains our inability to observe the pK, for the equilibrium of enolate 188 and its en01 form. 

The reported pH profiles for the transient AOD from photolysis of 10a monitored at 330 and 

530 nm show sigrnoidal behaviour with a pK, of 7.6 for Ketoprofen (10a) ketyl radical 

anion.'29 We believe the en01 from 188 should have a similar pK,, as we have shown that the 

p-isomer 152 has a pK,-8 for the en01 and enolate equilibrium. The kinetic isotope effect 

of the 600 nm transient of 189 is quite different from that of the transient from photolysis of 

152. The small isotope effect measured at pH(D) 1.5, 7, 13.3 (kH/kD = 0.9 -1.2) suggests 

it is more like a conventional benzyl anion than a biradical-like carbanion. 

A working mechanism is proposed for the photodecarboxylation of 151 in acid 

solutions in Scheme 2.8a. Product studies show that when the photodecarboxylation of 151 

is carried out under acidic conditions, the photoproduct remains 3-methylbenzophenone. 

The mechanism proposes that the key step under acidic conditions is the protonation of 151 

at the carbonyl group to form 190a upon excitation. In the ground state, pH 1 or pH 0 is not 

sufficiently acidic to protonate the carbonyl group. Upon excitation, the electron- 

withdrawing property of the benzophenone group leads to enhanced electron density mainly 

located at the oxygen atom of the carbonyl group, and therefore, the basicity of the carbonyl 

is greatly enhanced and protonation is possible. Previous work has suggested that the pK, 

of the excited state of benzophenone - 0.4.'32b The enhancement is probably due to the so- 

called "excited state ortholmeta- electronic transmission effect",'32a which greatly makes the 
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benzylic carbon electron deficient and, thus, leads to a heterolytic carbon-carbon cleavage. 

The high excited state reactivity of the meta-position of benzophenone is well demonstrated 

in the work by Wirz and coworkers.'32b The author showed that protons were able to quench 

the excited triplet state of benzophenone by a photohydration reaction, mainly at the meta- 

position. This was strongly supported by the observation that photolysis of 3- 

fluoroacetophenone in acidic aqueous solution resulted in a stable photoproduct, 3- 

hydroxyben~ophenone.'~~~ The non-KekulC intermediate 191 reverts back to ground state 

zwitterion 192 via ISC. Rearrangement of the zwitterion 192 gives rise to the 3- 

methylbenzophenone product. This mechanism explains the formation of a-deutero-3- 

methylbenzophenone when 151 was irradiated in D,O. This mechanism also explains the 

observed isotope effect on the product quantum yield. As shown in Table 2.3, the 

photoproduct yield of 3-methylbenzophenone has a solvent isotope effect of 2.2 at 

pH 1.5, which is not seen in basic photolysis conditions. The large isotope effect strongly 



supports the involvement of the proton (protonating the carbonyl group) in the primary step 

of heterolytic carbon-carbon bond cleavage in the photodecarboxylation of 151 in acidic 

solution. The proposed mechanism correctly reflects such an involvement. 

The mechanism also satisfies the observation of acid-catalyzed photo-induced loss 

of formaldehyde fiom 155 as well. A similar mechanism for the photo-retro-aldol 

ISC 
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reaction of 155 is shown in Scheme 2.8b. Under acidic conditions, the excited singlet state 

of 155 undergoes intersystem crossing to the excited triplet state, which is protonated to give 

190b as the key reactive species. The electron density of the a-P carbon carbon bond is 

transmitted to the meta-positioned carbonyl group, due to the strong electron withdrawing 

property of the protonated benzophenone moiety, making possible the loss of formaldehyde 

to form 191. The zwitterion 192 rearranges to the final product of 3-methylbenzophenone 

(a-deutero-3-methylbenzophenone if in D2S04/D,0 solution). 

The hypothesis that electron density is transmitted fi-ornlto the meta-position of 

benzophenone is well demonstrated by the following calculation. In the excited state, the 
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electron density at the o and m- positions of a benzene ring is transmitted to an attached 

electron-withdrawing group, whereas in the ground state, the o andp-positions are activated. 

As illustrated in above Chart 2.1 the positive charge of an electron-withdrawing cation is 

redistributed to o and p- positions by withdrawing the partial electron density from these 

sites in the ground state. In the excited state, the positive charge is instead relocated to the 

o and m- positions. 

The mechanisms for photodecarboxylation of the biphenyl arylacetic acids 157 and 

158 are complicated by the addition of one benzene ring compared to the corresponding 

benzoylphenyl acetic acids 151 and 152. The complication is reflected by the isotope effects 

on the product quantum yields, pH effects on the photodecarboxylation yields and quenching 

experiments. An analysis of the photochemistry and photophysics of phenyl substituted 

benzophenone should help to understand the photochemical reactivities of compounds 

derived from phenyl substituted benzophenones. 

As far as we know, there has been no work documenting the photophysical behaviour 

of 3-phenylbenzophenone. However, the photophysical behaviour of 4-phenylbenzophenone 

(PBP) has been well studied. In contrast to the fact that benzophenone (BP) has a lowest TI 

state with n - n* nature, it is well established that PBP has a n: - n* configuration as its 
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lowest TI state. Various techniques, including time-resolved infrared and ultrafast laser flash 

photolysis, have been employed in the in~es t iga t ion . '~~ , '~~  In 1960, Ermolave and Teremir~ '~~  

published a study of PBP in an ethanol-ether glass at 77 K, showing that the absorption 

spectrum of PBP was quite similar to that of BP, indicating the extended phenyl ring did not 

greatly perturb the singlet excited state. The emission was primarily phosphorescence, with 

a spectrum similar to that of biphenyl, rather than to BP. In addition, the measured 

phosphorescence lifetime was two orders of magnitude longer than that of BP and very close 

to that of biphenyl. These observations show that the lowest triplet state of PBP is biphenyl- 

like in character. An intramolecular energy transfer model was proposed to explain the 

 result^.'^^,'^' Upon excitation of PBP to the S, state, ISC takes place to the T, state. Both S, 

and T, states have electron density located primarily on the C=O group and thus have 

benzophenone-like character. This process is followed by T, to TI relaxation where the 

electron density localized on the C=O moiety is transferred to the biphenyl moiety. These 

processes are energetically favoured, as the triplet state energy of BP is 69 kcallmol and the 

triplet state energy ofbiphenyl is 66 kcallmol. More importantly, the two chromophores are 

fused together which poses no barrier for the triplet-triplet energy transfer process. Closs, 

Miller, and coworkers'38 attributed the energy transfer between benzophenone and 

naphthalene groups attached to cycloalkyl rings to a through-bond interaction, with rate 
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constants dropping an order of magnitude for each additional bond. Wagner and Klan139b 

published studies on a series of compounds that undergo triplet energy transfer from the 

benzoyl chromophore to 3-to-14-atom-tethered energy acceptors of biphenyl 193a and 

naphthalene 193b. A tether length dependence for through-space and through-bond energy 

transfer mechanisms was established. The energy transfer rate calculated from the measured 

triplet lifetimes was as fast as lo9 s-I when there was 3-atom tether. For a solution encounter 

between excited donor and acceptor molecules, the actual energy transfer rate exceeds 101•‹ 

s-' when the energy transfer is exothermic.140 

In a detailed transient resonance Raman study on the lowest excited triplet states of 

PBP and related compounds, Hamaguchi and  coworker^'^^-'^^ showed that,al though PBP 

can be viewed as containing two chromophores (benzophenone and biphenyl, denoted as A 

and B in 193c), the electronic excitation in the lowest triplet state TI of PBP is localized to 

the "biphenyl + carbonyl" moiety (denoted by C in 193d) and the properties of TI PBP 

(lifetime, photochemical reactivity, etc.) should be ascribed to this part of the molecule. The 

C-0 bond retains double-bond-like character in the TI state although some structural changes 

occur. This is in contrast to the TI state of BP (193e), where the C-0 has single bond 

character. Data show that the molecular structure of the phenyl ring "a" in the PBP TI state 
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is nearly the same as that in ground state So.14' It is not affected by the electronic excitation. 

In other words, the "biphenyl + carbonyl" moiety is the "excited region" and the phenyl ring 

"a" is the "cold region" of the lowest triplet state of PBP. Data from transient resonance 

Rarnan spectra of the TI states of related compounds, such as 4-acetylbiphenyl and 4- 

biphenylcarboxaldehyde also support these conclusions.143 

We believe that the photophysics of the PBP backbone influence the mechanism of 

the photodecarboxylation of (3-benzoy1)biphenyacetic acid (158) and (4- 

benzoy1)biphenylacetic acid (157). It is assumed that the addition of an acetic acid group to 

the phenylbenzophenone will not dramatically change the photophysics. The mechanism c- - co2 ISC ' Y r  0 - 

Scheme 2.9 
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responsible for the photodecarboxylation of 157 is proposed in Scheme 2.9. A significant 

difference in the mechanism from that of photodecarboxylation of the parent compound, 4- 

benzoylphenyl acetic acid (152), is that both excited singlet and triplet states of 157 can 

initiate the decarboxylation process, as opposed to only triplet state reactivity in 152. This 

is evident from the triplet quenching experiments (Figure 2.7), where Stern-Volmer plots of 

the decarboxylation yields of 157 and 158 versus the quencher concentration plateaued at 

high concentrations. This indicates that a portion of the excited state molecules leading to 

decarboxylation cannot be quenched. From the initial slopes of the quenching plots, triplet 

state lifetimes of 100 ns and 60 ns were estimated for 158 and 157, respectively. These 

lifetimes are much longer than those of the parent benzoylphenylacetic acids 151 and 152 

(a few nanoseconds). When all the reacting triplets for 157 and 158 had been quenched, we 

conclude that the unquenchable portion of the excited state is due to the singlet state. 

However, we were unable to discount that a higher triplet state T, could lead to 

decarboxylation. 

The key intermediate observed in LFP on 157 at pH 8 is proposed as the highly 

conjugated en01 194 (Scheme 2.9), which is in equilibrium with enolate 195. The high 

degree of conjugation in 194 explains well its LFP transient spectra (Figure 2.1 O), which is 

much red-shifted compared to that of 185; 194 displays a very broad absorption with a 

maximum at 520 nrn, which was insensitive to the presence of oxygen. The pH profile of 

the intermediate decay kinetics gives pK, - 10 for the enol-enolate equilibrium. Compared 

to the pK, - 8 of intermediate 185 from 152, the larger pK, means that the extension of the 

conjugation decreases the acidity of en01 by two orders of magnitude. The reason for the 
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acidity decrease observed in en01 194 is likely due to a higher electron density on the oxygen 

in 195 than in 184. 

The acid-catalysis observed for the photodecarboxylation of 157 and 158 is consistent 

with the proposal that the singlet excited state can initiate photodecarboxylation reactions. 

The lone pair of electrons located on oxygen can be protonated in the excited state, which 

helps to withdraw electron density from the excited biphenyl chromophore, and from the 

substituent. The large isotope effects (-2 and greater) observed for the product quantum 

yields of 157 and 158 obtained at both pH 1.5 and pH 7 indicate that a proton is involved in 

the primary step of the decarboxylation reaction leading to the heterolytic carbon-carbon 

bond cleavage. Protonation of the excited triplet state is also possible because of its n - n* 
nature, where the carbonyl group retains its double-bond like character and the lone pair of 

electrons on oxygen is still present. When the photolysis is carried out at pH 13.3 (>pK, - 
lo), the isotope effect is - 1 for both 157 and 158. This suggests that a proton is not 

involved in the primary step of the decarboxylation reaction at this pH. The lack of proton 

involvement is likely because the pK, of en01 194 is 10, lower than the solution pH of 13.3 

such that the en01 is deprotonated. A primary isotope effect was observed at pH 7, because 

at this pH the en01 194 is protonated (pH < p k ) .  The isotope effects on the decay kinetics 

of the transients from 157 and 158 are small, unlike the effects on the transients 184 (or 185). 

This can be argued to be the result of two competing contributions: the driving force of 

regenerating benzene ring(s) and the interaction in a hydrogen bonding with the solvent. In 

the case of 184 and 185, the contribution from hydrogen bonding may outweigh that of the 
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driving force derived from formation of a benzene ring, e.g., the involvement of a proton is 

prominent (which results large isotope effects), while in the case of 194 and 195, the energy 

gained from regenerating two aromatic rings is much larger than regenerating one benzene 

ring. The driving force to form two aromatic rings can outweigh the contribution from the 

hydrogen bonding interaction with the transient, making the isotope effect smaller. 

A similar mechanism to that in Scheme 2.9 can be envisaged for the 

photodecarboxylation of 158 (Scheme 2.10). The discussions for the photodecarboxylation 

and transient generation of 157 are also valid for the chemistry observed for 158. Both the 

excited singlet and triplet states of 158 can initiate the photodecarboxylation reaction. 

Protonation of the carbonyl group in the highly polarized singlet and triplet states helps 

promote the heterolytic cleavage of the carbon-carbon bond, giving rise to intermediate 197 

(or 196). Evidence that both the singlet and triplet states of 158 can initiate its 

photodecarboxylation reaction can be found in quenching experiments using 1,3- 

cyclohexadiene and sodium sorbate as quenchers. The product quantum yield dramatically 

dropped from 0.73 to 0.17 when photolysis was carried out in deuterated aqueous solution. 

This isotope effect on the product quantum yields of 158 suggest the involvement of aproton 

in the primary heterolytic carbon-carbon bond cleavage step, leading to the loss of CO,. The 

transient spectrum obtained from LFP of 158 is consistent with the proposed intermediate 

196 (or 197), which shows a broad absorption band stretching from 330 to 560 nm. The long 

wavelength absorption can be explained by the resonance structure 197b, which has an 

extended conjugation with the benzene rings. The intermediate lifetime (- 0.15 ps) is shorter 



Scheme 2.10 

than that of the transient from 151, as expected. The only difference between 158 and 157 

can likely be attributed to the fact that the benzoyl group is meta to the acetic acid substituent 

in 158, where the meta transmission effects play a role in promoting the decarboxylation 

process, leading to a higher product quantum yield for 158 than for 157. 

2.9 Summary and Conclusions 

The work presented has focussed on the synthesis of a series of substituted arylacetic 

acids and the mechanistic investigation of their photodecarboxyation reactions. Stemming 

from interest in the photodecarboxylation of ketoprofen (lOa), which has a high efficiency 



118 

(@ - 0.75), a series of model compounds was designed and successfully synthesized, 

including aroyl and acetyl-substituted phenylacetic acids, aroyl-substituted biphenylacetic 

acids and benzoylphenethyl alcohols. 

Product studies showed that decarboxylation is a general photoreaction of arylacetic 

acids and is initiated by the excited state of aromatic ketones. One deuterium was 

incorporated (at the benzylic position) in the major photoproducts when the photolysis was 

carried out in a deuterated solvent. This is a clear indication that a carbanion is the key 

intermediate involved in the decarboxylation process. For 4-acetylphenylacetic acid (153), 

a dimer product derived from the carbanion intermediate from photodecarboxylation of 153 

was obtained along with the product expected from protonation of the carbanion. 

Our studies of the pH effects on the photodecarboxylation reactions showed 

substrate-dependent behaviour. For 4-benzoylphenylacetic acid (152) and 4-acetylphenyl 

acetic acid (153), the photodecarboxylation yields dropped as the solution pH decreased, 

indicating that the deprotonated form (carboxylate ion) is the photoreactive species. From 

the pH profile of the quantum yields for 152, a ground state pK, - 3.5 was obtained, close 

to that of phenylacetic acid (pK, -3.7). Substrates 3-benzoylphenylacetic acid (151), (3- 

benzoy1)biphenylacetic acid (158) and (4-benzoy1)biphenylacetic acid (157) were found to 

undergo acid-catalyzed photodecarboxylation processes. Excited state meta electron 

transmission was employed to explain the observed acid catalyzed decarboxylation for 151. 

Protonation of the carbonyl group helps the transmission of electron density from the meta- 

positioned substituent to the carbonyl moiety, promoting the loss of CO,. Meta electron 
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transmission is responsible for the efficient photodecarboxylation of 158 compared to the 

para-substituted 157. Protonation of 157 and 158 in the excited state explains the primary 

isotope effects observed (-2 and greater) for their photodecarboxylation quantum yields. 

Triplet quenching and sensitizing experiments established that excited triplet states 

are responsible for the photodecarboxylation of benzoylphenyl acetic acids 151 and 152, 

while both singlet and triplet states can initiate the decarboxylation process of the 

benzoylbiphenyl acetic acids 157 and 158. The differences in the photochemistry and 

photophysics between benzophenone and phenyl-substituted benzophenone are responsible 

for the different excited state reactivities observed. 

From LFP transient spectra of aroylphenylacetic acids 151 and 152, 

aroylbiphenylacetic acids 157 and 158, highly conjuated enovenolate ions are found to be 

the key resonance contributor to the intermediates in the photodecarboxlyation reactions. 

The pK, of enols 185 and 194 are -8 and -10, respectively. The properties of the spectra and 

the insensitivity to oxygen are consistent with such intermediates. Compared to the 

maximum absorption of 185 at 400 nm, the maximum absorption of 194 is more than 100 

nrn red-shifted. More energy gained fiom re-aromatization of two rings, rather than one, 

makes 194 more reactive than 185. In particular, 194 decays with a first order rate constant 

of -1.8 x lo6 s-' (corresponding to lifetime z -0.5 ps), which is about six times faster than 

that of 185, -3.3 x lo5 s-' (z -3.5 ps). A similar situation was observed for the intermediates 

from photolysis of 151 and 158. The more conjugated transient from 158 was found to have 

a lifetime of -0.15 ps, which is much shorter than the transient fiom 151 (z -3.7 ps). 



Chapter 3 

Photogeneration of Biphenyl and Terphenyl Quinone Methides 

from Hydroxyaryl Methanols 

3.1 Introduction 

It is now well documented that quinone methides (QMs) are the intermediates 

generated by overall photodehydration ofhydroxybenzyl a l ~ o h o l s . ' ' ~ ~ ~ ~  There is much direct 

and indirect evidence in the literature for the formation of such species. The first paper 

reporting direct observation of biphenyl quinone methides (BQM) photogenerated from the 

corresponding hydroxybiphenyl methanols was published by Shi and Wan."' Upon 

irradiation in aqueous solution, o and p-hydroxybiphenyl alcohols 122 and 123 give 

transients with long wavelength absorptions at 570 and 525 nm, respectively, assigned to 

BQMs 124 and 125. The long wavelength absorption of these transients is obviously due 

to the extended conjugation in the two benzene rings. Other properties, such as the 

insensitivity of the transients to oxygen but shorter lifetimes (higher reactivities) compared 

to the parent QMs (e.g., 4b), are consistent with the assignment of the transients to BQMs 

124 and 125 (eqs 1.24 and 1.25, Chapter 1). In a continuing effort to better understand the 

properties of such intermediates with extended conjugation, the present work explores the 

photogeneration of BQMs that are even more conjugated, as well as related terphenyl QMs 

(TQMs), all from the corresponding hydroxybiphenyl and hydroxyterphenyl alcohols. 



3.2 Synthesis 

3.2.1 Synthesis of the Hydroxybiphenyl Alcohol Systems 

The synthesis of 159 and 160 is shown in Scheme 3.1. 4-Hydroxybenzophenone was 

first converted to the corresponding triflate with trifluoromethanesulfonic acid anhydride in 

the presence of pyridine. The triflate was then coupled to 4-methoxyphenylboronic acid 

(Suzuki-type coupling) in the presence of Pd(PPh,), to give 200 in high yield (85%). After 

recrystallization, the coupled ketone 200 was reduced with NaBH,, to give 4-methoxy-4'-(a- 

hydroxybenzy1)biphenyl (160), which served as a "control" compound, as the phenol is 

methylated. The ketone 200 was demethylated with BBr, to give 201. The latter was then 

Scheme 3.1 
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reduced with NaBH, to give one of the main targets, 4-hydroxy-4'-(a- 

hydroxybenzyl)biphenyl(159). For the synthesis of the other two compounds in this study, 

(4-hydroxy-2'-(a-hydroxybenzy1)biphenyl (161) and 4-methoxy-2'-(a- 

hydroxybenzy1)biphenyl (162)), the same protocol was followed starting with 2- 

hydrox ybenzophenone. 

3.2.2 Synthesis of the Hydroxyterphenyl Alcohol Systems and a Related 

Diphenylacetylene Analogue 

The synthesis of the hydroxyterphenyl systems employed the same reactions as used 

in Scheme 3.1. The synthetic routes for terphenyl derivatives 163 and 164 are presented in 

Scheme 3.2. The starting material here is biphenyl ketone 201, available from Scheme 3.1. 

The material was first converted to the corresponding triflate. Suzuki-type coupling with 4- 

methoxyphenylboronic acid gave terphenyl ketone 202 in 45% yield. Reduction of 202 with 

NaBH, gave the model compound 164. Demethylation of 202 with BBr, provided 203, 

which on reduction with NaBH, gave the main target 163 in -90% yield from 202. Isomers 

of 166 and 167 were synthesized in a similar manner starting from 2-(4'- 



Scheme 3.2 

4-Hydroxy-2'-benzyl-pp-terphenyl(168), which was used as a "control" compound 

in this study, was synthesized by the reaction shown in eq 3.1. The benzyl alcohol group of 

166 was reduced to the methylene when photolyzed in 1 : 1 H20-CH,CN in the presence of 

NaBH4. 

The synthetic route for diphenylacetylene analogue 165 is presented in Scheme 3.3. 



The TMS-protected acetylene (commercially available) was coupled with 4- 

bromobenzaldehyde in the presence of Pd(OAc), and PPh, in triethylamine solvent. 

Precipitation of a quantitative yield of triethylamine*HBr salt indicated the reaction went to 

completion and an essentially 100% yield of 204 was realized. Deprotection of the TMS 

group in methanol in the presence of K2C03 gave 4-ethynylbenzaldehyde (205), which was 

purified by sublimation under vacuum (yield -70%). Acetylene derivative 205 was coupled 

withp-iodophenol using the same Pd catalyst system, giving 4-(4"-hydroxypheny1)ethynyl 

K2C03 MeOH 

204 
A 

PPh3 
Pd (OAC)~ 
triethylamine 

PPh3 
Pd (OAC)~ 
1 : 1 triethylamine-toluene 
p-iodophenol 

Scheme 3.3 
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benzaldehyde (206) in near quantitative yield. Reduction of 206 with NaBH, in methanol 

yielded the target substrate 165 in over 90% yield from 205. 

3.3 Results and Discussion 

3.3.1 Product Studies 

Photolysis of M 159 in 1: 1 H,O-MeOH (254 nm, -1 5 "C, Rayonet PRP 100 

photochemical reactor, argon purged) led to clean conversion to the corresponding methyl 

ether 207 (eq 3.2) in low conversion experiments (<15%). The reaction was monitored by 

the growth of a sharp singlet at 6 -3.2 ppm in the 'H NMR spectrum assigned to the methyl 

ether protons. The methyl ether product was isolated and characterized by 'H NMR and MS. 

Photolysis of 161 under identical conditions also yielded the corresponding methyl ether 208 

as a predominant product (eq 3.3). However, a second photoproduct was also observed even 

in low conversion experiments and later identified to be 2-hydroxyl-9-phenyl-9H-fluorene 

(209). The photoreduction product 210 was also observed on extended irradiations. The 

yields of these products from 161 plotted vs photolysis time are shown in Figure 3.1. Dark 

reaction of 159 and 161 yielded no product. Photolysis of the corresponding methyl ethers 

160 and 162 gave quite different results. Thepara-derivative 160 was completely unreactive 

when photolyzed, and 162 gave only a trace amount of the corresponding photosolvolysis 

product (methyl ether at the benzylic position), but the yield was about eight fold lower than 



that observed for 161 (Table 3.1). 

The photoreduced product 210 (eq 3.3) was not observed when the conversion was 

kept low (< 15%). The delayed appearance of 210 suggests that it is a secondary 

photoproduct from photolysis of 208. This was confirmed by (1) independent photolysis of 

0 20 40 60 80 100 120 
Photolysis Time (min) 

Figure 3.1 Yields of photoproducts vs irradiation time in the photolysis of 161 



127 

208, which resulted in formation of 210 in aqueous methanol and (2) prolonged photolysis 

of the solution leading to disappearance of 208, and 210 becoming a major product. The 

steady growth (almost linear with photolysis time, as shown in Figure 3.1) of 209 and no 

evidence of photodecomposition is due to the known photostability of the fluorene skeleton 

(known to be highly fluorescent), which does not undergo any observable secondary photo- 

degradation. 

Product studies in trifluoroethanol (TFE) offer additional insights into the 

mechanism of photosolvolysis of these hydroxybiphenyl alcohols. Photolysis of - M 

of 159 and 161 in 1: 1 H20-TFE or neat TFE gave the corresponding trifluoroethyl ethers. 

The fluorene derivative 209 was also observed from photolysis of 161 in TFE. However, 

overall product yields were much lower than those observed in 1 : 1 H20-MeOH. The relative 

yield of fluorene derivative 209 vs trifloroethyl ether (or methyl ether in 1 : 1 H20-MeOH) 

was different from that in 1 : 1 H20-MeOH. In 1 : 1 H20-MeOH, the methyl ether 208 was the 

favored product, accounting for a predominant yield of 80% of the ratio of these two 

products, while the fluorene product 209 was the major one in neat TFE, consisting of 70% 

of the yield of these two products. The ratio in favor of formation of 209 increased to 90% 

when 1 : 1 H20-TFE was used, instead of neat TFE. 

Photolysis of the hydroxyterphenyl alcohols 163 and 166 in 1 : 1 H20-MeOH gave the 

corresponding methyl ethers 163a and 166a (Chart 3.1) as the only photoproducts in low 

conversion runs (4 5%). For 166, a second photoproduct, fluorene analogue 166c, was also 

observed (as indicated by the distinctive 'H NMR peak at 6 5.0 ppm), which is similar to the 

case of hydroxybiphenyl161. In an acidic medium of 1 : 1 H20-TFE, the formation of the 



Chart 3.1 

fluorene derivative became predominant along with trifluoroethyl ether 166d. Photoreduced 

products 163b and 166b from photolysis of 163 and 166, respectively, were also seen on 

prolonged irradiation. 

The photolysis of diphenylacetylene analogue 165 in 1 : 1 H20-CH,OH gave several 

products, from which 21 1 was isolated as a major one (-50%). The identity ofphotoproduct 

21 1 was established by 'H NMR and MS. On the consideration that the prospective QM-like 

intermediate from 165 (Scheme 3.6, vide infra) would possess high reactivity, nucleophilic 

agents weaker than MeOH, such as water, may be able to trap it. So removal of MeOH from 

the solution may give a cleaner reaction. Photolysis of 165 was carried out in 1:l H20- 
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CH,CN, which also gave photoproduct 21 1 (eq 3.4). This result proves that water is a good- 

enough nucleophilic agent, which can react with the intermediate from 165 upon excitation 

to give a stable product. This is in contrast to the cases of hydroxyoligophenyl alcohols, 

which showed no net chemical reactions upon photolysis in H20-CH3CN (trapping of the 

transient by water regenerates starting materials). 

3.3.2 Product Quantum Yield Measurements 

Product quantum yields (0,) of formation of methyl and selected trifluoroethyl ether 

products from photolysis of hydroxybiphenyls 159-1 62 and hydroxyterphenyls 163-1 64,166 

and 168 were measured at low conversion (< 15%) in aqueous MeOH or TFE solution 

(Table 3.1). Due to the multiple photoproducts formed from photolysis of 161, the product 

quantum yield of 161 was estimated based on the sum of the two individual product yields. 

As shown in Table 3.1, the product quantum yields of methoxy derivatives 160 and 

162 are much lower than those of the hydroxy counterparts 159 and 161. In particular, the 

methoxy derivative 160 is completely photoinert (0,- 0.0) under conditions employed for 

the hydroxybiphenyl alcohols. A product quantum yield of 0.05 was measured for the 

formation of the single product (methyl ether 208) from 162. This value is significantly 

lower (8 times) than that of hydroxybiphenyl alcohol 161. These results indicate that the 

phenol moiety of the hydroxybiphenyl alcohols 159 and 161 plays an important role in the 

formation of reactive intermediates on photolysis. Table 3.1 also reports a product quantum 

yield of 0.29 for 161 in both neat TFE and 1 : 1 H20-TFE, which is significantly lower than 

the yield of 0.41 in 1 : 1 H,O-CH30H. Under identical conditions, the product quantum yield 
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for 159 in 1 : 1 H20-TFE was also very low. A yield of - 0.01 was measured, evidence that 

suggests the intermediate p-BQM fiom 159 is much less reactive than the o-BQM 

intermediate fiom 161. For hydroxyterphenyl alcohols 163 and 166, their photoreactivity 

was so low that the product quantum yields were estimated to be -0.001 based on methyl 

ether formation. 

Table 3.1 Product Quantum Yields (@,) of Ether Formation from 

Hydroxybiphenyl and Hydroxyterphenyl Alcohols and Their 

Methoxy Derivatives. 

Substratesa 1 : 1 H20-CH,OH 1: 1 H20-TFE TFE 

a Calculated based on photoproduct formation determined by 'H NMR. The 

photosolvolysis of 4-hydroxy-4'-hydroxylmethylbiphenyl(123), to give the 

corresponding methyl ether in 1 : 1 H20-MeOH, was used as the standard reference 

Not measured. 

Due to solubility problems 1 :9 H20-CH,OH was used. 



3.3.3 Steady State Fluorescence 

Fluorescence emission spectra of hydroxyoligophenyl alcohols 159, 161, 1 63 and 

166, and the control models such as 168 were measured in CH,CN as a h c t i o n  of water 

concentration. The sample concentration was prepared to give an optical density of about 

-0.1 at the excitation wavelength (284 nm). Fluorescence emission from 159 and 161 was 

quenched (Figure 3.2). However, the fluorescence data show that the presence of water has 

an effect that is more complex than simply quenching the fluorescence emission, as the 

fluorescence yields increased in the presence of a small amount of water. For both 159 and 

161, it was observed that the fluorescence yields were higher when the water concentration 

was low, but were eventually quenched at high water concentration. This unusual 

phenomenon was also observed in other biphenyl alcohol systems.117b 

The effect of water on the fluorescence yields can be explained as follows. The 

Of = 
k t  kphootC kd) 

fluorescence yield, cD, is governed by eq 3.5, where k,is the fluorescence emission rate, &,,,, 

is the rate of "photoreaction" (e.g. the rate of deprotonation in this case), and Ck,, is the sum 

of the rates of internal conversion. Assuming that Ck,, is relatively unchanged with differing 

water content, Of is dependent on two competitive processes, the fluorescence emission rate 

(kf) and the "photoreaction" rate (hhot0). It is well known that the phenol moiety is much 

more acidic in the S, state, than in its ground state (S,). Generally, the addition of water to 

acetonitrile facilitates the photoreaction pathway (e.g. deprotonation) in the excited state 

(Scheme 3.4), as water is a better proton acceptor (more basic) than acetonitrile, 
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Figure 3.2 Effect of water content on the fluorescence of 161. Left: excitation spectra 

in CH,CN. 

leading to fluorescence quenching. On the other hand, addition of water can change the 

polarity of the solvent dramatically, where a more polar medium can stabilize the substrate 

(solvation effects). The observation that the fluorescence emission spectra were red-shifted 

(maximum emission shifted from 320 to 340 nrn) upon addition of water supports the 

inference that the excited state is more stabilized than the ground state, which, in turn, 

decreases the energy gap between S, and So. Thus the increase of the fluorescence emission 

rate (kf) might be greater than the deprotonation rate (I$,,,,,) on introduction of low water 

concentrations, leading to an increase in the fluorescence quantum yield. Another factor, 



Scheme 3.4 

e.g., intermolecular hydrogen-bonding, might also contribute to the observed water effect. 

As in neat CH,CN, the hydroxyaryl alcohols, such as 159, are extensively intermolecularly 

bonded via hydrogen bonding. The weakened phenolic 0-H bond is readily depronated upon 

excitation. In this case, the solvation effect appears to be dominant. After a certain point (5 

M H,O for 159), increasing water content does not affect the maximum fluorescence 

emission, and the effect of the photodeprotonation rate (&,,,,) becomes dominant over the 

solvation effect due to the high concentration of proton acceptor and subsequent chemical 

reaction (dehydroxylation to form BQM, vide infra). Thus the fluorescence quantum yields 

decrease at high water content. 

The promotion of photodeprotonation upon addition of water to the system was also 

demonstrated by the effect of pH on the fluorescence. As shown for selected 161 at pH 12, 

the phenol moiety is deprotonated in the ground state and the photochemistry of the 

phenolate ion can be facilitated by direct excitation (Figure 3.3). As a comparison, the 

photochemically inert Cphenylphenol was used . In Figure 3.3, both 
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Figure 3.3 Effect of pH on the fluorescence emission of 4-phenylphenol and 

161. (a) 4-phenylphenol in neat CH3CN; (b) 4-phenylphenol in 1 : 1 

H,O-CH,CN, pH 12 ; (c) expanded scale showing the fluorescence 

emission of 161 in 1:l H,O-CH3CN, pH 12. 

4-phenylphenol in CH3CN and the 4-phenylphenolate ion (generated at pH 12) gave strong 

fluorescence emission signals at 330 and 400 nm, respectively. The phenolate generated 

from 161 shows a weak emission signal at 430 nm. The weak fluorescence signal is 

explained by the efficient photochemical reaction initiated by the excited phenolate ion, a 

process similar to that described in Scheme 3.4. Similar results were also obtained for the 

effect of pH on the fluorescence of 159. 



250 350 450 550 
Wavelength (nm) 

Figure 3.4 Effect of water content on fluorescence of 163. Left: excitation 

spectrum in CH,CN. 

Water concentration has a dramatic quenching effect on the fluorescence of 

hydroxyterphenyl alcohols 163 and 166. The excitation spectrum and the effect of water 

quenching on the fluorescence emission in CH,CN are shown in Figures 3.4 and 3.5 for 163 

and 166, respectively. Unlike the fluorescence of the hydroxybiphenyl alcohols, the 

hydroxyterphenyl systems clearly show phenolate ion emission on addition of water. The 

phenolate ions of 163 and 166 show emission maxima at 480 and 460 nm, respectively, 

compared to the neutral molecular emission at 370 and 360 nrn. The long wavelength 

emission due to phenolates was also confirmed by independent fluorescence measurement 

in basic solution (spectra not shown), in which 163 and 168 showed strong emission at 480 

and 460 nrn, respectively at pH 12. At this pH, the phenol groups were 
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Figure 3.5 Effect of water content on fluorescence of 166. Left: excitation 

spectrum in CH,CN. 

deprotonated in the ground state before excitation. 

As a comparison, the fluorescence of 168 and its water quenching is shown in Figure 

3.6. The emission at 460 nrn is due to the phenolate ion of 168. The similarity between the 

fluorescence of 166 and that of the control model 168 suggests that the photochemical decay 

from excited 166 or its phenolate ion is minor compared to the fluorescence radiative decay. 

In other words, the fluorescence decay rate is far greater than that of photochemical 

generation of TQM and photoproduct, e.g., k,>>&,,,,. Fluorescence emissions are dominant 

in the photophysics ofhydroxyterphenyl alcohols. This is in contrast to the hydroxybiphenyl 

systems, where photochemical reactions and fluorescence emission are competing decay 
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Figure 3.6 Effect of water content on fluorescence of 168. Left: excitation 

spectrum in CH,CN. 

pathways for the excited molecules. The phenolates from hydroxybiphenyl methanol 

systems are so photoreactive that fluorescence emission becomes a minor process. 

Absolute fluorescence quantum yields (Of) were measured in both neat CH,CN and 

aqueous CH,CN employing fluorene as a standard reference (0, = 0.68 * 0.02). ' The 

results are shown in Table 3.2. The fluorescence quantum yield of 159 (@,= 0.41) is much 

higher than that of 161 (@,= 0.13), which is consistent with the fact that the photoreactivity 

of 159 is much lower than that of 161. The fluorescence emission of the phenolate ion of 
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Table 3.2 Fluorescence Quantum Yields for Hydroxybiphenyl Alcohols 159 

and 161 and Hydroxyterphenyl Alcohols 163 and 166." 

Substrates @f" @: (pH 12) 

-- - 

" The optical densities of substrates and fluorene, the standard reference, are 

matched (-0. l), excitation wavelength at 285 nrn. 

Measured in 100% CH,CN. 

" Measured in 1 :9 H,O-CH,CN, water portion at pH1 2. 

161 is so weak that a yield of -0.01 was estimated. Because the phenol moieties of the 

substrates are much more acidic in the excited state than in the ground state, it is a reasonable 

expectation that phenolate ions are generated by deprotonation in the excited state even in 

neutral aqueous solutions. The lack of phenolate emission in neutral aqueous solution and 

the weak emission in base indicate efficient reaction of phenolates (by forming BQM 

intermediates and photoproducts). The hydroxyterphenyl alcohols 163 and 166 were highly 

fluorescent, with their quantum yields close to unity. 
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3.3.4 Laser Flash Photolysis 

Transient spectra from photolysis of 161 by LFP (266 nm, 10 ns, <30 mJ/pulse) were 

recorded in 1 : 1 H20-CH,CN and TFE. A strong absorption with A,,,,, -- 330 and 425 nm and 

a band beyond 700 nm were observed in 1:l H20-CH,CN, which was not quenched by 

oxygen (Figure 3.7). The decays at 330, 425, 600 and 700 nm all fit to a similar single 

exponential decay function, giving a lifetime of 30 ps. The fact that the transient could not 

be quenched by oxygen and that the transient exhibits long wavelength absorptions, as well 

as the same lifetimes obtained for all decays at various wavelengths, strongly suggests the 

Time (ps) after laser shots: 
1: 3.0 
2: 11 
3 :  36 
4: 158 

290 390 490 590 690 

Wavelength (nm) 

Figure 3.7 Transient spectra observed from LFP of 161 in 1:l H20-CH,CN. 

Oxygen purged. Spectra recorded at the indicated time scale after 

laser shots. 
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contribution of only one species, i.e., BQM 213 (Scheme 3Sa, vide infra) resulting from 

overall dehydration of 161. This assignment is consistent with previous published 

WOrk112a,117 on similar systems and nucleophilic quenching (e.g. ethanolarnine) experiments 

results (vide infra). Diao, Yang and Wan'I2" have investigated the o-hydroxybenzyl alcohol 

(86) in 1:l H20-CH,CN by LFP and observed a long-lived (z = 400 p )  species with 

maximum transient absorptions at 345 and 450 nm, which were not affected by oxygen but 

were quenched by nucleophiles. In our system, the lifetime of the intermediate BQM 213 

is much shorter than that observed for o-hydroxybenzyl alcohol (86), as expected, due to the 

high reactivity of BQM 213 from the energy gained from re-aromatization to two benzene 

rings from the quinoidal form of the biphenyl moiety compared to less energy gained from 

re-aromatization of only one benzene ring in o-hydroxybenzyl alcohol. 

LFP studies of 161 were also carried out in neat and aqueous TFE in order to probe 

the formation of BQM 213 and, likely, of the diarylmethyl carbocation 212 (vide infra, 

Scheme 3.5a), as TFE is a more acidic medium than water. LFP on 161 in neat TFE gave 

a transient absorption spectrum different from that in aqueous solution with absorption 

maxima at 410 and 360 nm (Figure 3.8), which were not affected by purging with nitrogen 

or oxygen. The decay kinetics suggest that there are two species contributing to the transient 

spectra, as the band at 410 nm decayed to baseline in a few ps while the peak at 360 nm did 

not change much in the same time frame. The decay curve monitored at 410 nm could be 

fitted by a single exponential decay with a lifetime of about 3.3 ps. The lifetime measured 

in TFE was found to be dramatically shortened compared to that obtained in aqueous 

solution (30 ps in 1 :1 H,O-CH,CN). This intermediate is assigned to carbocation 212 



280 380 480 580 680 
Wavelength (nm) 

Figure 3.8 Transient spectra observed from LFP of 161 in neat TFE. Oxygen 

purged. Spectra recorded at the indicated time scale after laser shots. 

(Scheme 3.5a). Our assignment is based on the similarity to various diphenyl carbocations 

generated in aqueous solution and in TFE, reported by McClelland et al.'23a Similar diphenyl 

carbocations were reported to have short lifetimes of -0.5 ps in TFE with a maximum 

transient absorption peak at 430 - 440 nm. In aqueous solution, the lifetime of the parent 

diphenyl carbocation is shortened to 10 ns.I2) The carbocation 212 appears to have a lifetime 

that is 6 times longer. The spectrum was found to be blue-shifted 20 nrn compared to simple 

diphenyl carbocations. Carbocation 212a, which is formed by intramolecular Friedel-Crafts 
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reaction of carbocation 212, is a reasonable intermediate responsible for the second band at 

360 nm. This consideration was based primarily on the evidence that fluorene derivative 209 

was observed as the major photoproduct in TFE. However, more evidence needs to be 

acquired to support the assignment. 

The assignment of the 410 nm absorption to a carbocation is supported by kinetic 

studies. Kinetic studies on the observed transient were done in TFE with different 

concentrations of water as a nucleophile. Typical decay curves from the study are shown 

Water content in TFE (%): 
a: 0 
b: 20 
c: 50 

- 

- 

I 

0 5 10 15 20 

Time (ps) 

Figure 3.9 Effect of water content on the decays of the transient at 410 nrn from 

LFP on 161 in TFE. 



Figure 3.10 Water quenching on carbocation 212 generated by photolysis on 161 

in TFE. Decays monitored at 410 nrn. 

in Figure 3.9. The decays were fitted to a bi-exponential function, suggesting the presence 

of two species. In a 60%-40% (vlv) H,O-TFE solution lifetimes of 0.58 ps and 8.8 ps were 

found for the two species. As the water content increases, it is apparent that the short-lived 

species is quenched with the long-lived species becoming dominant. We assigned the long- 

lived component to BQM 213 and the short-lived component to carbocation 212. The 

assignment is consistent with the observation that the presence of water promotes QM 

generation and disfavors carbocation generation in LFP studies. In 1 : 1 H,O-CH,CN, 



Time ( p )  after laser shots: 
1: 28 
2: 124 
3: 456 

300 400 500 600 700 
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Figure 3.11 Transient spectra observed from LFP of 159 in 1 : 1 H,O-CH,CN, 0, 

purged conditions. Spectra recorded at the indicated time scale after 

laser shots. 

BQM 213 was the only detected intermediate. The quenching plot of carbocation versus 

water concentration is shown in Figure 3.10. It is clear that increasing the concentration of 

the nucleophile (water) shortens the lifetime of carbocation 212, according to the quenching 

equation k,, = k, + k,[H,O], where k, is the decay rate constant in the absence of water, and 

k, is the bimolecular quenching rate constant. The assignment of carbocation 212 in neat 

TFE is also consistent with the product studies in which it was observed that the fluorene 

derivative was produced more efficiently in TFE than in aqueous solvent. 

Transient spectra from LFP of 159 provided similar information to that from LFP of 
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161. The intermediate from LFP on 159 had strong absorption bands at A,,,, - 370 and 560 

nrn (Figure 3.1 I), which were not quenched by oxygen. This is similar to the transient 

absorption of BQM 213. The intermediate contributing to the transient spectrum was 

assigned to BQM 218. Unlike the BQM 213 whose transient spectrum cleanly decay to zero, 

a residual absorption signal remained after BQM 218 had decayed. Kinetic fitting of the 

decays monitored at 370 and 560 nm gave a lifetime of 0.5 ms for BQM 218. Some 

deviation in the kinetics between the two signals was observed, which is probably of due to 

the unassigned residual signal present after BQM 218 had decayed. 

LFP control experiments were performed to validate the observed BQMs transient 

spectra. The control runs included the hydroxylbiphenyl alcohols 159 and 161 in neat 

CH,CN and the methoxy derivative of 161 in 1 :1 H,O-CH,CN. All the spectra obtained 

under the same conditions failed to show the strong long wavelength transient spectra 

attributed to BQM 213 and BQM 218. 

Further evidence supporting the assignments of BQM 213 and BQM 218 came from 

transient quenching experiments (employing ethanolamine as a quencher) and the 

corresponding isolated products. Ethanolamine is known to be a powerful nucleophile that 

can efficiently quench the BQM intermediates by forming ethanolamine adducts. Figures 

3.12a and 3.12b show a linear relationship between the quencher concentration and the 

observed decay rates of BQM 213 and BQM 218 from photolysis of 161 and 159, 

respectively. In Figure 3.12a, the three absorption band maxima at 320,410, and 620 nm 

of BQM 213 were quenched at the same rate, strongly suggesting that one highly conjugated 



Figures 3.12 Plots of observed rate constants for (a) BQM 213 and (b) BQM 218 

in 1 : 1 H20-CH,CN vs concentration ofNH2CH,CH20H. Decay rates 

monitored at the indicated wavelengths. 



species is responsible for the signal. From the slopes of the quenching plots, quenching rate 

constants of 0.9 x lo5 M-I s-I and 1.9 x lo4 M-I s-I were obtained for the bimolecular reactions 

of BQM 213 and BQM 218 with ethanolamine, respectively. Preparative quenching 

experiments in the presence of 0.1- 0.2 M ethanolamine on photolysis of 159 and 161 in 1 : 1 

H,O-CH,CN resulted in the isolation of ethanolamine adducts 219 and 220, respectively, 

characterized by 'H NMR and HRMS. 

LFP studies on the hydroxyterphenyl alcohols 163 and 166 show very different 

results from those observed for hydroxybiphenyl alcohols 159 and 161. We have shown 

previously that BQMs arise from hydroxybiphenyl alcohols 159 and 161 upon irradiation. 

However, LFP studies of 163 and 166 failed to show transient signals assignable to the 

expected TQMs. It is possible that the TQMs are photochemically generated but are not 

detectable by our system. Figure 3.13 shows the transient spectrum of the hydroxyterphenyl 

alcohol 163 in 1 : 1 H,O-CH,CN. The spectrum features two absorption bands at 400 and 640 

nrn. Similar transient spectra to Figure 3.13 were recorded for the hydroxyterphenyl alcohol 

isomer 166. 



1 Tim $s) after laser shots: 
1: 9 
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3: 31 
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Figure 3.13 Transient spectra observed from LFP of 163 in 1 : 1 H,O-CH,CN , 0, 

purged. Spectrum recorded at the indicated time scale after laser 

shots. 

However, contradictory LFP data make the assignment of the observed signal to the 

expected TQM impossible. LFP on the control compound 168 gave similar transient spectra 

to the parent hydroxyterphenyl alcohols. The transient spectra on LFP of 168 is provided 

in Figure 3.14, which closely resembled that of 166. Kinetic data monitored at the 

absorption maximum ofthe 163 and 166 transient spectraprovided transient lifetimes of 0.17 

ms and 0.1 ms, respectively. Compared to the lifetimes of 0.5 ms and 30 ps for the 

corresponding BQM 213 and BQM 218, the detected lifetimes are too long-lived to be 

TQMs. Though the transient spectra were insensitive to oxygen quenching, the unexpectedly 
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Figure 3.14 Transient spectra observed fiom LFP of 168 in 1 : 1 H,O-CH,CN, 0, 

purged. Spectrum recorded at the indicated time scale after laser 

shots. 

long lifetimes made assignment of the intermediate to TQMs difficult. In addition, the 

similarity between the transient spectra of control compound 168 and that of 166 suggested 

that there is a deactivation pathway for the excited terphenyls more efficient than the 

pathway of TQM formation. 

Kinetic studies of the transients fkom 163 and 166 provided further evidence that the 

intermediates formed were not TQMs. Contrary to the expectation that the addition of 

ethanolamine would reduce the lifetimes of TQM intermediates as observed for BQMs, the 
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transient lifetimes were found to increase with increasing ethanolamine concentration for 

both 163 and 166. The lifetimes of observed transient in 1 : 1 H,O-CH,CN, 0.17 ms for 163 

and 0.1 ms for 166, were found to increase to 0.35 ms and 0.22 ms, respectively, in the 

presence of 0.18 M ethanolamine. Furthermore, independent LFP of control compounds 163 

and 168 under the same conditions as for Figure 3.14 but with 0.18 M ethanolamine showed 

an increase in the yield of the observed transient. The relative yield doubled based on the 

absorption at the 400 and 640 nrn bands. This suggests that ethanolamine significantly 

facilitates the intermediate formation. All of these results lead us to conclude that likely 

terphenyl radical anions rather than TQMs are generated upon photolysis of 163 and 166. 

In particular, we would expect terphenyl radical anions also to absorb at long wavelengths 

and to have the same properties we observed for the hydroxyterphenyl alcohols, such as 

insensitivity to the presence of oxygen. AAer it was determined that the observed 

intermediates from the photolysis of the hydroxyterphenyl alcohols were not TQMs, no 

further efforts were made to identify the observed transients from 163 and 166 and the 

control blank 168. 

3.3.5 Mechanisms of Reaction 

We have demonstrated that BQMs have been successfully photogenerated from 

hydroxybiphenyl alcohols 122 and 123."' The present work provides results that are 

consistent with photogeneration of BQMs and TQMs from hydroxylbiphenyl and 

hydroxyterphenyl alcohols 159, 161, 163 and 164, respectively, by an overall 

photodehydration reaction. Mechanistic processes are proposed in Scheme 3.5a for the 

photochemistry observed for 161. Upon excitation, depronation of 161 leads to the excited 
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phenolate 161 a, which undergo dehydroxylation to give the BQM 21 3. The presence of the 

excited phenolate 161a is evidenced by the phenolate emission in steady state fluorescence 

studies. After adiabatic deprotonation, followed by dehydroxylation, 161 undergoes overall 

photodehydration to give the key reactive intermediate, BQM 213, which can be trapped by 

nucleophiles such as MeOH and TFE to give the observed methyl ether 208 and 

trifluoroethyl ether, respectively. The unexpected photoproduct 209 is believed to form via 

zwitterion 213a, which is formed by the intramolecular electronic cyclic closure of BQM 

213. Such a ring closure reaction is feasible if one considers the adjacency of the electron- 

deficient benzylic carbon to the aromatic carbon in BQM 213. For isomer 159, the 

photogeneratedp-BQM 218 is not able to undergo such rearrangement because ofthe oxygen 

positionedpara to the reactive benzylic carbon, although it was able to undergo nucleophilic 

addition in aqueous MeOH (Scheme 3.5b). 

Scheme 3.5a explains the results of product studies on 161 in TFE and the product 

quantum yields. TFE is known to be a much weaker nucleophile than methanol, and its 

ability to accept protons is much weaker than water (less basic). In fluorescence studies, it 

has been shown that deprotonation of the phenol moiety of the hydroxyoligophenyl alcohols 

is the first step before QM formation. The weaker proton accepting ability of TFE hampers 

QM formation, which subsequently contributes to the significant decrease of product 

quantum yields in TFE. As shown in Table 3.1, the yields in TFE are 0.3 times lower for 

161 and 8 times lower for 159 than those obtained in aqueous MeOH. Since TFE is a more 

acidic solvent than methanol, carbocation 212 is competitively (and favorably) generated 

along with BQM 213, especially in neat TFE. The transient spectrum of the carbocation 



Scheme 3.5a 
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212 (Figure 3.8) is dramatically different from that of BQM 213 (Figure 3.7). The former 

shows an absorption band at 410 nm, which is similar to the related diphenylmethyl 

carbocations in 1iterat~re.I~~ In the presence of a nucleophile (MeOH, TFE), the carbocation 

212 was trapped and gave the corresponding methyl ether 208 and trifluoroethyl ether. 

Competitively, carbocation 212 undergoes intramolecular Friedel-Crafts reaction to form 

carbocation 212a, which quickly gives the unexpected fluorene derivative 209 by loss of a 

proton. The ratio between 208 and 209 could be a rough measurement of the reactivity of 

carbocation 212 toward nucleophilic trapping and the Friedel-Crafts reaction. 

MeOH - 
Scheme 3.5b 

Experimental observations and results lead us to propose a similar mechanism for the 

photolysis of 165 (Scheme 3.6). Upon excitation, deprotonation of 165 occurs followed by 

intramolecular charge transfer to give a QM-like intermediate 21 1 b via dehydroxylation. In 

the presence of a nucleophile, such as water or methanol, the QM-like intermediate 21 1 b can 

undergo nucleophilic addition at both the a and a' positions (Scheme 3.6), which would give 



multiple products. Addition of a water molecule at the a' position would regenerate the 

starting material, while addition of methanol would give methyl ether 211c. Competitive 

addition at the a and a' positions gave products that the acetylene moiety is transformed. 

The addition of water at the a' position and methanol at the a position would give 21 Id, 

while the ketone 211 would be produced if the intermediate was trapped solely by water. 

Our observation that the 'H NMR of the product mixture became cleaner on sitting for a few 

days in acidic solution is consistent with the proposition that the unstable product 211d 

would gradually transform to ketone 21 1 under acidic conditions. The formation of multiple 

products immediately after photolysis of 165 is consistent with the presence of multiple 

reactive sites of intermediate 211b. After extraction and treatment with acidic solution, 

ketone 211 was isolated as the major product. 

Scheme 3.6 
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A possible explanation for the difference in yields between methoxy and hydroxy 

biphenyl methanols can be explained by the acidity of the phenol group. The 

hydroxylbiphenyl alcohols are subject to excited state deprotonation to produce phenolate 

ions. The unit negative charge on oxygen of the ion, in turn, is able to redistribute among 

the two phenyl rings and, subsequently, BQMs 213 and 218 are generated from 161 and 159 

(Schemes 3.5a,b) via extrusion of the benzylic hydroxy group. Deprotonation of the phenol 

group in the excited state followed by charge redistribution is essential for the efficient 

formation of photoproducts. For the methoxy derivatives, the electron-donating property of 

the methoxy group to the remote benzylic carbon is much weaker, compared to that of the 

phenolate ion and the generation of QM intermediates becomes impossible. Once formed, 

the QM intermediates are reactive electrophilic species and are subject to being trapped by 

nucleophilic solvents (e.g. H,O, CH30H, TFE). When water was used as a trapping agent, 

the regeneration of starting materials was observed. Though the formation of 209 from 

BQM 213 was not expected, the product is reasonable, when one considers that the 

electronically deficient benzylic carbon is adjacent to the electron-rich benzene carbon meta 

to the oxygen of the phenolate ion. 

The formation of a methyl ether-containing product from photolysis of methoxy 

derivative 162 suggests that a carbocation intermediate may also be involved, although the 

yield was much lower than that of BQM 213. This helps explain the results of product 

studies on 161 in TFE solution. In 1:l H,O-CH30H, BQM 213 was photogenerated 

favorably over carbocation 212, and the BQM underwent nucleophilic addition with 

methanol to give methyl ether 208 in preference to intramolecular electrocyclic closure to 
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give 209. Independent photolysis of 161 in 1 : 1 H,O-CH,CN also gave cyclization product 

209, whose formation is direct evidence that BQM 213 can undergo intramolecular 

electrocyclic closure to give 209. In neat TFE, the only species photogenerated was 

carbocation 212, which underwent both addition and intramolecular cyclization to give the 

two products. In aqueous TFE, both the carbocation and QM were formed competitively 

(consistent with laser flash data, vide infra). However, because water is a better nucleophile 

than TFE, the BQM reacted with water to reform starting material while the carbocation 

rearranged to the fluorene derivative, which accumulated in the system. This explains why 

the fluorene derivative 209 was the major product in aqueous TFE. 

This mechanism is corroborated by similar results from our unsuccessful synthesis 

of 214. Repeated attempts to make 214 by thermal demethylation of 215 with BBr, always 

led to a brown solid which was identified as 217 (217 : 217a - 90% : 10%). The mechanism 

for the formation of the products is proposed in Scheme 3.7. Due to the electron-donating 

property of the methoxy group at thep-position, formation of carbocation 216 is much more 

efficient than that of carbocation 212a. The carbocation subsequently gives 217 by efficient 

loss of a proton followed by demethylation. Although it is suggested in Scheme 3.7 that 

demethylation takes place after the cyclization, it is not clear at this point which of the two 
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reactions occurs first, or whether they occur simultaneously in the one pot reaction. Our 

suggestion that the cyclization step takes place prior to demethylation is based on the 

consideration that the electron density at the oxygen of the hydroxyl group is greater than 

that of the oxygen of the methoxy group, and therefore 

- H+ demethylation 
C 

Scheme 3.7 

the demethylation reagent BBr3, which is strongly electron deficient, would rather coordinate 

with the oxygen atom in the hydroxyl group than the oxygen in the methoxy group. Due to 

the adjacency to each other, the electrophilic benzylic carbon attacks the electron-rich 

benzene carbons at the positions ortho and para to the methoxy group, resulting in an 

efficient cyclization reaction. 
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Evidence of direct observation of the BQM intermediates from photolysis of 159 and 

161 is provided by the LFP studies. The long wavelength absorptions at 450 and 650 nrn for 

BQM 213 (figure 3.7) and 440 and 600 nm for BQM 218 (figure 3.1 1) are consistent with 

the highly conjugated nature of the species. The transient spectra decay according to a first 

order exponential decay to give lifetimes of 30 ps for BQM 213 and 0.5 ms for BQM 218 

in aqueous solutions. The lifetimes, which are much shorter than the corresponding QMs 

from o-hydroxybenzyl alcohol (z - 400 ps) andp-hydroxybenzyl alcohol (z in seconds) are 

consistent with the large driving force provided by the energy gained from the BQMs 

transforming from quinoidal structures to aromatic rings. In the presence of a nucleophile 

better than water, the transients would be expected to be shorter-lived, due to their 

electrophilic nature. Ethanolamine quenching studies reflect this expectation. As shown in 

Figures 3.12a,b, the transient spectra are quenched linearly by increasing the ethanolamine 

concentration in the solution. The fact that the same quenching rate constants were obtained 

at wavelength across the spectrum strongly support the supposition that only one 

intermediate is formed, i.e., BQMs 213 and 218 are photogenerated from photolysis of 161 

and 159, respectively. The BQMs also react with ethanolamine at the electrophilic benzylic 

sites to give the isolated adducts 219 and 220. 
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Similar to the above-discussed mechanisms for the photosolvolysis reactions 

observed for hydroxybiphenyl alcohols 159 and 161, mechanistic Schemes 3.8 and 3.9 are 

proposed for photosolvolysis of hydroxyterphenyl alcohols 163 and 166, respectively. As 

shown in Scheme 3.8, deprotonation occurs immediately after excitation of 163, which leads 

to excited phenolate 222. The excited phenolate 222 can either radiatively deactivate to 

ground state 222a by emitting a photon (evidenced by observation of the phenolate emission 

in fluorescence studies), or undergo dehydroxylation to give the TQM 221. The adiabatic 

deprotonation is believed to be the first photochemical step in the overall dehydration 

reaction of 163 after excitation to give the expected TQM 221. The photogenerated TQM 

221 reacts with nucleophiles, such as H,O, to regenerate starting material. In the presence 

OMe 
+MeOH 

HO 0 

163a 221 

Scheme 3.8 



of MeOH, nucleophilic attack at the reactive benzylic carbon site to provide methyl ether 

163a, as observed in product studies. The possibility was ruled out that methyl ether 163a 

arises from a cation mechanism, by control experiments ofphotolysis of 163 and its methoxy 

derivative, 164, under identical conditions. At low conversions (10%) of 163 to 163a, it was 

not observed that the hydroxyl group in 164 was converted to a methoxy group by photolysis 

in 1 : 1 H,O-MeOH. This is strong evidence to suggest that the phenol group in 163 plays an 

important role in the formation of TQM 221, which was trapped by nucleophiles (H,O, 

MeOH). 

The proposed mechanism in Scheme 3.9 explains well the observed products fi-om 

Scheme 3.9 
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photosolvolysis of the hydroxyterphenyl alcohol 166. Similar to the case of 163, the TQM 

223 is generated directly by dehydroxylation of the excited phenolate 224, which is formed 

via adiabatic deprotonation of 166 upon excitation. The observed pheolate fluorescence 

emission indicates that excited phenolate 224 is the key species in the overall dehydration 

reaction of 166 to give TQM 223. In the presence of nucleophilic agents (H,O, MeOH, 

CF,CH,OH), TQM 223 is subject to nucleophilic attack at the reactive benzylic carbon site, 

giving methyl ether 166a (in MeOH) and trifluoroethyl ether 166b (in TFE). Starting 

material 166 is regenerated if H,O is considered as the nucleophilic agent. The unexpected 

photoproduct 166c is believed to originate from zwitterion species 225, which is formed by 

an intramolecular electrocyclic closure of TQM 223, similar to the case of fluorene 209 

formation via 213a from BQM 213 in the photolysis of hydroxybiphenyl alcohol 161 

(Scheme 3.5a). The adjacency of the reactive benzylic carbon site and aromatic carbons 

makes possible the intramolecular electrocyclic closure, as opposed to the case of TQM 223, 

where the benzylic carbon is located at thepara-position. 

The proposed TQMs 221 and 223 are in line with the results from product studies, 

and steady state fluorescence measurements. However, attempts to detect these key 

intermediates were not successful. The reason could be that in LFP the hydroxylterphenyls 

163 and 168 are prone to form terphenyl radical anions over TQMs, especially in the 

presence of an electron donor such as ethanolamine, as the yields of the transients were 

observed to be doubled in the presence of 0.18 M ethanolamine compared to that in its 

absence. 



3.4 Summary and Conclusions 

The highly conjugated BQMs 213 and 218 are readily photogenerated from hydroxy 

biphenyl alcohols 159 and 161. The product quantum yields demonstrated by methyl ether 

formation (plus the fluorene derivative 209 for 161) were found to be 0.08 and 0.41 for 159 

and 161, respectively, compared to those of the corresponding methoxy derivatives (0.0 and 

0.05). Deprotonation of the phenol group via intermolecular proton transfer in the singlet 

excited state is the proposed first photochemical step, to generate a phenolate ion, which is 

followed by eMicient dehydroxylation to give a BQM. A unique product 2-hydroxy-9- 

phenylfluorene (209) is photochemically produced via BQM 213 (or possibly the carbocation 

212) from 161 by undergoing an intramolecular electrocyclic closure reaction. LFP shows 

that BQMs 213 and 218 have long wavelength absorptions at 650 and 580 nm, respectively, 

which are not quenchable by oxygen. Kinetic data from laser flash photolysis experiments 

on the substrates in 1:l H,O-CH,CN gave lifetimes of 30 ps and about 0.5 ms for the 

observed BQMs 213 and 218, respectively. Additional evidence of the photogeneration of 

BQMs also includes nucleophilic quenching (ethanolamine) of the intermediate. The 

transient absorption spectra of both intermediates were efficiently quenched in the presence 

of ethanolamine over a range of concentrations, with a bimolecular quenching rate constant 

of 0.9 x lo5 M-' for BQM 213 and 1.9 x lo4 M-' s-' for BQM 218. The ethanolamine 

adducts produced from the quenching of the BQMs were isolated and characterized. 

Observations of the expected TQMs by LFP from the corresponding 

hydroxyterphenyl alcohols 163 and 166 was unsuccessfid. Although product studies 

provided the expected methyl ether products, which were consistent with formation of 
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TQMs, LFP experiments showed transient spectra whose properties did not correspond to 

such intermediates. Lifetimes of 0.17 ms and 0.1 ms were determined for the intermediates 

from photolysis of 163 and 166. The long-lived species could be terphenyl radical anions, 

as it was observed that the lifetimes of the transients were prolonged, and the yields 

increased along with an increase of ethanolamine concentration. 



Chapter 4 

Experimental 

4.1 General 

'H/I3C NMR spectra were recorded on a Bruker AC 300 (300MHz), and in some 

cases, on a Bruker AC 360 (360MHz) instrument, in commercially available D,O, CDCI,, 

acetone-D6, CD3CN or DMSO-D6 as solvents. Splitting patterns are quoted as s (singlet), d 

(doublet), dd (double doublet), t (triplet), q (quartet) and m (multiplet). Low resolution mass 

spectra (MS) were taken on a Finnigan 3300 (CI). High resolution mass spectra (HRMS) 

were recorded on a Kratos Concept 1H (EI) mass spectrometer. Product studies were carried 

out in 100 mL quartz tubes in a Rayonet RPR photochemical reactor equipped with 254,300 

or 350 nm lamps. UV-Vis spectra were recorded on a Varian Cary 5 spectrophotometer. 

Melting point measurements were made on a Gallenkamp, model No. 889339 apparatus. 

Transient UV-VIS spectra of intermediates and kinetic measurements were recorded using 

nanosecond laser flash photolysis systems of Spectra-Physics excimer laser or Nd:YAG 

Laser (Spectra-Physics Quanta-Ray GCR). Steady state fluorescence emission spectra 

(uncorrected) were taken in 3.0 mL quartz cuvettes at M using a Perkin-Elmer MPF 

66 spectrophotometer at ambient temperature (22 * 2 "C;  slit width 2 nm). Preparative thin 

layer chromatography (TLC) was performed utilizing 20 x 20 cm silica gel plates from 

Alantech and the solvent systems listed in each experiment. Analytical TLC was carried out 

on Machery-Nagel Polygram SIL/UV254 silica gel plates. pH measurements were taken 

using a Coming 140 pH meter. 



4.2 Materials 

4.2.1 Common Laboratory Reagents 

Organic solvents and inorganic chemical reagents were commercially available ACS 

grades and used directly as received, except that acetonitrile was dried by refluxing over 

CaH,, and diethyl ether1THF for Grignard reactions and synthesis were dried by distillation 

over sodium using benzophenone as an indicator. The distilled acetonitrile over CaH, was 

used in fluorescence studies and laser flash photolysis. For UV-VIS experiments direct use 

of HPLC grade acetonitrile was applied. De-ionized water was employed in fluorescence 

quenching experiments, laser flash photolysis studies and W-VIS. Silica gel (Merck type 

9385) was used for column chromatography separation. Other common lab reagents, such 

as acetone, dichloromethane, toluene, hexane, ethanol and inorganic reagents, such as 

anhydrous magnesium sulfate, were used directly as purchased. Aqueous solutions of 

appropriate pH values were prepared with dilute NaOH or H2S04 stock and used directly 

after measurement with a pH meter. 

4.2.2 Synthesis 

4.2.2.1 Hydroxyl Biphenyl Systems 

4-(4'-Methoxypheny1)benzophenone (200) 

A round bottom flask (1000 mL, 2 neck) equipped with a condenser was 

charged with 8 g (300 mmol) of magnesium, 400 mL of dry THF and a stir bar. A 250 mL 

dropping h e 1  containing 3 1.4 mL of 4-bromoanisole (Aldrich, 250 mmol, 1.5 eq) and 180 

mL of dry of THF was added to the side arm. Following purging with nitrogen and ice- 
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water cooling to 0 "C, the contents of the dropping funnel were added to the flask over a 

period of 30 minutes. The system was then heated to boiling and was allowed to reflux, 

stimng for 3 hours. After cooling to room temperature, the Grignard reagent was transferred 

via cannula (in one portion) from the reaction flask to a 3-neck 1000 mL round bottom flask 

which contained a solution of 36 mL of trimethyl borate (Aldrich, 320 mmol, 1.6 eq) in 300 

mL of dry THF under a nitrogen atmosphere. The flask containing trimethyl borate was pre- 

cooled to -78 "C using a mixture of dry ice and acetone. The Grignard reagent in the first 

1000 mL flask was transferred slowly by nitrogen pressure into the second 1000 mL flask 

which was under constant stimng. Following the addition, the mixed solution was warmed 

up to room temperature and allowed to stir overnight. After quenching by dilute aqueous 

hydrochloride acid and standard work-up, a pale yellowish white solid, 4 - m e t h o x y - 

phenylboronic acid, was obtained. Recrystallization from 7:3 toluene: hexane gave a white 

solid in 90% yield (25.8 g). 'H NMR (d3-chloroform, 300 MHz) 6: 3.86 (s, 3H, -OCH3), 7.00 

(d,2H, J=8Hz,Ar-H), 8.15 (d,2H, J=8Hz,Ar-H). 

4-Hydroxybenzophenone (Aldrich, 10 g, 51 mmol) was dissolved in 200 mL of 

distilled dichloromethane in a 500 mL 2-neck round bottom flask. After addition of 15 mL 

of pyridine (52 mmol) the solution became clear and was cooled to 0 "C and 

trifluoromethylsulfonic acid anhydride (Aldrich, 13 mL, 77 mmol, 1.5 eq) in 70 mL of 

distilled dichloromethane was added via a 100 mL dropping funnel over 20 minutes. The 

solution was then allowed to warm to room temperature and stir overnight. The reaction was 

worked up by pouring the organic solution into 200 mL of ice-water and then extracting with 
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200 mL dichloromethane twice and washing with water. The organic layer was combined 

and dried with anhydrous magnesium sulfate. After removal of solvent and pyridine under 

vacuum, it yielded a brown-yellow oil, 4-benzoylphenyltriflate, which was used directly in 

the next step reaction without any purification. 

For the synthesis of 2-benzoylphenyltriflate followed the procedure identical to that 

of 4-benzoylphenyltriflate except that 2-hydroxybenzophenone(Aldrich, 10 g, 5 1 mmol) was 

used in place of 4-hydroxybenzophenone. The desired product, a brown yellow oil, was 

carried forward directly to the next step without further purification. 

4-Methoxyphenylboronic acid (12.5 g, 82 mmol, 1.6 eq) was dissolved in 250 mL 

of deoxygenated toluene in a 500 mL 3-neck round bottom flask containing 18 g (130 rnrnol, 

2.5 eq) K2C03 and 17 g (52 mmol, 1 eq) of 4-benzoylphenyltriflate. The flask was fitted 

with a reflux condenser and a stir bar. After flushing with nitrogen catalyst Pd(PPh3), (1.5 

mole% of the triflate) was added through the side arm. The mixture was then purged again 

with nitrogen and allowed to stir at reflux overnight. The solution was cooled and any 

inorganic precipitate from toluene was removed by vacuum filtration. After filtrating 

through carbon powder, a clear yellow toluene solution was obtained. Removal of solvent 

by evaporation on a rotovap gave a light yellow solid which was recrystallized from toluene 

to provide pure 200 (12.7g, 85% yield). 'H NMR (d3-chloroform, 300 MHz) 6: 3.85 (s, 3H, 

-OCH3), 7.08 (d, J = 8 Hz, 2H, ArH), 7.55 (t, 2H, ArH), 7.70-7.76 (m, 3H, ArH), 7.8 1-7.92 

(m, 6H, ArH); MS (CI, d z ) :  289 (M'+l). 
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4-(4'-Hydroxypheny1)benzophenone (201) 

To a 20 mL dichloromethane solution of 4-(4'-Methoxypheny1)benzophenone (200) 

(0.5g, 1.7 rnmol), 3 mL of BBr, was added and the mixture left stirring at room temperature 

for 2 hours. The reaction was quenched with addition of water and the organic component 

was extracted with 2 X 30 mL dichloromethane and organic layer was combined. After 

dichloromethane removal, the residue of crude product was a light yellow solid (4.4g, 95% 

yield). Pure 4-(4'-hydroxylphenyl) benzophenone (201) was recrystallized from 9.1 

to1uene:hexane. 'H NMR (300 MHz, d,-acetone) 6: 6.95 (dd, J = 2 Hz, 8 Hz, 2H, ArH), 

7.50-7.68 (m, 5H, ArH), 7.80-7.92 (m, 6H, ArH), 5.10 (s, 1 H, exchangeable with D,O, 

ArOH); MS (CI, m/z): 275 (M'+l). See appendix 1 for 'H NMR. 

4-Methoxy-4'-(a-hydroxybenzyl)biphenyl(160) 

To a THF solution of 200 (2g, 7mmol), excess amount of LiAlH, was added. The 

solution was left for stirring overnight at room temperature before water was added to 

quench the reaction. The mixture was extracted with dichloromethane (2 X 100 mL) and 

organic layers were combined and dried with MgSO,. Removal ofthe solvent by evaporation 

under vacuum provided crude 4-methoxy-4'-(a-hydroxybenzy1)biphenyl (160) over 90% 

yield. Recrystallization from 10% hexane in toluene yielded pure 160. Melting point 109- 

11 1 "C; 'H NMR (300 MHz, d,-acetone) 6: 2.85 (d, J= 3 Hz, 1 H, exchangeable with D,O, 

-OH), 3.80 (s, 3H, -OCH,), 5.88 (d, J= 3 Hz, lH, ArH), 6.92 (d, J = 8 Hz, 2H, ArH), 7.22 

(t, J=8Hz ,  lH,ArH), 7.36-7.39(m,2H,ArH), 7.45 (d, J=8Hz,4H,ArH), 7.46-7.49(m, 



4H, ArH). MS (CI, d z ) :  291 (M++l). See appendix 2 for 'H NMR. 

4-Hydroxy-4'-(a-hydroxybenzyl)biphenyl(159) 

4-(4'-Methoxypheny1)benzophenone (200) (1.5g, 5.2 mrnol) in 100 mL 

dichloromethane was treated with BBr, at room temperature for 2 hours, after which the 

reaction was quenched by addition of water and the organic component was extracted with 

2 X 50 mL dichloromethane and organic layers were combined, dried with MgSO,. After 

removal of dichloromethane by evaporation, the residue was treated with excess NaBH, in 

dry THF for 4 hours. After extraction with dichloromethane (2 X 50 mL), the organic layers 

were combined and dried with MgSO,. Removal of solvent by evaporation gave crude 

product in 84% yield (1.15 g, 4 mmol). Pure 159 was recrystallized from 9: 1 toluene: 

hexane. Melting point 129 -130 "C; 'H NMR (300 MHz, d6-acetone) 6: 4.83 (d, J = 4 Hz, 

1 H, exchangeable with D20, -OH), 5.83 (d, J= 4 Hz, 1 H, ArCH-), 6.89 (d, J =  8 Hz, 2 H, 

ArH), 7.20 (t, J =  8 Hz, 1 H, ArH), 7.30 (t, J= 8 Hz, 2 H, ArH), 7.42 - 7.55 (m, 8 H, ArH), 

8.40 (s, 1 H, exchangeable with D20, ArOH); I3C NMR (75 MHz; d,-Acetone) 6 76.0 (- 

CHOH-), 116.6, 127.0, 127.4, 127.8, 127.9, 128.8, 129.0, 133.1, 140.5, 144.8, 146.6, 158.0 

HRMS Cl9HI6o2 calc. 276.1150, found: 276.1151. See appendix 3 for 'H NMR. 

4-Methoxy-2'-(a-hydroxybenzyl)biphenyl(l62) 

4-Methoxyphenylboronic acid (12.5 g, 82 mmol, 1.6 eq) was dissolved in 250 mL 

of deoxygenated toluene in a 500 mL 3-neck round bottom flask containing 18 g (1 30 mmol, 

2.5 eq) K2C03 and 17 g (52 mmol, 1 eq) of 2-benzoylphenyltriflate. The flask was fitted 
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with a reflux condenser and a stir bar. After flushing with nitrogen catalyst Pd(PPh,), (1.5 

mol% of triflate) was added through the side arm. The mixture was then purged again with 

nitrogen and allowed to stir at reflux temperature overnight. The solution was cooled and 

any inorganic precipitated from toluene was removed by vacuum filtration. After 

decoloration by carbon powder and filtration, a clear yellow toluene solution was obtained. 

Removal of solvent by evaporation gave a light yellow solid, 2-(4'- 

methoxyphenyl)benzophenone, which was recrystallized in toluene producing a white solid 

in 89% yield (21g, 72.6 mmol). 'H NMR (d,-chloroform, 300 MHz) 6: 3.68 (s, 3H, -OCH,), 

6.62(dd,J=8Hz,2Hz,2H,ArH),7.14(d,J=8Hz,2H,ArH),7.21 (t,J=4Hz,2H,ArH), 

7.36-7.38 (m, 4H, ArH), 7.40-7.43 (m, 1H, ArH), 7.56 (dd, J =  2 Hz, 8 Hz, 2H, ArH); MS 

(CI, mlz): 289 (M'+l). 

2-(4'-methoxypheny1)benzophenone (5g, 17 mmol) in 75 mL distilled THF was 

treated with excess LiAlH, for 2 hours at room temperature. Water was added to quench the 

reaction and 2 X 40 mL dichloromethane was used to extract the mixture and organic layers 

were combined, dried with MgS04. Removal of solvent by vacuum evaporation yielded 

crude product which was recrystallized from 9:l to1uene:hexane giving pure 162 in 90% 

yield (4.5g, 15.5mmol). 'H NMR (300 MHz, CDC1,) 6: 2.10 (d, J = 3.5 Hz, 1 H, 

exchangeable with D,O, -OH, verified in d,-acetone), 3.75 (s, 3H, -OCH,), 5.88 (d, J= 3.4 

Hz, lH, ArCH),6.82 (d, J=8.0Hz, 2H,ArH), 7.18-7.34(m, lOH,ArH), 7.42 (d, J=8.2Hz, 

2 H, ArH); MS (CI, rn/z): 291 (M++l). See appendix 4 for 'H NMR. 
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2-(4'-Methoxypheny1)benzophenone (5g, 17 mmol) in 150 mL dichloromethane was 

treated with BBr, at room temperature for 2 hours, after which the reaction was quenched 

with addition of water and the organic component was extracted with 2 X 70 mL 

dichloromethane and organic layers were combined, dried with MgSO,. After removal of 

dichloromethane by vacuum evaporation, a light yellow solid was obtained as crude product, 

which was recrystallized from 9:l  to1uene:hexane to give pure 2-(4'- 

hydroxylpheny1)benzophenone in 87% yield (4.1 g, 15 rnmol). 'H NMR (300 MHz, d6- 

acetone) 6: 6.70 (dd, J = 2 Hz, 8 Hz, 2H, ArH), 7.15 (d, J = 8 Hz, 2 H, ArH), 7.26 (t, J = 8 

Hz, 2H, ArH), 7.42-7.46 (m, 4H, ArH), 7.59-7.63 (m, 3H, ArH), 8.39 (s, 1 H, exchangeable 

with D,O, ArOH); MS (CI, d z ) :  275 (M++l). 

2-(4'-hydroxylpheny1)benzophenone (4g, 14.5 mmol) in 50 mL distilled THF was 

treated with excess LiAlH, at room temperature for 2 hours, after which the reaction was 

quenched with addition of water and the organic component was extracted with 2 X 50 mL 

dichloromethane. The organic layers were combined and dried with MgSO,. After removal 

of solvent by vacuum evaporation, a light yellowish solid was obtained, which was 

recrystallized from 9:l to1uene:hexane to give pure 161 (3.7g, 92% yield). Melting point 

130- 13 1 "C; 'H NMR (d6-acetone, 300 MHz) 6: 4.70 (d, J= 4 Hz, 1 H, exchangeable with 

D,O,-OH),5.96(d,J=4Hz, 1 H,ArCH-),6.85 (d,J=SHz,2H,Ar-H),7.10-7.32(m, 10 

H, Ar-H), 7.53 (dd, J =  8 ,2  Hz, 1 H, Ar-H), 8.43 (s, 1 H, exchangeable with D,O, ArO-H); 

I3C NMR(75 MHz; &-Acetone) 6: 72.1 (-CHOH-), 115.9,127.3,127.4,127.7,128.0,128.6, 

128.7,130.7,131.4,133.3.142.0,143.7,146.5, 157.6RMSC,,H160, calc.276.1150,found: 

276.1 148. See appendix 5 for 'H NMR. 



3-Methoxy-2'-(a-hydroxybenzyl)biphenyl(215) 

3-Methoxyphenylboronic acid (12.5 g, 82 mmol, 1.6 eq) was dissolved in 250 mL 

of deoxygenated toluene in a 500 mL 3-neck round bottom flask containing 18 g (1 30 rnmol, 

2.5 eq) K2C03 and 17 g (52 mmol, 1 eq) of 2-benzoylphenyltriflate. The flask was fitted 

with a reflux condenser and a stirring bar. After flushing with nitrogen catalyst Pd(PPh,), 

(1.5 mol% of triflate) was added through the side arm. The mixture was then purged again 

with nitrogen and allowed to stir at reflux temperature overnight. The solution was cooled 

and any inorganic precipitated from toluene was removed by filtration. After decoloration 

through carbon powder and filtration, aclear yellow toluene solution was obtained. Removal 

of solvent by evaporation and pump gave a light yellowish white solid (20g, 86% yield), 2- 

(3'-methoxypheny1)benzophenone). 'H NMR (CDCl,, 300 MHz) 6: 3.77 (s, 3H, -OCH,), 

6.67(dd, J = 2 H z ,  8Hz, 1 H,ArH),6.78 (t, J = 2 H z ,  1 H,ArH),6.83 (d, J = 8 H z ,  1 H, 

ArH),7,08(t,J=8Hz, 1 H,ArH),7.24-7.27(m,2H,ArH),7.36-7.58(m75H,ArH),7.64 

(dd, J =  2 Hz, 8 Hz, 2 H, ArH). Mass (CI, rnlz): 289 (M++l). 

2-(3'-Methoxypheny1)benzophenone (5g, 17 mmol) in 50 mL distilled THF was 

treated with excess NaBH, at room temperature for 2 hours. Water was added to quenched 

the reaction and 2 X 30 mL dichloromethane was used to extract the mixture and the organic 

layers were combined, dried with MgSO,. Removal of solvent by evaporation provided light 

yellow compound, which was recrystallizated to give pure 215 in 95% yield (4.8g, 16.5 

mmol). 'H NMR (CDCL,, 300 MHz) 6: 3.76 (s, 3 H, -OCH,), 5.90 (s, 1 H, ArCH-), 6.75 (s, 
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1 H, -OH, exchangeable with D20, ArOH), 6.78-6.85 (m, 2 H, ArH), 7.60 (dd, 1 H, J= 8 Hz, 

2 Hz, ArH), 7.15 - 7.40 (m, 10 H, ArH); HRMS C2@H,,02 calc. 290.1307, found: 290.1308. 

4.2.2.2 Hydroxyl Terphenyl Systems and Acetylene derivative 

4-Hydroxy-4"-(a-Hydroxybenzy1)-pg-terphey (163) 

4-(4'-Hydroxylpheny1)benzophenone (201) (6.8g, 25 mmol) was dissolved in 20 mL 

distilled dichloromethane containing 10 mL pyridine at zero degree, followed by dropwise 

addition oftrifluoromethylsulfonic acid anhydride (6.5 mL, 39 mmol). After stirring at room 

temperature for 3h, the reaction solution was quenched with water and washed with dilute 

HC1. Dichloromethane extraction and removal solvent by evaporation yield crude 

biphenyltriflate, which was directly carried to the next coupling step. 

4-Methoxyphenylboronic acid (5.7g, 37 mmol) was dissolved in 200 mL of 

deoxygenated toluene in a 500 mL 3-neck round bottom flask containing K2C03 (9g, 65 

mmol, 2.5 eq). The above synthesized biphenyltriflate was dissolved in toluene and added. 

The flask was fitted with a reflux condenser and a stirring bar. After flushing with nitrogen 

catalyst Pd(PPh,), (1.5 mole% of the triflate) was added through the side arm. The mixture 

was then purged again with nitrogen and allowed to stir at reflux overnight. The solution 

was cooled and any inorganic precipitate from toluene was removed by vacuum filtration. 

After decolouration by filtrating through carbon powder, a clear yellow toluene solution was 

obtained. Removal of solvent by evaporation using a rotovap and pump gave a light yellow 

solid, 4-methoxy-4"-benzoyl-p,p-terphenyl, which was recrystallized from toluene (5. lg, 
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55% yield). 

4-Methoxy-4"-benzoyl-p,p-terphenyl(5g, 13.7 mmol) in 100 mL dichloromethane 

was treated with excess BBr, at room temperature for 2 hours, after which the reaction was 

quenched with addition of water and the organic component was extracted with 2 x 50 mL 

dichloromethane. The organic layers were combined and dried with MgSO,. After removal 

of dichloromethane by evaporation, the residue of crude product was a light yellow solid, 

which was recrystallized from 9: 1 to1uene:hexane to give pure 4-hydroxy-4"-benzoyl-pp- 

terphenyl(4Sg, 94% yield). 

4-Hydroxy-4"-benzoyl-p,p-terphenyl (4.5g, 12.7 mmol) was dissolved in 30 mL 

distilled THF and excess LiAlH, (500mg) was added. After left stirring at room temperature 

for 3h, the reaction was quenched by addition of water and organic component was extracted 

with 2 X 20 mL dichloromethane. The organic layers were combined and dried with MgSO,. 

Removal of solvent by evaporation yielded crude product which was recrystallized in toluene 

to give pure 163. 'H NMR (d,-acetone, 300 MHz) 6: 4.90 (d, 1 H, exchangeable with D20, 

-OH), 5.91 (d, J =  2.2 Hz, IH, ArCH), 6.95 (d, J =  8.3 Hz, 2H, ArH), 7.21 (m, lH, ArH), 

7.25 (m 2H, ArH), 7.45 (m, 6H, ArH), 7.64 (m, 6H, ArH), 8.45 (s, IH, exchangeable with 

D,O, ArOH); LRMass (+LSIMS): 352.2, HRMS C25H2002 calc 352.1463, found 352.1458. 

4-Hydroxy-2"-(a-Hydroxybenzy1)-pg-terphey (166) 

2-(4'-Hydroxylpheny1)benzophenone (6.8g, 25 mmol) was dissolved in 20 mL 

distilled dichloromethane containing 10 mL pyridine at zero degree, followed by dropwise 
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addition oftrifluoromethylsulfonic acid anhydride (6.5 mL, 39 mmol). After stirring at room 

temperature for 3h, the reaction solution was quenched with water and washed with dilute 

HC1. Dichloromethane extraction and removal solvent by evaporation yield crude 

biphenyltriflate, which was directly carried to the next coupling step. 

4-Methoxyphenylboronic acid (5.7g, 37 mmol) was dissolved in 200 mL of 

deoxygenated toluene in a 500 mL 3-neck round bottom flask containing K2C03 (9g, 65 

mmol, 2.5 eq). The above synthesized biphenyltriflate was dissolved in toluene and added. 

The flask was fitted with a reflux condenser and a stirring bar. After flushing with nitrogen 

catalyst Pd(PPh,), (1.5 mole% of the triflate) was added through the side arm. The mixture 

was then purged again with nitrogen and allowed to stir at reflux overnight. The solution 

was cooled and any inorganic precipitate from toluene was removed by vacuum filtration. 

After decolouration by filtrating through carbon powder, a clear yellow toluene solution was 

obtained. Removal of solvent by evaporation using a rotovap and pump gave a light yellow 

solid, 4-methoxy-2"-benzoyl-p,p-terphenyl, which was recrystallized from toluene (4.5g, 

49% yield). 

4-Methoxy-2"-benzoyl-p,p-terphenyl(5g 13.7 mmol) in 100 mL dichloromethane 

was treated with excess BBr, at room temperature for 2 hours, after which the reaction was 

quenched with addition of water and the organic component was extracted with 2 x 50 mL 

dichloromethane. The organic layers were combined and dried with MgSO,. After removal 

of dichloromethane by evaporation, the residue of crude product was a light yellow solid, 

which was recrystallized from 9: 1 to1uene:hexane to give pure 4-hydroxy-2"-benzoyl-pp- 

terphenyl(4.8g, 100% yield). 
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4-Hydroxy-2"-benzoyl-p,p-terphenyl (4.5g, 12.7 mmol) was dissolved in 30 mL 

distilled THF and excess LiAlH, (400mg) was added. After left stirring at room temperature 

for 3h, the reaction was quenched by addition ofwater and organic component was extracted 

with 2 X 20 mL dichloromethane. The organic layers were combined and dried with MgSO,. 

Removal of solvent by evaporation yielded crude product which was recrystallized in 9: 1 

to1uene:hexane to give pure 166 (4.lg, 92% yield). 'H NMR (d,-acetone, 300 MHz) 6: 4.78 

(d, J =  3 Hz, 1 H, exchangeable with D20, -OH), 6.02 (d, J =  3 Hz, 1 H, ArCH), 6.95 (dd, J 

= 2 Hz, 8 Hz, 2H, ArH), 7.1 8-7.22 (m, 6H, ArH), 7.36-7.41(m, 4H, ArH), 7.59-7.63 (m, 5H, 

ArH), 8.45 (s, lH, exchangeable with D20, ArOH); HRMS C2,H2,02, calc 352.1463, found 

352.1478. See appendix 6 for 'H NMR. 

4-Hydroxy-2"-benzyl-pg-terphenyl(168) 

4-Hydroxy-2"-(a-hydroxybenzyl)-p,p-terphenyl(166) (1 00mg) was dissolved in 80 

mL 1 : 1 H,O-CH3CN solvent in the presence of excess NaBH,. After irradiation with 254 

nrn for 12 minutes, the solution was worked up by extraction, drying. A colorless solid was 

obtained. Separation by preparative thin layer chromatography (5% ethylacetate in 

dichloromethane) provided pure 168 which was further purified by recrystallization in 9: 1 

to1uene:hexane (86mg, 90%yield). A clear, colorless crystal was produced. 'H NMR 

(CDCl,, 300 MHz) 6: 4.00 (s, 2 H, ArCH,), 4.78 (s, lH, Ar-OH), 6.85 (d, J = 8 Hz, 2H, 

ArH), 6.95 (d, J =  8 Hz, 2H, ArH), 7.18-7.23 (m, 5H, ArH), 7.20-7.25 (m, 4H, ArH), 7.40- 

7.46 (m, 4H, ArH); HRMS C2,H2,0 calc. 336.1514, found 336.1501. 



4-Hydroxyphenyl-4'-hydroxymethylphenylacetylene (165) 

4-(Trimethylsilylethyny1)benzaldehyde (204) 

Trimethylsilylacetylene (4 mL, 28 mmol) was dissolved in 20 mL triethylamine 

solution in a 100 mL 2-neck round bottom flask under nitrogen atmosphere in the presence 

of 64 mg PdOAC and 140 mg PPh, catalyst. 4-Bromobenzaldehyde (Aldrich, 3.9 g, 21 

mmol, 1 : 1.3 eq of ethyne) dissolved in 40 mL 1 : 1 triethylamine/toluene solution was added 

slowly via a dropping funnel into the reaction flask in 20 minutes. During the addition of 

4-bromobenzaldehyde the color of the reaction solution changed from clear yellow to dark 

brown accompanied by brown precipitation (triethylamine*HBr). After reflux for 3 hours 

the reaction solution was cooled to room temperature and the precipitation was collected by 

filtration. The quantitative precipitation (3.78 g, 21 mmol triethylamine*HBr) indicated a 

100% yield of the coupling reaction. After removal of solvent of triethylarnine by rotovap, 

a dark brown solid was obtained. Re-dissolving the brown solid in 2:l hexane/CH2CL2 

followed by a quick filtration through a silica layer gave a clear yellow solution. Removal 

of the solvent by rotovap yielded a dark yellow solid of 204. 'H NMR (CDCI,, 300 MHz) 

6: 0.25 (s, 9H, -SiMe,), 7.58 (d, J= 8 Hz, 2H, ArH), 7.80 (d, J= 8 Hz, 2H, ArH), 10.0 (s, lH, 

-CHO). See appendix 7 for 'H NMR. 

4-Ethynylbenzaldehyde (205) 

Compound 204 (41 mmol) was dissolved in a 50 mL round bottom flask containing 

30 mL methanol and 5.7 g K,CO,. The solution was warmed to 50 OC by a water bath and 

held at 50 "C for 3 hours. After removal of methanol, 100 mL dichloromethane was added 

to the residue and washed with water. A yellow solid of 205 was obtained after rotovap 
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dichloromethane (4.5 g, 85% yield). Further purification was achieved by sublimation under 

vacuum. 'H NMR (CDCl,, 300 MHz) 6: 3.24 (s, lH, ethynyl-H), 7.62 (d, J =  8 HZ, 2H, 

ArH), 7.82 (d, J = 8 Hz, 2H, ArH), 10.1 (s, 1 H, -CHO). See appendix 8 for 'H NMR. 

4-(4'-Hydroxypheny1)ethynylbenzaldehyde (206) 

4-Ethynylbenzaldehyde 205 (0.86 g, 6.7 mmol, 1.33 eq to iodide compound) and 4- 

hydroxylphenyliodide (1.1 g, 1.0 eq) were dissolved in 30 mL degased 1:l 

tolueneltriethylamine in 50 mL round bottom flask under nitrogen atmosphere. 1 mol% of 

catalyst Pd(acetate) (15 mg) and PPh, (35 mg) was added immediately. A brown 

precipitation (triethylamine*HI) was observed after 30 minutes stirring. After stirring at 40- 

50 "C for 8 hours the reaction solution was filtrated and 1.2 g solid (triethylamine*HI) was 

collected, an indication of 100% conversion reaction. Removal of mix solvent of 

triethylamine and toluene by evaporation gave deep yellow solid 206. Purification was done 

by column chromatography using 3:7 hexane/CH,Cl, as the elution solvent. 'H NMR 

(CDC1,,300 MHz)&: 6.81 (dd, J= 2Hz, 8 Hz, 2 H, ArH), 7.35 (dd, J= 2 Hz, 8 Hz, 2 H, ArH), 

7.59 (d, J =  8 Hz, 2 H, ArH), 7.70 (s, lH, ArOH), 7.79 (dd, J =  2 Hz, 8 Hz, 2 H, ArH), 9.95 

(s, IH, -CHO). See appendix 9 for 'H NMR. 

4-Hydroxyphenyl-4'-hydroxymethylphenylacelene (165) 

4-(4'-Hydroxypheny1)ethynylbenzaldehyde (206) (2.2g, 10 mmol) was dissolved in 

30 mL MeOH and excess amount of NaBH, (300mg) was added. After stirring at room 

temperature for 3h, the reaction was quenched by addition of water and dichloromethane (2 

X 20 mL) was used for extraction. The organics were combined and dried with MgSO,. 
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Removal of solvent by evaporation under vacuum gave 4-hydroxyphenyl-4'- 

hydroxymethylphenylacetylene (165) in 93% yield (2.08g). 'H NMR (D,-acetone, 300 

MHz) 6: 2.86 (d, J = 2  Hz, 1 H, -OH), 4.61 (d, J =  8 Hz, 2 H, ArH), 6.72 (dd, J =  2 Hz, 8 Hz, 

2 H,ArH), 7.28 (m, 4H,ArH), 7.38 (d, J = 8 . 1  Hz,2H,ArH), 7.92 (s, 1 H, ArOH); I3C 

NMR (75 MHz, CDC13) 6:  64.4 (-CH20H), 87.5 (CzC), 89.5 (CzC), 115.6, 122.6, 126.7, 

131.4, 133.1, 141.4, 144.0, 157.3 IR (cm-I, KRr): 3400 (broad, -OH), 2900 (-CH2-), 2210 

(m, C-C), 1229 (s, Ar-O), 1100 (s, C-O), 634 (s, ArH); HRMS C,,H,,O, calc 224.0837, 

found 224.0837. 

4.2.2.3 Phenyl Acetic Acids and Ethanol Derivatives Systems 

General Synthetic Procedure for Synthesis of 3 and 4- 

Benzoylphenylacetic Acid (151 and 152), 4-Acetophenyl Acetic Acid 

(153), 2-Anthraquinone Acetic Acid (154). 

Starting materials (e.g. 3-methyl benzophenone, 4-methyl benzophenone, 4-methyl 

acetophenone or 2-methyl anthraquinone, 5 rnrnol) were dissolved in 100 mL CCl, which 

contains 5.2 mmol NBS and a pinch of benzoylperoxide. Under reflux condition and 

application of light (halogen bulb) (for substrate of 2-methylanthraquinone nitrogen 

atmosphere was applied.) for 2 hours, bromination products obtained by rotovap of solvent 

were put in reaction with 1.1 equimolar amount of NaCN in 10% H20-CH,CN at 50 "C for 

4 hours, converting to cyano derivatives which, without purification, were converted to the 

corresponding acetic acids by acid hydrolysis in conc. HC1. Pure samples of the acetic acids 

derivatives were obtained by base extraction of the acid and acidification and re- 
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crystallization in Toluene/hexane. 2-Anthraquinone acetic acid was re-crystallized in 

ethanollwater. 

3-Benzoylphenylacetic Acid (151). Melting point 96 - 98 "C; 'H NMR (300 MHz, 

CDC1,) 6: 3.71 (s, 2 H, ArCH2-), 7.41-7.54 (m, 4 H, ArH), 7.55-7.61 (m, 1 H, ArH), 7.65- 

7.81 (m, 4 H, ArH), 12.5 (in d6-acetone, br, -COOH); 13C NMR (75 MHz; CDCl,) 6: 40.8 

(-CH2-), 128.5,128.8,129.4,130.3,131.2,132.7,133.6,133.8,137.6,138.1,176.8(-COOH), 

196.6 (C=O). HRMS Cl5HI2o3: calc 240.0788, found 240.0786. See appendix 10 for 'H 

NMR. 

4-Benzoylphenylacetic Acid (152).'44 Melting point 1 1 1.5 - 1 12.5 "C; 'H NMR 

(300 MHz; CDCl,) 6: 3.74 (s, 2 H, ArCH,-), 7.40 (d, J =  8 Hz, 2 H, ArH), 7.46 (t, J= 8 Hz, 

2 H, ArH), 7.53-7.61 (m, 1 H, ArH), 7.73-7.8 1 (m, 4 H, ArH), 12.4 (in d6-acetone, br, - 

COOH); I3C NMR (75 MHz; CDCI,) 6: 41.1 (-CH2-), 128.5, 129.6, 130.2, 130.7, 132.7, 

136.8,137.7,138.1,177.1 (-COOH), 196.5 (C=O). HRMS C15H,203,calc 240.0788, found 

240.0786. See appendix 1 1 A and 1 l B  for 'H NMR. 

4-Acetoylphenylacetic Acid (153). Melting point 106 - 108 "C; 'H NMR (300 

MHz; CDCl,) 6 :  2.58 (s, 3 H, CH3-), 3.70 (s, 2 H, ArCH2-), 7.36 (d, J =  8 Hz, 2 H, ArH), 7.92 

(d, J= 8 Hz, 2 H, ArH), 12.4 (in d6-acetone, br, -COOH); HRMS CloHl0O3: calc 178.0630, 

found 178.0633. See appendix 12 for 'H NMR. 

2-Anthraquinoneacetic Acid (154). Melting point 236 - 238 "C; 'H NMR (300 

MHz, d6-acetone) 6: 3.94 (s, 2 H, ArCH2-), 7.85-7.90 (dd, J =  2 Hz, 8 Hz, 1 H, ArH), 7.9 1 - 

7.96 (m, 2 H, ArH), 8.21-8.30 (m, 4 H, ArH), 12.8 (br, -COOH); HRMS C16Hl,0,: calc 

266.0579, found 266.0577. See appendix 13 for 'H NMR. 
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(4-Benzoylpheny1)acetophenone (173): 'H NMR (300 MHz, CDC1,) 6: 4.40 (s, 2 

H, ArCH2-), 7.37 (d, J= 8 Hz, 2 H, ArH), 7.41 -7.52 (m, 4 H, ArH), 7.52-7.62 (m, 2 H, ArH), 

7.72-7.82 (m, 4 H, ArH), 8.15 (d, J= 8 Hz, 2 H, ArH); Mass (CI, d z ) :  301 (M++l). See 

appendix 14 for 'H NMR. 

Procedure for Synthesis of Benzophenone Ethanol Derivatives, 3- 

Benzoylphenethyl alcohol (155), 1-Phenyl-2-(4-Benzoy1phenyl)ethanol 

(156) 

2-(3-Benzoylphenyl)ethanol(155) was obtained by reaction of 151 with BH3.THF 

in distilled THF at 0 OC, giving the product in 70% yield. Column separation by silica gel 

of the product mixtures with elution solvent of 2.5% methanol-CH,C12 yielded pure sample 

of 155. 

The acid 152 (5 mmol) was converted to acid chloride by dissolving in 20 rnL SOC1, 

and reflux for 4 hour under nitrogen. The acid chloride reacted with benzene used a solvent 

with present of 1.4 g AlCl, at 50 OC for 4 hours, giving "benzophenyl acetophenone" 

dikenone 173, which was readily purified in toluene-hexane. Pure 3.2 mmol of 173 was 

reduced by 3.5 mL BH3-THF (1 M, 1.1 eq) in distilled THF at 0 "C generating the target 

reduced product of 156 in 70% yield. Target 156 was purified by recryllization from 9:l 

to1uene:hexane. 

1-Phenyl-2-(4-benzoylphenyl)ethanol(156). 'H NMR (300 MHz, CDCl,) 6: 1.96 

(d, 1 H, J= 3 Hz, -OH), 3.1 1 (d, 2 H, J= 8 Hz, ArCH2-), 4.95 (t, 1 H, ArCH-), 7.26-7.31 (m, 
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3 H, ArH), 7.31-7.38 (m, 4 H, ArH), 7.43-7.50 (m, 2 H, ArH), 7.53-7.61 (m, 1 H, ArH), 

7.70-7.80 (my 4 H, ArH); HRMS C2,H1,O2 calc 302.1299, found 302.1298. See appendix 

1 5 for 'H NMR. 

3-Benzoylphenethyl alcohol (155). 'H NMR (300 MHz, CDC1,) 6: 7.68 (s, 1 H, - 

OH), 2.93 (t, 2 H, J= 7 Hz, ArCH2-), 3.90 (t, 2 H, J= 7 Hz, -CH20-), 7.37-7.49 (m, 4 H, 

ArH), 7.54-7.65 (m, 2 H, ArH), 7.75-7.92 (m, 2 H, ArH); HRMS Cl,Hl,02 calc 226.0994, 

found 226.0996. See appendix 16 for 'H NMR. 

4.2.2.4 Biphenylacetic Acids Systems 

4-(4'-Benzoy1)biphenylacetic Acid (157) 

4-Methyl-4'-benzoylbiphenyl(l75) 

4-Hydroxylbenzophenone (Aldrich, 3.96 g, 20 mmol) was dissolved in 150 mL of 

distilled dichloromethane in a 250 mL round bottom flask. After addition of 8 mL of 

pyridine (25 mmol) the solution became clear and was cooled to 0 OC and 

trifluoromethylsulfonic anhydride (Aldrich, 30 mmol, 1.5 eq, 7.1 g) in a 20 mL of distilled 

dichloromethane was added via a 50 mL dropping funnel over 20 minutes. The solution was 

then allowed to warm to room temperature and stir overnight. The reaction was worked up 

by pouring the organic solution into 200 mL ice-water and then extracted with 200 mL 

dichloromethane twice and washed with water. The organic layer was combined and dried 

with anhydrous Magnesium sulfate. After vacuum evaporation of pyridine, it yielded a 

brown yellow oil which was taken to next step coupling reaction without any purification. 

The triflate from 4-hydroxylbenzophenone was carried on to suzuki coupling reaction 
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with 4-methoxyphenylboronic acid to give 175. 4-Methoxyphenyl boronic acid (30 mmol, 

1.5 eq) was dissolved in 300 mL of deoxygenated toluene in a 500 mL 3-neck round bottom 

flask containing 8.3 g (60 rnmol, 2 eq) K2C03 along with all the 4- 

hydroxybenzophenonetriflate (-20 mmol). The flask was fitted with a reflux condenser and 

a stir bar. After flushing with nitrogen catalyst Pd(PPh,), (1.5 mole% of triflate) was added 

through the side arm. The mixture was then purged again with nitrogen and allowed to stir 

at reflux temperature for overnight. The solution was cooled and any inorganic precipitated 

from toluene was removed by vacuum filtration. After decoloration through carbon powder 

and filtration, a clear yellow toluene solution was obtained. Removal of evaporation by 

rotovap and pump gave a light yellow solid 175 which was recrystallized in 9:l 

to1uene:hexane producing a white solid (4.3g, 82% yield). 'H NMR (CDCl,, 300 MHz) 6: 

2.40 (s, 3 H, ArCH,), 7.28 (d, J =  8 Hz, 2 H, ArH), 7.46-7.62 (m, 5 H, ArH), 7.69 (d, J =  8 

Hz, 2 H, ArH), 7.82 (d, J = 8 Hz, ArH), 7.88 (d, J = 8 Hz, 2 H, ArH); Mass (CI, rnlz): 273 

(M++l). 

4-(4'-Benzoy1)biphenylacetic Acid (157) 

The synthesis procedure was identical to general procedure (vide supra) employed 

for synthesis ofphenylacetic acid derivatives except that 4-methyl-4'-benzoyl biphenyl (175) 

was used as starting material in place of 3-benzophenone, 4-benzophenone, etc. Through 

steps of bromination reaction, cyanide nucleophilic replacement and acid hydrolysis of 

cyanide compound, 4-(4'-benzoy1)biphenyl acetic acid (157) was readily made. Pure sample 

was obtained by base solution extraction, re-acidification and recrystallization in toluene and 

hexane. 'H NMR (CDCI,, 300 MHz) 6: 3.78 (s, 2 H, ArCH,-), 7.40 (d, J=  8 Hz, 2 H, ArH), 
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7.42-7.46 (m,2H,ArH), 7.54-7.58(m,3 H,ArH), 7.65 (d, J=8Hz,  2H,ArH), 7.85 (d, J 

= 8 Hz, 2 H, ArH), 7.95 (d, J = 8 Hz, 2 H, ArH), 12.4 (in d,-acetone, br, -COOH), HRMS 

C2,HI6O3 calc 3 16.1099, found: 3 16.1 103. See appendix 17A and 17B for 'H NMR. 

4-(3'-Benzoy1)biphenyl Acetic Acid (158) 

4-Methyl-3'-benzoylbiphenyl, 4-(3'-Benzoyl)biphenylacetic Acid (158) 

The synthetic route for synthesis of 4-methyl-3'-benzoyl biphenyl (158) followed 

those employed for synthesis of 175, except in the first step and last purification steps. In 

the first step the 3-hydroxyl benzophenone was used in place of 4-hydroxyl benzophenone. 

In the last purification step, The intermediate 158 was an oil form due to the presence of 

much impurity. It was transformed into methyl ester by dissolving in methanol with 1 mL 

concentration H2S04 as a catalyst. The methyl ester was separated by column 

chromatography using dichloromethane as a running solvent. After saponification reaction 

ofthe ester in basic aqueous MeOH following the silican gel column separation, acidification 

and extraction by dichloromethane, the compound 158 was obtained a yellow solid. 

4-Methyl-3'-benzoylbiphenyl 'H NMR (CDCl,, 300 MHz) 6: 2.40 (s, 3 H, ArCH,), 

7.28 (d, J=8Hz,2H,ArH),  7.42-7.61 (m,6H,ArH),7.70-7.74(m,2H,ArH), 7.82(d, J 

= 8 Hz, 2 H, ArH), 8.08 (s, 1 H, ArH). Mass (CI, mlz): 273 (M++l). See appendix 18 for 

'H NMR. 

4-(3'-Benzoy1)biphenyl Acetic Acid (158) 'H NMR (CDCI,, 300 MHz) 6: 3.80 (s, 

2 H, ArCH,-), 7.30 (d, J =  8 Hz, ArH), 7.38 - 7.56 (m, 6 H, ArH), 7.68-7.72 (m, 2 H, ArH), 

7.77 (d, J =  8 Hz, 2 H, ArH), 7.93 (s, 1 H, ArH), 12.5 (in d,-acetone, br, -COOH). HRMS 
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4.3 Product Studies 

4.3.1 General Work-Up for Product Studies 

Preparative photolyses were carried out with samples of 20-50 mg dissolved in 40 

- 100 mL appropriate solvents (1 : 1 H20-MeOH, 1 : 1 H20-CH3CN, D,O-CH3CN, etc. If 

solution pH is cited, it refers to the aqueous portion) and transferred to 100 mL quartz tube. 

The solution was irradiated with light of chosen wavelength (254, 300 or 350 nm) with 

continuous cooling (by a cold finger) and purging by a stream of nitrogen (or oxygen) for 

about 10 minutes before irradiation. Photolysis times ranged from 2 to 20 minutes. The 

lamps were turned on for 10 minutes to make them hot and work steadily before when short 

photolysis times were employed. After photolysis, the solutions were worked up by 

extraction with CH,C12. Crude and separated products were subject to NMR, Mass 

characterization. Analytical photolysis runs were directly carried out in a NMR tube with 

irradiation of appropriate wavelength. Substrate (-5 mg) was dissolved in 2 mL 1 : 1 D20- 

CD3CN was purged with argon within the NMR tube for 6 minutes before irradiation applys. 

'H NNR spectra were recorded at appropriate time interval immediate after irradiation. 

4.3.2 Photolysis of Biphenyl Methanol Systems 

Photolysis of 4-hydroxy-4'-(a-hydroxybenzyl)biphenyl(159) in 1 : 1 CH,OH-H,O 

Biphenyl 159 (30 mg) was dissolved in 1 : 1 H,O-MeOH in 80 mL and the solution 

was purged with nitrogen for 6 min and then was irradiated with 254 nm light for 10 min. 
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This preparative photolysis was then worked up by 2 X 50 mL dichloromethane extraction 

and the organic layers were combined, dried with anhydrous MgSO,. The solvent was 

removed by evaporation under vacuum to give a white crude products. 'H NMR of the crude 

product showed a clean conversion (15%) to only methyl ether product 207. Separation by 

preparative TLC (silica, CH2C12as developing solvent) gave pure methyl ether photoproduct, 

207. 'H NMR (d,-acetone, 300 MHz) 6: 3.18 (s, -OCH3, 3 H), 5.86 (s, 1 H, ArCH-0), 6.91 

(d, J = 8 H z ,  2H,ArH), 7.15-7.22 (m, 1 H,ArH), 7.30-7.38(m92H,ArH), 7.42-7.55 (m, 

8 H, ArH), 8.40 (s, 1 H, exchangeable with D20, ArOH); Mass (EI, d z ) :  290 (M', 49,258 

(M'-32,45), 181 (M'-109, 100). 

Photolysis of 4-Hydroxy-2'-(a-hydroxybenzy1)biphenyl (161) in 1:l CH,OH- 

H2O 

Biphenyl 161 (30 mg) were dissolved in 80 mL 1 : 1 H20-MeOH and the solution was 

irradiated with 254 nrn light for 5 minutes after purged with nitrogen for 6 min. This 

preparative photolysis was then extracted by dichloromethane (2 X 50 mL) and the organic 

layers were combined and dried with anhydrous MgSO,. Removal of solvent by evaporation 

under vacuum gave white crude products, a methyl ether, 4-hydroxyl-2'-(a- 

methoxybenzyl)biphenyl(208), and a cyclo-photoproduct, 2-hydroxy-9-phenyl-9H-fluorene 

(209). In prolonged photolysis, secondary photolysis product, 4-hydroxy-2'-benzylbiphenyl 

(210), was observed. Separation by preparative TLC (silica, CH2C12as developing solvent) 

provided pure methyl ether photo-product 208 and the cyclo-photo-product 209 and reduced 

photo-product 21 0. 
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4-Hydroxy-2'-(a-methoxybenzyl)biphenyl(208). 'H NMR (CDCI,, 300 MHz) 6: 

3.18 (s, 3 H, -OCH,), 5.30 (s, 1 H, ArCH-0), 6.80-6.86 (m, 2 H, ArH), 7.07-7.30 (m, 10 H, 

ArH), 7.50-7.56 (m, 1 H, ArH), 7.80 (s, -OH, exchangeable with D20, 1 H); Mass (EI, d z ) :  

290 (M', 40), 258 (M'-32,48), 181 (M'-109, 100). 

2-Hydroxy-9-phenyl-9H-fluorene (209). 'H NMR (d6-acetone, 300 MHz) 6: 5.05 

(s, 1 H, ArCH-), 6.77 (dd, J= 8 Hz, 2 Hz, 1 H, ArH), 7.07-7.1 1 (m, 3 H, ArH), 7.18-7.22 (m, 

1 H, ArH), 7.23-7.28 (m, 4 H, ArH), 7.33-7.38 (m, 2 H, ArH), 7.79-7.81 (m, 1 H, ArH), 8.48 

(s, -OH, exchangeable with D20, 1 H); I3C NMR (75 MHz; d6-Acetone) 6: 54.3 (-PhCH-), 

115.7, 119.8, 120.7, 122.7, 126.1, 126.8, 127.5, 128.1, 128.4, 128.6, 129.0, 129.5, 129.7, 

140.0, 150.0. Mass (EI, m/z): 258 (M', loo), 181 (M+-77, 10). 

4-Hydroxy-2'-benzylbiphenyl(210). 'H NMR (d6-acetone, 300 MHz) 6: 3.95 (s, 

2 H, ArCH2-), 6.85 (dd, J = 8 Hz, 2 Hz, 2 H, ArH), 6.98 (d, J = 8 Hz, 2 H, ArH), 7.95 (dd, 

J = 8 Hz, 2 Hz, 2 H, ArH), 7.12-7.28 (m, 7 H, ArH). 8.39 (s, lH, exchangeable with D,O, 

-ArOH); Mass (EI, d z ) :  260 (M', 50), 170 (M+-90, 100). 

Photolysis of 4-hydroxy-2-(a-hydroxybenzyl)biphenyl(161) in TFE Solutions 

The biphenyl 161 (30 mg) was dissolved in 40 mL 1:1 H20-TFE or neat TFE 

solutions and the solution was irradiated with 254 nm light for 6 minutes after purging with 

nitrogen for 6 min. This preparative photolysis was then extracted by dichloromethane (2 

X 30 mL) and the organic layers were combined and dried with anhydrous MgSO,. Removal 

of solvent by evaporation under vacuum gave white crude products. At low conversion runs 

'H NMR of the white crude product showed a clean conversion to a trifluoroethyl ether 
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product, 4-hydroxy-2'-(a-trifluoroethoxylbenzyl)biphenyl, and a cyclo-photoproduct, 2- 

hydroxy-9-phenyl-9H-fluorene (209). Separation by preparative TLC (silica, CH2C12 as 

developing solvent) yielded pure trifluoroethyl ether and cyclo-photoproduct (209). 

4-Hydroxy-2'-(a-trifluoroethoxylbenzyl)biphenyl. 'H NMR (CDCI,, 300 MHz) 

6:  3.85 (q, 2 H, J= 11 Hz, -CH2CF3), 4.84 (s, 1 H, exchangeable with D20, -ArOH), 5.65 (s, 

1 H, -ArCH-), 6.87 (d, 2 H, J= 8 Hz, ArH), 7.05-7.40 (m, 10 H, ArH), 7.65 (dd, J =  8 Hz, 

2 Hz, 1 H, ArH); MS (EI, mlz): 358 (M', 96), 258 (M+- 100,82), 189 (M+- l69,34), 18 1 (M+- 

177, 100). 

Photolysis of 4-hydroxy-4'-(a-hydroxybenzyl)biphenyl(159) in 1 : 1 CH,CN-H,O 

With the Presence of Ethanolamine 

The biphenyl 159 (1 0 mg) was dissolved in 80 mL 1 : 1 H20-CH,CN solution with the 

presence of 0.2 molIL ethanolamine. The solution was purged with nitrogen for 6 min before 

irradiated with 254 nm light for 8 minutes. These conditions were just good for 100% 

conversion to only one ethanolamine adduct product 219. The solution was then extracted 

with dichloromethane (2 X 40 mL) and washed with water (to remove excess ethanolamine). 

After drying with K2C03 and removal of solvent by evaporation on a rotovap, ethanolamine 

adduct 219 was obtained. 'H NMR (d,-acetone, 300 MHz) 6: 2.65 (t, J= 7 Hz, 2 H, -CH2N- 

), 3.65 (t, J =  7 Hz, 2 H, -OCH,-), 2.85 (br, s, -OH, -NH-, exchangeable with D20), 4.88 (s, 

1 H,ArCH-),6.86(dt, J=8Hz,2H,ArH) ,  7.16(t7 J = 7 H z ,  1 H,ArH),7.26(t,2H7 J =  

8 Hz, ArH), 7.43-7.53 (m, 8 H, ArH), 8.52 (br, 1 H, ArOH, exchangeable with D20); HRMS 

C2,H,,02N calc 3 19.1572, found 3 19.1570. See appendix 20 for 'H NMR. 
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Photolysis of 4-hydroxy-2'-(a-hydroxybenzyl)bipheny1(161) in 1 : 1 CH3CN-H20 

With the Presence of Ethanolamine 

The biphenyl 161 (1 0 mg) was dissolved in 80 mL 1 : 1 H20-CH3CN solution with the 

presence of 0.2 mol/L ethanolamine. The solution was purged with nitrogen for 6 min before 

irradiated with 254 nrn light for 2 minutes. The solution was then extracted with 

dichloromethane (2 x 40 mL) and washed with water (to remove excess ethanolamine). 

After drying with K2C03 and removal of solvent by evaporation on a rotovap, ethanolamine 

adduct 220 was obtained in 40% yield. 'H NMR (d,-acetone, 300 MHz) 6:  2.55 (t, J =  7 Hz, 

2 H, -CH2N-), 3.55 (t, J= 7 Hz, 2 H, -OCH2-), 3.45 (br, -OH, -NH-, exchangeable with D20), 

5.00(s, 1 H,ArCH-),6.85 (d, J=8Hz,2H,Ar-H),7.15-7.30(m, 10H,Ar-H),7.58(dd,J 

= 8 , 2  Hz, 1 H, Ar-H), 8.45 (br, 1 H, ArOH, exchangeable with D20); HRMS C21H2102N 

calc 319.1572, found 319.1572. 

4.3.3 Photolysis of Terphenyl Methanol Systems 

Photolysis of 4-hydroxy-4"-(a-hydroxybenzy1)-pg-terphenyl (163) in 1 :1 

CH30H-H20 

Terphenyl163 (20 mg) was dissolved in 80 mL 1 : 1 H20-MeOH and the solution was 

irradiated with 254 nrn light for 25 min after purged with nitrogen for 6 min. This 

preparative photolysis was then extracted with dichloromethane (2 x 40 mL) and the organic 

layers were combined and dried with anhydrous MgSO,. After removal of solvent by 

evaporation under vacuum, a white crude product was obtained which was separated by 

preparative TLC (silica, CH,C12 as developing solvent) gave methyl ether photoproduct, 4- 
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hydroxy-4"-(a-methoxybenzy1)-p,p-terphenyl163a in 8% yield. 'H NMR (d,-acetone, 300 

MHz) 6: 3.25 (s, 3 H, -OCH,), 5.40 (s, 1 H, -CH-), 6.93 (d, J =  8 Hz, 2 H, ArH), 7.18-7.23 

(m, 1 H, ArH), 7.22-7.30 (m 2 H, ArH), 7.40-7.50 (m, 6 H, ArH), 7.61-7.70 (m, 6 H, ArH), 

8.40 (s, 1 H, exchangeable with D,O, ArOH); Mass (FAB): 366.1 (M', 99%), 335 (M+ - 

OCH,, 66%), (M+-HOCH,, 54%), (M' -OCH,-Ph, 100%). 

Photolysis of 4-hydroxy-2"-(a-hydroxybenzy1)-pg-terphenyl (166) in 1:l 

CH30H-H20 

Terphenyl166 (20 mg) was dissolved in 80 mL 1 : 1 H20-MeOH and the solution was 

irradiated with 254 nm light for 25 min after purged with nitrogen for 6 min. This 

preparative photolysis was then extracted with dichloromethane (2 x 40 mL) and the organic 

layers were combined and dried with anhydrous MgSO,. After removal of solvent by 

evaporation under vacuum, a white crude product was obtained which showed a 'H NMR 

peak at 3.08 ppm (methoxy group). Separation by preparative TLC (silica, CH2C1, as 

developing solvent) gave methyl ether photoproduct, 4-hydroxy-2"-(a-methoxybenzy1)-p,p- 

terphenyl (l66a). 'H NMR (CDCl,, 300 MHz) 6: 3.08 (s, 3 H, -OCH,), 5.28 (s, 1 H, -CH-), 

6.80 (d, J =  8 Hz, 2 H, ArH), 7.18-7.25 (m, 6 H, ArH), 7.40-7.50 (m, 4 H, ArH), 7.61-7.68 

(m, 5 H, ArH), 7.76 (br, 1 H, ArOH); Mass (FAB): 366.1(M+). 

Photolysis of 4-hydroxy-2"-(a-hydroxybenzy1)-ppterphenyl(166) in 1 :1 TFE- 

H20 

Terphenyl166 (20 mg) was dissolved in 80 mL 1 : 1 H,O-TFE and the solution was 

irradiated with 254 nrn light for 20 min after purged with nitrogen for 6 min. This 
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preparative photolysis was then extracted with dichloromethane (2 x 40 mL) and the organic 

layers were combined and dried with anhydrous MgSO,. After removal of the solvent by 

evaporation under vacuum, crude products were obtained, which were separated by 

preparative TLC (silica, CH2C12 as developing solvent, R, = 0.66) to give pure TFE adduct, 

4-hydroxy-2"-(a-trifluoroethylbenzyl)-p,p-tehenyl(166d). 'H NMR (CDCI,, 300 MHz) 

6: 3.65 (q, 2 H, J= 1 1 Hz, -CH2CF,), 4.85 (s, 1 H, -OH), 5.60 (s, 1 H, -CHO-), 6.87-6.95 (m, 

2 H, ArH), 7.15-7.35 (m, 7 H, ArH), 7.38-7.40 (m, 2 H, ArH), 7.45-7.60 (m 4 H, ArH, 7.78- 

7.82 (t, 2 H, ArH); Mass (FAB): 434.1 (M'). 

Photolysis of 4-hydroxyphenyl-4'-hydroxymethylphenylacetylene (1 65) in 1 : 1 

H20-CH30H or 1 :1 H20-CH3CN 

Diphenylacetylene 165 (10 mg) was dissolved in 80 mL 1 : 1 H20-MeOH (or 1 : 1 H20- 

CH3CN) and the solution was irradiated with 300 nrn light for 20 min after purging with 

nitrogen for 10 min. This preparative photolysis was then extracted with dichloromethane 

(2 x 50 mL) after acidification and the organic layers were combined and dried with 

anhydrous MgSO,. After removal of solvent by evaporation on a rotovap, crude products 

were obtained, which were separated by preparative TLC (silica, CH2C12 as developing 

solvent) to give photoproduct 211. 'H NMR (CDCI,, 300 MHz) 6: 4.11 (s, 2 H, ArCH2-), 

4.72 (s, 2 H, ArCH20-), 6.70 (d, 2 H, J= 8 Hz, Ar-H), 7.0 (d, 2 H, J= 8 Hz, Ar-H), 7.38 (d, 

2 H, J =  8 Hz, Ar-H), 7.89 (d, 2 H, Ar-H, J =  8 Hz); Mass (FAB): 242.2 (M'). However, 

21 1 a (below) would appear to have the same patten of 'H NMR and MS. No further efforts 

attempted to determine it. 



4.3.4 Product Quantum Yields for Hydroxyaryl Alcohols 

Quantum yields of the photo product, the methyl ether forming or the disappearance 

of starting materials were measured using a Rayonet RPR 100 photochemical photoreactor 

(254, 300, 350nm). Solutions (- 10" M, 1:l methanollwater solution except noted 

elsewhere) were prepared in 3.0 mL quartz cuvettes and purged with a stream of argon prior 

to photolysis. A external standard was employed as a reference. The reference was 4- 

hydroxy-4'-hydroxyrnethylbiphenyl which has been reported a yield of 0.03.'" All samples 

were prepared at same molar concentration (assuming their molar extinction coefficients are 

similar) and photolyzed under identical conditions. After photolysis the sample was 

extracted three times with CH,Cl, and conversion (< 15%) analyzed by 'H NMR. The yields 

were calculated by comparison of the conversion to methyl ether product to that of reference. 

4.3.5 Photolysis of Benzoyl-Substituted Phenylacetic Acid Systems 

Photolysis of 3-Benzoylphenylacetic Acid (151) 

Photolysis followed the general work-up procedure (vide supra) of product studies. 

The phenylacetic acid 151 (20 mg) dissolved in 80 mL 1:l H,O-CH,CN, pH 7.5 (aqueous 

portion) solution in 100 mL quartz tube. The solution was irradiated at 300 nm, 350 nm for 

5 minutes with continuous cooling (by a cold finger) and purging by a stream of nitrogen for 
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about 10 minutes before irradiation. The lamps were turned on for 10 minutes to make them 

hot and work stable before when short photolysis times was employed. After photolysis, 

the solutions were then extracted with CH2C12 (2 x 40 rnL) after acidification and washed 

with NaCl saline. After dried with anhydrous MgS04 and removal of solvent by evaporation 

on a rotovap, crude products were separated by preparative TLC (using CH2C12 as 

developing solvent) to give 3-methyl benzophenone 178. The product was identical to 

commercial authentic material. 'H NMR (CDCI,, 300 MHz) 6: 2.40 (s, 3 H, ArCH,), 7.33- 

7.39 (m, 2 H, ArH), 7.41-7.45 (m, 2 H, ArH), 7.55-7.60 (m, 3 H, ArH), 7.80 (d, J =  8 Hz, 2 

H, ArH); Mass (EI): 196 (M'). 

The effect of solution pH on the photo decarboxylation of 151 was carried out under 

similar conditions as product studies investigated (above). The pH refers to the aqueous 

portion. CH3CN (40 mL) mixed with 40 mL adjusted pH water was used. Investigated pH 

ranges ranged 1 I to I and H, = + 0.1 (-4.4% wlw H2S04), -0.33 (-8.5% wlw H2S04), -0.90 

(-16.5% wlw H2S04). After photolysis, solutions were worked up normally and the product 

was determined by 'H NMR. Deuterated product was obtained by photolysis of substrate 

in deuterated solvent. The acid 151 (5 mg) was dissolved in 1 : 1 CH3CN-D20 (D20 was pre- 

adjusted to pD -8 with NaOD/D,O solution) and put in 3 mL quartz cuvette. After 

irradiation with 300 nrn or 350 nrn light for 20 minutes, the solution was worked up and 

crude products were separated by preparative TLC (CH2C12 as developing solvent) to give 

deuterated product. 'H NMR (CDCl,, 300 MHz) 6: 2.40 (br, 2 H, ArCH,D), 7.35-7.40 (m, 

2 H, ArH), 7.42-7.45 (m, 2 H, ArH), 7.56-7.60 (m, 3 H, ArH), 7.80 (d, J =  8 Hz, 2 H, ArH); 

Mass (CI, rnlz): 198 (M'+l). 
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Photolysis of 4-Benzoylphenylacetic Acid (152) 

Conditions employed for photolysis of 152 were identical to those used in photolysis 

of 1 51 (above). The phenylacetic acid 152 (20 mg) dissolved in 80 mL 1 : 1 H20-CH,CN, pH 

7.5 (aqueous portion) solution in 100 mL quartz tube and irradiated with 300 nm light for 20 

min. The solution was acidified and extracted with dichloromethane (2 x 40 mL) and the 

organic layers were combined and dried with MgSO,. After removal of solvent by 

evaporation on a rotovap, crude products were obtained, which were separated by preparative 

TLC to give 4-methylbenzophenone 179, which was identical to commercial authentic 

material. 'H NMR (CDCI,, 300 MHz) 6:  2.45 (s, 3 H, ArCH,), 7.28 (d, J =  8 Hz, 2 H, ArH), 

7.48 (t, J =  4 Hz, 2 H, ArH), 7.58-7.63 (m, 1 H, ArH), 7.70 (d, J =  8 Hz, 2 H, ArH), 7.80 (d, 

J  = 8 Hz, 2 H, ArH); Mass (EI): 196 (M'). 

The effect of solution pH on the photodecarboxylation of 152 was carried out under 

similar conditions as product studies investigated (above). The pH refers to the aqueous 

portion. 40 mL CH3CN mixed with 40 mL appropriate pH water was used. Investigated pH 

ranges were 11-1, and H, = + 0.1 (-4.4% w/w H2S04), -0.33 (-8.5% w/w H2S04), -0.90 

(-16.5% w/w H2S04). After photolysis, solutions were worked up normally and the product 

was determined by 'H NMR. Deuterated product was obtained by photolysis of the 

substrate in deuterated solvent. The phenyacetic acid 152 (5 mg) was dissolved in 1 : 1 D20- 

CH,CN (D20 was pre-adjusted to pD -8 with NaOD/D20 solution) and put in 3 mL quartz 

cuvette. After irradiation with 300 nm or 350 nm for 20 minutes, the solution extracted with 

dichloromethane (2 x 10 mL). After removal of solvent by evaporation on a rotovap, crude 

products were obtained, which were separated by prep TLC (using CH2C12 as developing 



195 

solvent) to give deuteratedproduct. 'H NMR (CDCI,, 300 MHz) 6:  2.45 (br, 2 H, ArCH,D), 

7.28 (d, J =  8 Hz, 2 H, ArH), 7.48 (t, J =  8 Hz, 2 H, ArH), 7.58-7.64 (m, 1 H, ArH), 7.70 (d, 

J =  8 Hz, 2 H, ArH), 7.80 (d, J =  8 Hz, 2 H, ArH); Mass (CI, d z ) :  199 (M'+l). 

Photolysis of 4-Acetoylphenylacetic Acid (153) 

The phenylacetic acid 153 (100 mg) dissolved in 80 mL 1:l H20-CH,CN, pH 7.5 

(aqueous portion) solution in 100 mL quartz tube and irradiated with 254 nm light for 30 min 

after nitrogen purging for 10 min. The solution was extracted with dichloromethane (2 x 40 

mL) after acidified and the organic layers were combined and dried with MgS04. After 

removal of solvent by evaporation on a rotovap, crude products were obtained, which were 

separated by preparative TLC (using 5% ethyl acetate in dichloromethane as developing 

solvent) to give two photoproduct, a normal decarboxylation product 180 and a dimer 181. 

The product 180 was identical to commercial authentic material. 'H NMR (CDCl,, 300 

MHz) 6: 2.25 (s, 3 H, COCH,), 2.42 (s, 3 H, ArCH,), 7.20 (d, J =  8 Hz, 2 H, ArH), 7.80 (d, 

J =  8 Hz, 2 H, ArH); Mass (EI, d z ) :  134 (M'). Dimer 181: 'H NMR (300 MHz, CDC1,) 

6: 2.58 (s, 6 H, CH,CO), 3.00 (s, 4 H, ArCH,-), 7.20 (d, 4 H, J =  8 Hz, ArH), 7.85 (d, 4 H, 

J= 8 Hz, ArH); Mass (EI, mlz): 266 (M'). See appendix 21 for 'H NMR of 181. 

Deuterated product was obtained by photolysis of substrate in deuterated solvent. 

The phenylacetic acid 153 (5 mg) was dissolved in 20 mL 1 : 1 D20-CH,CN (D,O was pre- 

adjusted to pD -8 with NaOD/D20 solution). After irradiation with 254 nrn light for 10 

minutes, the solution was extracted with CH,Cl, (2 x 20 mL) and the organic layers were 

combined and dried with MgSO,. After removal of solvent by evaporation on a rotovap, 
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crude products were obtained, which were separated by preparative TLC (using 5% ethyl 

acetate in CH2Cl, as developing solvent) to give pure deuterated product. 'H NMR (CDCI,, 

300 MHz) 6: 2.25 (br, 2 H, COCH2D), 2.42 (br, 2 H, ArCH2D), 7.20 (d, J= 8 Hz, 2 H, ArH), 

7.80 (d, J = 8 Hz, 2 H, ArH); Mass (CI, mlz): 137 (M++l). Dimmer product, bi-(4- 

acetoylphenyl methyl). 'H NMR (300 MHz, CDC1,) 6: 2.58 (br, 4 H, CH2DCO), 3.00 (s, 4 

H, ArCH,-), 7.20 (d, 4 H, J= 8 Hz, ArH), 7.85 (d, 4 H, J= 8 Hz, ArH); Mass (CI, mlz): 269 

(M++ 1). 

The deuteration effect on aceto- group was due to aceto- group normal D-H exchange 

with D20 in base as was demonstrated by irradiation of acetophenone in similar solution. 

Prolonged photolysis of 20 mg 4-methyl acetophenone in 20 mL 1 : 1 D20-CH,CN (D20 was 

pre-adjusted to pD -8 with NaOD/D20 solution) resulted in all replacement of proton in 

methyl group as indicated by 'H NMR. 

4.3.6 Photolysis of Biphenylacetic Acid Systems 

Photolysis of 4-(4'-Benzoy1)biphenylacetic Acid (157) 

Photolysis followed the general work-up procedure (vide supra) of product studies. 

The biphenylacetic acid 157 (20 mg) dissolved in 80 mL 1 : 1 H20-CH,CN, pH 7.5 (aqueous 

portion) solution in 100 mL quartz tube. The solution was irradiated at 300 nrn, 350 nrn for 

5 minutes with continuous cooling (by a cold finger) and purging by a stream of nitrogen for 

about 10 minutes before irradiation. The lamps were turned on for 10 minutes to make them 

hot and work stable before when short photolysis times was employed. After photolysis, 

the solutions were extracted with CH2C12 (2 x 40 mL) after acidification and washed with 

NaCl saline. After dried with anhydrous MgSO, and removal of solvent by evaporation on 
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a rotovap, crude products were obtained, which were separated by preparative TLC (using 

dichloromethane as developing solvent) to give 4-methyl-(4'- benzoyl) biphenyl 182. 'H 

NMR (CDCl,, 300 MHz) 6: 2.40 (s, 3 H, ArCH,), 7.28 (d, J =  8 Hz, 2 H, ArH), 7.46-7.62 

(m,5H,ArH),7.69(d, J=8Hz,2H,ArH),7.82(d,J=8Hz,2H,ArH),7.88(d, J = 8 H z ,  

2 H, ArH); Mass (CI, d z ) :  273 (M++l). 

The effect of solution pH on the photodecarboxylation of 157 was carried out under 

similar conditions as product studies (above). The pH refers to the aqueous portion. The 

substrate (200 mg) was dissolved in 50.00 mL volumetric flask as stock solution. Stock 

solution (4 mL, -1 6 mg substrate) was dilute in all 80 mL (40 mL CH3CN mixed with 40 mL 

appropriate pH water) and photolyzed with 350 nm. Investigated pH values were 10, 8.0, 

6.0,5.0,4.0,2.0,0.85, and H,= +0.l (-4.4% W/W H2S04), -0.33 (-8.5% W/W H2S04), -0.90 

(-16.5% w/w H2S04). After photolysis, solutions were worked up normally and the product 

was determined by 'H NMR. 

Deuterated product was obtained by photolysis of substrate in deuterated solvent. 

The stock solution (1.2 mL, -5 mg) was diluted in 1 : 1 D,O-CH,CN (D20 was pre-adjusted 

to pD -8 with NaOD/D20 solution) and put in 3 mL quartz cuvette. After irradiation with 

350 nm for 20 minutes, the solution was extracted with dichloromethane (2 x 10 mL) and the 

organic layers were combined and dried with MgSO,. After removal of solvent by 

evaporation on a rotovap, crude products were obtained, which were separated by preparative 

TLC (using CH2C12 as developing solvent) to give pure deuterated product. 'H NMR 

(CDCl,, 300 MHz) 6:  2.40 (br, 2 H, ArCH2D), 7.28 (d, J =  8 Hz, 2 H, ArH), 7.46-7.62 (m, 

5H,ArH),7.69(d,J=8Hz,2H,ArH),7.82(d,J=8Hz,2H,ArH),7.88(d,J=8Hz,2H, 



ArH); Mass (CI, mlz): 274 (M++l). 

Photolysis of 3-(4'-Benzoy1)biphenylacetic Acid (158) 

The biphenylacetic acid 158 (20 mg) dissolved in 80 mL 1: 1 H20-CH,CN, pH 7.5 

(aqueous portion) solution in 100 mL quartz tube. The solution was irradiated at 300 nm 

or 350 nm for 5 minutes with continuous cooling (by a cold finger) and purging by a stream 

of nitrogen for about 10 minutes before irradiation. The lamps were turned on for 10 

minutes to make them hot and work stable before when short photolysis times was 

employed. After photolysis, the solutions were extracted with CH,C12 (2 x 40 mL) after 

acidification and washed with NaCl saline. After dried with anhydrous MgSO, and removal 

of solvent by evaporation on a rotovap, crude products were obtained, which were separated 

by preparative TLC (using dichloromethane as developing solvent) to give 4-methyl-3'- 

benzoyl biphenyl. 'H NMR (CDCI,, 300 MHz) 6: 2.40 (s, 3 H, ArCH,), 7.28 (d, J =  8 Hz, 

2 H, ArH), 7.42-7.61 (m, 6 H, ArH), 7.72 (m, 2 H, ArH), 7.82 (d, J= 8 Hz, 2 H, ArH), 8.08 

(s, 1 H, ArH); Mass (CI, rnlz): 273 (Mf+l). 

The effect of solution pH on the photo decarboxylation of 158 was carried out under 

similar conditions as product studies (above). The pH refers to the aqueous portion. The 

substrate (200 mg) was dissolved in 50.00 mL volumetric flask as stock solution. Stock 

solution of substrate (4 mL, -16 mg) was dilute in all 80 rnL (40 rnL CH,CN mixed with 40 

mL appropriate pH water) and photolyzed with 350 nm. Investigated pH values were 10, 

8.0,6.0,5.0,4.0,2.0,0.85, and H, = + 0.1 (-4.4% W/W H2S04), -0.33 (-8.5% W/W H2S04), 

-0.90 (-1 6.5% w/w H2S04). After photolysis, solutions were worked up normally and the 

product was determined by 'H NMR. 
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Deuterated product was obtained by photolysis of substrate in deuterated solvent. 

The stock solution of substrate (1.2 mL, -5 mg) was diluted in 1 : 1 D20-CH,CN (D20 was 

pre-adjusted to pD -8 with NaOD/D,O solution) and put in 3 mL quartz cuvette. After 

irradiation with 350 nm for 20 minutes, the solution was extracted with dichloromethane (2 

x 10 mL) and the organic layers were combined and dried with MgSO,. After removal of 

solvent by evaporation on a rotovap, crude products were obtained, which were separated by 

preparative TLC (using CH,Cl, as developing solvent) to give pure deuterated product. 'H 

NMR (CDCl,, 300 MHz) 6 2.40 (2 H, br, ArCH,D), 7.28 (d, J=  8 Hz, 2 H, ArH), 7.42-7.61 

(m, 6 H, ArH), 7.70-7.75 (m, 2 H, ArH), 7.82 (d, J = 8 Hz, 2 H, ArH), 8.08 (s, 1 H, ArH); 

MS (CI, mlz): 274 (M++l). 

4.3.7 Benzoylphenethyl Alcohols 

4.3.7.1 UV-Vis Traces of Photolysis ofl-Phenyl-2-(4'-  

Benzoylpheny1)ethanol (1 56) 

The retro-aldol reaction upon excitation of the ethanol derivative could be monitored 

by UV-Vis spectroscopy due to an obvious absorption band of the product of benzaldehyde. 

The stock solution (10 pL, - 23 mM, 34.5 mg in 5.00 mL) of 156 was diluted in 1:l H,O- 

CH,CN, pH 12 (aqueous portion, pre-adjusted with NaOH solution) in 3 mL quartz cuvette. 

The solution was pre-purged with nitrogen for 5 minutes. This solution in cuvette was 

photolyzed with 4 lamps, 300 nrn and a UV-Vis was recorded every 30 seconds photolysis. 

After 9 minutes photolysis, the reaction was completed indicated by the un-change of UV 

absorption spectra. The absorption of a synthesized solution with equal moles of 4-methyl 
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benzophenone and benzaldehyde was recorded. 22.5 p1 stock solution of 4-methyl 

benzophenone (10.0 mg dissolved in 5.00 mL CH3CN, -0.229 x mol), 1.0 pl stock 

solution of benzaldehyde (1 2.2 mg dissolved in 5.00 mL CH3CN, - 0.229 x 1 0-6 mol) were 

used and diluted in 3 mL 1 : 1 H20-CH3CN solvent. 

Deuterated product was obtained by photolysis of the 156 in 1 : 1 D20-CH3CN, pH 

12 (aqueous portion, pre-adjusted with NaOD/D20 solution). Product obtained from this 

basic photolysis of the ethanol derivative was identical to that from photolysis of 4- 

benzoylphenyl acetic acid in deuterated solvent. 

4.3.7.2 Photolysis of 3-Benzoylphenethyl Alcohol (155) 

Photolysis followed the general work-up procedure (vide supra) of product studies. 

The phenethyl alcohol 155 (20 mg) was dissolved in 80 mL 1:1 H20-CH3CN, pH 12 

(aqueous portion, pre-adjusted with NaOH solution) solution in 100 mL quartz tube. The 

solution was irradiated at 300 nm or 350 nm for 15 minutes with continuous cooling (by a 

cold finger) and purging by a stream of nitrogen for about 10 minutes before irradiation. 

After photolysis, the solution was acidified and extracted with CH2CL, (2 x 40 mL). The 

organic layers were combined and dried with anhydrous MgSO,. After removal of solvent 

by evaporation on a rotovap, crude products were obtained, which were separated by 

preparative TLC (using dichloromethane as developing solvent) to give 3-methyl 

benzophenone was the only photo product, identical to commercial authentic material. 'H 

NMR (CDCI,, 300 MHz) 6: 2.40 (s, 3 H, ArCH,), 7.35-7.40 (m, 2 H, ArH), 7.42-7.46 (m, 

2 H, ArH), 7.55-7.60 (m, 3 H, ArH), 7.80 (d, J= 8.3 Hz, 2 H, ArH); MS (EI, mlz): 196 (M'). 
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The effect of pH on photo-induced loss of formaldehy was done by changing the pH 

of aqueous portion making up the photolysis solution. The pH range investigated ranging 

from pH 12, 10 to pH 2.0, 1.0, 4.4% and 8.8% w/w H2S02. Products were isolated and 

identified as that obtained in basic solution. 

Deuterated product was obtained by photolysis of the 155 in 1 :1 D20-CH,CN, pH 

12 (aqueous portion, pre-adjusted with NaOD/D20 solution). Product obtained from this 

basic photolysis of the ethanol derivative was identical to that from photolysis of 3- 

benzoylphenyl acetic acid in deuterated solvent. 

4.3.8 Photodecarboxylation Quantum Yields 

Quantum yields were measured on a comparative method in which ketoprofen was 

used as a secondary reference with a reported quantum yield of 0.75. It was assumed that 

changing solvents system of phosphate buffer saline in reported paper to our 1: 1 H20- 

CH3CN, the decarboxylation yield of ketoprofen remains the same. There were two way 

employed to measure the photodecarboxylation yields. (a) Degassed solutions of the 

substrates and ketoprofen solution with identical molar concentration (-1 0-4 M, assume the 

molar extinction coefficients are similar) in 80 mL 1 : 1 H20-CH3CN, pH 7.5 were photolyzed 

with 300 nrn or 350 nm under same conditions. (b) Substrates solutions in same 

concentration (assume the molar extinction coefficients are similar) were prepared in 3 mL 

quartz cuvettes and photolyzed with 300 nm and 350 nm under same conditions. Photolysis 

times were kept short to keep the low conversion up to 15%. After photolysis, followed the 

same work-up procedure to extract the photolysis products. The yields were obtained by 
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comparison of the photodecarboxylation yield from substrates to that from ketoprofen 

decarboxylation based on 'H NMR spectra. 

4.4 Fluorescence Measurements 

Fluorescence emission spectra (uncorrected) were taken in 3.0 mL quartz cuvettes 

at -1 0-4 M using a Perkin-Elmer MPF 66 spectrophotometer at ambient temperature (22 * 
2 "C; slit width 2 nrn). Samples fro fluorescence measurements were initially deaerated by 

argon purging prior to measurement. However, this had no measurable effect on 

fluorescence emission yields or lifetimes. Subsequently, only bulk solvent was deaerated 

before used to make all dilute samples. Absolute fluorescence quantum yields ( 0 3  were 

measured in neat CH3CN and aqueous CH,CN employing fluorene as secondary standard (0, 

= 0.70 * 0.02). Fluorescence quenching experiments were carried out in whole aqueous 

media, by injecting a known volume (typically 10 - 20 p1) of stock solution of substrates 

dissolved in CH3CN using a micro liter syringe into a 3.0 mL solution of the appropriate 

solution. For fluorescence quantum yield measurements in CH3CN, optical densities at he, 

= 285 nm were matched with the external standard prior to measurement. 

4.5 Triplet sensitization and Quenching Experiments 

The conditions same as employed for products studies were used for the sensitizing 

and quenching experiments on 151 and 152. Acetone was used in place of CH,CN not only 

as a solvent but also as a sensitizer (ET - 78 kcallmol) in the sensitizing experiment. 

Wavelength of 254 nm was chosen for triplet sensitizing due to the triplet sensitizer of 
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acetone's maximum absorption. By Lam-Beer law it was estimated that in 1 : 1 acetonelwater 

system, acetone would absorb 90% of irradiating photons in a 1 .Ox 1 0-3mol/L substrates 

solution. 

Sodium sorbate and trans-piperylene were used as quenchers for quenching 

experiment. Sodium sorbate stock solution 1 .OO M was prepared by dissolving equimolar 

amount NaOH and sorbic acid in volumetric flask. In the case of sodium sorbate, an internal 

standard of fluorene was used for product conversion reference. Compounds 151 or 152 (20 

mg) were dissolved in 80 mL 1: 1 H,O-CH3CN, pH 7.5 solution which contained desired 

concentration of quencher and purged with nitrogen. After photolysis with 350nm for 5 min, 

the photolysis solutions were extracted by 40 mL CH2C1, twice without acidification and 

organic extract were combined and washed with 200 mL water twice. After dried with 

anhydrous MgSO,, 4.00 mL fluorene from a pre-made stock solution (13.85 mg) was added 

to organic and rotovap solvent and pumped solvent free for 'H NMR. Blank extract (product 

extraction without acidification) with internal standard showed 98% recovery of product. 

In the case of trans-piperylene as a quencher, a low range of concentration of quencher, 0 to 

10 mmol/L, was investigated due to its low solubility in 1 : 1 H20-CH,CN. And the quencher 

was added only after the solution was purged with nitrogen for 10 min and photolysis started 

immediately. The addition of quencher after purging can make sure the minimum loss of 

quencher due to its volatility. After photolysis with 350nm for 5 min the solution extracted 

with CH,C12d after acidified and extracts were dried with anhydrous MgSO,. The product 

conversions were all measured by 'H NMR and relative yields were obtained by comparison 

to those of runs of zero quencher concentration. For biphenyl acetic acids systems, 
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quenching experiment were done similar to employed in 151 and 152 quenching 

experiments. Sodium sorbate was used as the quencher and an internal standard of fluorene 

was used for product conversion reference. 20 mg 158 or 157 were dissolved in 80 mL 1 : 1 

H20-CH,CN, pH 7.5 solution which contained desired concentration of quencher and purged 

with nitrogen. After photolysis with 350nrn for 5 min, the photolysis solutions were 

extracted by 40 mL CH2C12 twice without acidification and organic extract were combined 

and washed with 200 mL water twice. After dried with anhydrous MgSO,, 4.00 mL fluorene 

from a pre-made stock solution (13.85 mg) was added to organic and rotovap solvent and 

pumped solvent free for 'H NMR. The product conversions were all measured by 'H NMR 

and relative yields were obtained by comparison to the run of zero quencher concentration. 

4.6 Transient Spectra by Laser Flash Photolysis 

A Spectra-Physics excimer laser (308 nm, -10 ns, < 30 dlpulse)  and Nd:YAG Laser 

(266 nm, Spectra-Physics Quanta-Ray GCR, 10-25 mJIpulse, - 10 ns) were employed for 

excitation in the studies of the transient spectra of intermediates. In order to avoid 

multiphoton processes, the laser pulse energies were adjusted to lower than 20 mJIpulse 

through the use of neutral density filters in the case of the excimer laser or attenuation of 

power fro the YAG laser. The monitor W-Vis beam untilized was a pulsed 150 W or a 75 

W xenon short arc lamp for intermediates with lifetimes up to a few microseconds. The 

monitor lamp and the detection equiment were angled at 90 degree to the laser shot. The 

signal of the transient were amplified by photo-multiplier tube (PMT) and compensated with 

baseline intensities. 
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Sample solutions were prepared with OD - 0.3 in 7 mm x 7 mm quartz flow cell at 

266 or 308 nm. Before applying the laser shots, the solution was first purged with either 

oxygen or nitrogen for a minimum 9 minutes, and conitunously purging throughout the LFP 

experiment. A flow cell was used with and the sample solution was provided continously 

by a pump to supply flesh solution to the laser shots spot. Transient decays were recorded 

as a time resolved collection of hundred points in appropriated time scale at the intermediate 

maximum absorption wavelength. Fittings of the recorded decays were achieved by using 

appropriated computer program, such as Kaleidagraph or FitVic program built in the LFP 

software facility. Operation were all at the room temperature (20 * 2•‹C). 
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