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Abstract
αDiazophydroxyacetophenone (1.165), both a model compound and a synthetic
precursor to other phydroxyphenacyl (pHP) derivatives, has been synthesized and its
photochemistry explored. αDiazophydroxyacetophenone (1.165) itself is a unique structure
for investigating the influence of a substituent effect on the known rearrangement of α
diazoacetophenones which could follow a photoWolff or photoFavorskii rearrangement
pathway. Photochemical and photophysical studies on diazo pHP 1.165 in aqueous
acetonitrile provided insight into the mechanism of nitrogen (N2) release and its
rearrangement

to

the

major

product,

4hydroxyphenylacetic acid

(PAA).

Xray

crystallographic data and 1H NMR spectroscopy of diazo pHP 1.165 reveal that the syn (sZ)
form is the dominant conformation both in the crystalline state and in solution. These
observations are in strong agreement with the reported data for similar αdiazoketones by
Kaplan et al. and also by others. The triplet sensitized photolysis of diazo pHP 1.165 was
unsuccessful with mangiferin (a xanthone derivative) and 4,4'dicarboxylic benzophenone.
However, quenching studies with molecular oxygen reduced the efficiency of the reaction by
50%, revealing the involvement of the triplet excited state in the photodecomposition of
diazo pHP 1.165. The SternVolmer quenching studies with oxygen produced a triplet life
time of 15 ns and a rate of 6.6 × 107 s1 for the photoreaction in aqueous acetonitrile (1:1).
Additional studies in collaboration with Tuscano et al. using timeresolved IR spectroscopy
revealed a ketene intermediate, defining this as a Wolff rearrangement pathway. Photorelease
of N2 from diazo pHP 1.165 was not sensitized with either mangiferin or benzophenone, and
the observed ketene intermediate from timeresolved IR studies, suggesting that the N2
release occurs predominantly through the singlet manifold. However, the role of the
iii

quenchable triplet excited state by oxygen is not clear at this point. Thus, the major pathway
of N2 photorelease from diazo pHP 1.165 is the Wolff rearrangement, whereas the Favorskii
rearrangement might be less likely pathway.
Convenient, high yield, one pot syntheses of other pHP based chromophores were
developed by expanding the αdiazophydroxyacetophenone (1.165) chemistry to include
additional leaving groups and substituents on the hydroxyacetophenone. Strategies were
developed for the synthesis of pHP caged carboxylates, sulfonates, phosphates, phenolates
and amino acids and the “diazo approach” was extended to include the synthesis of ortho and
meta substituted pHP caged diethyl phosphates. The light induced release of diethyl
phosphoric acid and N2 in aqueous acetonitrile was studied. UV/vis spectroscopy studies on
solvent effects, pH effects, substituent effects and the effects of the leaving group were
examined. The effects caused by ortho vs. meta substitution on the pHP chromophore were
altered the quantum yields for release, e.g., ortho methoxy substituted pHP derivatives were
50% higher in quantum yields than meta methoxy derivatives. The neighboring methoxy
group participation in N2 release from the ortho and meta methoxy substituted derivatives 4
(2diazoacetyl)3methoxyphenyl acetate 1.204 and 4(2diazoacetyl)2methoxyphenyl
acetate 1.198a demonstrated neighboring methoxy participation. Ortho methoxy 1.204 led to
cyclization to 6acetoxy3coumaranone along with the rearranged acid, whereas meta
methoxy 1.198a only produced the rearranged acid.
In another study, a series of 8hydroxyquinoline based photoremovable protecting groups
were designed, synthesized, and their photochemistry explored. UV/vis spectroscopic studies,
solvent effects, pH effects, and effects of the leaving group were examined. From these, it
was demonstrated that the photochemistry of 1,5substituted 8hydroxyquinolines is
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dependent on the nature of the leaving group and the presence or absence of oxygen. The
photorelease of diethyl phosphate from 2(8(benzyloxy)quinolin5yl)2oxoethyl diethyl
phosphate (2.44) was observed. However, 8hydroxyquinoline benzoates, i.e., 2(8
hydroxyquinolin5yl)2oxoethyl benzoate 2.37

and 2(8benzyloxy)quinolin5yl)2

oxoethyl benzoate 2.39 instead formed 2(benzoyloxy)acetic acid 2.46 and quinoline5,8
dione 2.47. Singlet oxygen, generated by 8hydroxyl5acetylquinoline photosensitization of
the oxygen present in nondegassed studies, oxidized the caged benzoates. Interestingly, the
photolysis of benzyl protected diethyl 2(8hydroxyquinoline5yl)2oxoethyl phosphate,
2.44, with or without degassing with argon, gave diethyl phosphoric acid as the major
photoproduct. This behavior can be rationalized by the fact that the phosphate group is a
better leaving group and can compete favorably with oxidation by singlet oxygen generated
by 8hydroxyl5acetylquinoline photosensitization. For the benzoate derivatives, the singlet
oxygen reaction with quinoline is more rapid than loss of the poorer leaving group (benzoate).
Furthermore, no reaction occurs in the absence of oxygen. Finally, zinc chelated benzoate
ester 2.40 was found to be photochemically inert.
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Introduction
Protecting groups play a vital role in multiple group transformations in organic
syntheses. 1 They are usually covalently attached to functional groups to suspend the
reactivity of the functional group under given conditions. Upon exposure to appropriate
conditions for their removal at the completion of a reaction, the protecting group can be
removed to restore the original activity of the functionality.1,2 The deprotection normally
requires additional reagents, oftentimes acids or bases, which may be deleterious to
physiological conditions or applications in living tissues. In addition, conventional protecting
groups that have proven to be efficient in the synthesis of organic molecules may not be
released or react fast enough for applications in studies of very rapid biological processes. 3
Accordingly, photoremovable protecting groups (PPG), or phototriggers, have emerged to
address these concerns and the growing needs for initiators or triggers in biological research.
Photoremovable protecting groups are removed very rapidly under physiological conditions,
without applying any deleterious reagents or temperatures, by using light, a “traceless”
reagent.49

4,5,6,7,8,9

Over four decades ago Barltrop et al. 10 were among the first to report a photochemical
deprotection of a biological substrate; glycine (1.3) was released from Nbenzyloxycarbonyl
glycine (1.1) as illustrated in Equation 1.1.

1

Later, Kaplan et al.11 demonstrated that the onitrobenzyl phosphate ester of ATP can
efficiently release ATP 1.8, thus setting a hallmark in the development of novel
photoremovable protecting groups of biological relevance (Equation 1.2). 12,13,14,15

Kaplan was the first to describe photoremovable protecting groups as “caged”
compounds because of their ability to block the bioactivity of substrates by a covalent bond
attachment to the chromophore.1215 Beyond the ability to release the substrate by the action
of light, a cage compound must satisfy several other conditions to be successful in the
biological arena. These criteria were initially proposed by Sheehan3 and Lester,16 and were
further elaborated by several other researchers.49 Among these criteria are hydrophilicity,
reasonably high absorptivity (a), ease of synthesis, fast release of the substrate through a
primary photochemical process, good quantum yields, robustness or at least being benign
with respect to the media, and quantitative separation of caged and uncaged derivatives.
From the extensive studies by several researchers during the 1960s several other
photoremovable protecting groups have emerged such as the onitrobenzyl esters and their
analogs, benzoins, αsubstituted acetophenones, cinnamate esters, coumarin derivatives,
quinolines, etc.49 However, the onitrobenzyl esters and their analogs remain the most
extensively studied and widely used photoremovable protecting groups to date.
2

Barltrop17 and coworkers first used the onitrobenzyl group to release benzoic acid
(1.10) in 17% yield from onitrobenzyl benzoate (1.9).

A secondary photoproduct, azobenzene2,2dicarboxylic acid (1.12) that was produced from
subsequent reaction of nitroso aldehyde 1.11, was also observed. It was later found that the
poor deprotection yield was due to the competition between the cage compound 1.9 and
dicarboxylic acid 1.12 for light absorption. 18 This problem was overcome by using α
substituted nitrobenzyl esters resulting higher yields (7595%) of deprotection as seen in
Equation 1.4.

COOH

O
O

O

h

Ph

+

NO2
1.13

NO
1.10

1.14
Eq. 1.4

After these initial studies, onitrobenzyl and its analogs were extensively used by
other researches to cage amino acids, amino sugars, glycosides, nucleotides and peptides.4,5,9
Another historical landmark of ATP synthesis and photorelease was reported by Trentham
and coworkers19 in the late 1980s, modeled after the pioneering work by Kaplan and co
workers (Scheme 1.1). The synthesis began with onitroacetophenone (1.15) which was
3

converted to the corresponding hydrazone 1.16 with hydrazine, followed by oxidation with
MnO2 providing the aryldiazoethane precursor 1.17 used to alkylate ATP quantitatively in a
CHCl3/H2O biphasic system (Scheme 1.1).
Scheme 1.1 Trentham’s Synthesis of Caged ATP

Reagents and conditions: (a) NH2NH2.H2O, AcOH, EtOH, reflux, 3 h, 95%; (b) MnO2,
CHCl3, rt, 5 min in dark, > 95%; (c) ATP, H2O/CHCl3, rt, 20 h, 80100%.
The photolysis of the caged ATP 1.5 in TES buffer at pH of 7.1 furnished ATP 1.8
with a quantum yield of 0.63. The rate of release of ATP was determined to be dependent on
the relative concentration of Mg2+ in solution and the pH of the medium (Equation 1.5).19

Recently, the onitrobenzyl group and its analogs have been used by several researchers to
cage NAADP and NAD in order to explore the biochemical reactions which involve these
oxidative cofactors.2125 The synthesis of these caged molecules has been achieved through
either the aryldiazoethane precursor 1.17 or substituted analogs. Churchill and coworkers20
generated caged NADP 1.20 using 4,5dimethoxyaryldiazoethane 1.19 as outlined in
Equation 1.6. 21,22,23,24,25
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The 4,5dimethoxyonitrobenzyl caged nicotinic acid adenine dinuclotide phosphate
(DMNPENAADP+, 1.21) was generated by a chemoenzymatic synthesis with ADPribosyl
cyclase and caged NADP+ 1.20 in the presence of excess nicotinic acid. The photolysis of
DMNPENAADP+ 1.21 furnished NAADP+ 1.23 with an efficiency of 0.20, as illustrated in
Equation 1.7.

The reaction mechanism for the substrate release from onitrobenzyl esters proceeds
via an intramolecular redox reaction.4,5,26 Upon irradiation, the chromophore is excited to its
5

excited state followed by intramolecular hydrogen atom abstraction leading to the formation
of an acinitro intermediate 1.24. This acinitro intermediate deprotonates and then cyclizes
to form the isoxazole intermediate 1.25. The isoxazole intermediate forms the hemiacetal
1.26 followed by a collapse of the hemiacetal to release the substrate. The rate determining
step (rds) of the mechanism is the collapse of intermediate 1.26 which is the final step
(Scheme 1.2). Wirz and coworkers have shown that the rds is the decay of the hemiacetal (or
hemiketal) intermediate 1.26 by using laser flash studies with the help of time resolved
infrared spectroscopy (TRIR).26,27
Scheme 1.2 oNitrobenzyl Photorelease Mechanism26

Although the onitrobenzyl group and its analogs have been widely used in diverse
areas of chemistry and biology, they suffer from a number of disadvantages. The major
photoproduct, a nitrosoaldehyde or nitrosoketone, is a highly absorbing chromophore in the
excitation region of the caged substrate. Therefore, lower quantum yields and lower
conversions can be seen for the release process. This is due to the competition between caged
substrate and the nitrosoaldehyde or nitrosoketone for incident radiation. In addition, these
nitroso compounds are highly reactive and toxic. They can react with the nucleophiles in the
surrounding media making the onitrobenzyl protecting group problematic for use in
biochemical reactions because proteins and other nucleophilic substrates can complicate the
analyses.
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The rds of the substrate release of onitrobenzyl esters is the hydrolysis of the
hemiacetal (or hemiketal) intermediate in the ground state19,26,27 which results in rate of
release of ca. < 103 s1. This rate of release is too slow for studying fast biochemical processes
like studies on neurotransmitters at synapses. Another disadvantage is that some o
nitrobenzyl esters are not stable in biological media which can cause premature release of the
substrate. It also has been reported that the acinitro intermediate 1.24 can be trapped by
buffer solutions like acetate that would further delay the release of the substrate.
The onitrobenzyl protecting group is widely used in diverse areas of chemistry and
biology in spite of its major limitations.4,5 However, there is an increased demand for novel
photoprotecting groups with faster release rates and a wider range of excitation wavelengths.
These trends prompted researchers to design and develop other photoremovable protecting
groups.
The photosolvolysis studies of benzyl acetates in 50 % aqueous dioxane by
Zimmerman 28 were an encouragement to others to employ m,m'dimethoxybenzyl as a
photoremovable protecting group in the early 1960s (Equation 1.8)

Generally, photofragmentation reactions of benzyl acetates are singlet excited state processes
and relatively rapid with rate constants of 108 s1. The meta activation of the excited singlet
state of benzyl acetate 1.27 occurs through the approach of the excited and the ground state
energy surfaces funneling the excited state toward heterolysis of the benzylester bond.
7

Homolytic fission and radical derived products could be seen when the electron donating
substituents were located at the para position.
In the 1990s both Zimmerman29,30 and Pincock31,32 extensively studied the nature of
the meta effect to identify whether heterolytic or homolytic cleavage was the primary
photochemical process. According to Pincock’s point of view, the meta substituted
arylmethyl analogs undergo homolysis of the CO ester bond to the substrate followed by a
competition between electron transfer to an ion pair or typical ground state radical reaction
(Scheme 1.3).32
Scheme 1.3 Pincock’s Mechanistic Scheme for Arylmethyl Ester 1.29 Photolysis in
Methanol32
khom
S1
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1.29

khet

kCO2

RCOO

CH2Ar
radical pair

R

decarboxylation

CH2Ar

ket
RCOO +CH2Ar
ion pair

h

CH3OH

O
O

X

h
CH3COOH + CH3OCH2Ar
CH3OH

ion pair derived products

CH3Ar + RCH2Ar
(ArCH2)2 + HOCH2CH2Ar
radical derived products

1.29

For the meta methoxy substituted arylmethyl derivatives, the electron transfer occurs
more rapidly than competing radical processes due to favorable redox properties of the
radical pair. The decarbonylation of the initially generated carboxy radicals from the
carboxylate esters 1.29 such as Cprotected amino acids, peptides, and protein derivatives
can compete with the electron transfer to the ion pair. This process can become destructive
for the released substrate. The productdetermining process for the meta methoxy substituted
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derivative leads mainly to an ion pair or an intermediate arylmethylcarbocation by either of
these mechanisms (Scheme 1.3).32
The coumaryl chromaphore, another arylmethyl derivative that also has a high yield
of fluorescence emission, has become an attractive photoremovable protecting group in
biological studies since its discovery in the early 1980s. In 1983, Givens and coworkers33
reported the release of diethyl phosphoric acid (1.31) from coumarylmethyl diethyl
phosphate 1.30.

A wide variety of nucleophilic reagents (NuH) can react with the coumarylmethyl
cation that is formed during the photolysis reaction. Several investigators have successfully
employed the coumaryl group to cage several other substrates such as alcohols,34 ketones and
aldehydes, 35 cyclic nucleotide monophosphates, 36 diols, 37 neurotransmitters, 38 , 39 and DNA
and RNA. 40 Recently, Hagen and coworkers 41 have shown the photocleavage of several
cAMP and cGMP derivatives occurs within a few nanoseconds. They have modified the
chromophore as illustrated in Equation 1.10 not only to increase the water solubility but also
to extend the effective wavelength range into the visible region. Upon photolysis, coumaryl
derivative 1.32 in aqueous buffer released the corresponding cyclic nucleotides along with
the hydrolyzed chromophore 1.33 as illustrated in Table 1.1. The most redshifted coumaryl
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derivative within the series, 1.32a, was the least water soluble derivative but gave the highest
quantum yield.

Table 1.1 Excitation Wavelengths and Quantum Yields for cAMP and cGMP Coumaryl
Esters
Coumaryl
derivative
1.32a
b
c

Solvent
80:20 HEPESKCl buffer/MeOH
HEPESKCl buffer, pH 7.2
HEPESKCl buffer, pH 7.4

Φdisa

λmax /nm

0.21 (0.25)
0.12 (0.16)
0.10 (0.14)

402
326
346

a

For the disappearance of the cAMP derivative; quantum yields for the disappearance of
cGMP analogs are in parentheses.
Sheehan and Wilson discovered benzoins as a photoremovable protecting group by
doing studies on acetates 1.34ab (Equation 1.11). 42 , 43 They reported that photolysis of
methoxy substituted and unsubstituted benzoin acetates 1.34ab rearranged to the
corresponding phenylbenzofurans 1.35ab along with concomitant release of groups α to the
carbonyl group.
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The quantitative release of phosphates from the unsubstituted benzoin was described by
Givens and coworkers33 in the early 1990s as illustrated in Equation 1.12.

Table 1.2 Quantum Yields for Benzoin Phosphate Esters 1.36ac43,44
Phosphate ester

Solvent

pH

Φdis

Φfuran

Φphosphate

1.36a

C6H6

Nd

0.28

0.26

nd

b

H2O/CH3CN

2

0.37

0.2

0.12

b

H2O/CH3CN

7

nd

0.07

0.013

c

H2O/CH3CN

2

0.38

0.14

0.15

c

H2O/CH3CN

7

nd

0.08

0.01

Except 1.36a as indicated, all the other reactions were run in 60% aqueous acetonitrile.
Phosphate esters were irradiated at 350 nm and monitored with 31P NMR.
The shortlived (3τ = 314 ns) triplet excited state was established for benzoin by
performing quenching studies with triplet quenchers such as naphthalene, piperylene, and
sodium 2naphthylenesulfonate for aqueous studies. The rate of release of phosphates was
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found to be > 108 s1 by SternVolmer quenching studies, and good quantum yield values
were also observed as illustrated in Table 1.2.4446

44,45,46

The higher efficiency for release of phosphate at low pH suggests that the protonated
phosphate is a better leaving group than its conjugate base. The applicability of benzoin
group in biological studies was accomplished by caging cAMP as illustrated in Equation
1.13.44 The quantum yields for the disappearance of 1.38 (Φdis = 0.370.40) and formation of
the exclusive products 1.35a (Φfuran = 0.160.19) and cAMP (ΦcAMP = 0.340.36) were found
to be the same order of magnitude. There was no pH dependence as seen with 1.36.

The benzoin photorelease mechanism was believed to happen through an n,π* singlet
state because of the observation that electron donating groups at meta positions of the benzyl
ring enhanced the efficiency. Sheehan’s proposed mechanism43 would run through a biradical
intermediate followed by ground state oxetane ring formation of 1.39 which would then open
with the help of the electron donating methoxy groups along with concurrent release of the
carboxylate. Rearomatization via loss of a proton would generate the benzofuran 1.40
(Scheme 1.4).
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Scheme 1.4 Sheehan’s Benzoin Photorelease Mechanism43

These benzoin derivatives suffer from a number of disadvantages despite their fast
rate and high quantum yields of release (ca. kr 105 s1, Φapp 0.78, respectively; Trentham et
al.47) making them better candidates for biological studies. However, the photoproducts are
generally not soluble in aqueous media. The benzofuran byproduct 1.35a is a highly
absorbing chromophore which competes with incident light and to highly fluorescent.
Therefore, the benzoin protection group is difficult to use when a fluorescent indicator is
used in the analysis process. The photoproducts can also form photodimers upon further
irradiation, thereby further complicating the photorelease chemistry. An added complication
is the synthetic procedure or required separation of diasteeomers due to the presence of a
chiral center in the chomophore.
The pmethoxyphenacyl group was introduced by Sheehan and Umezawa3 as a
photoremovable protecting group after studying its ability to release several substrates in
ethanol or dioxane (Equation 1.14).
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They proposed a simple homolysis mechanism for the formation of the photoproduct,
pmethoxyacetophenone 1.42 which was a reduction product (Scheme 1.5). It was found that
triplet quenchers like naphthalene or benzophenone completely quenched the reaction
indicating a triplet reaction pathway.
Scheme 1.5 Sheehan and Umezawa’s Homolysis Mechanism3

In a separate study by Epstein and Garrossian,48 diethyl and diphenyl phosphate esters
were released from the corresponding pmethoxyphenacyl phosphates in 1,4dioxane. The
reduced product 1.42 was recovered in high yields (84  91%) along with released phosphates
(Et: 86%; Ph; 74%).
In the early 1990s, the photorelease of phosphate esters from the corresponding p
methoxyphenacyl phosphates 1.43 were extensively studied by Givens and coworkers45
(Equation 1.15). The product distribution in tbutyl alcohol and methanol was dependent on
the nature of the solvent. It was found that the rearranged ester 1.44 was the major product
14

whereas the photoreduction product 1.42 was the minor product in tbutyl alcohol and
methanol. This controversy between results of Epstein et al. and Givens et al. may be due to
the solvent polarity and the ease of hydrogen atom abstraction. tButyl alcohol and methanol
both are much more polar solvents than 1,4dioxane. In addition, 1,4dioxane and methanol
are better hydrogen atom sources compared to tbutyl alcohol. Thus, more radical derived
products are possible from solvents which are good Hatom sources.

Solvent isotope studies were performed on the release of phosphates from the caged
phosphates 1.43 to determine the solvent dependency on the product distribution. These
studies suggested that a ratedetermining hydrogen abstraction occurs in the photoreduction
process which was first proposed by Sheehan as described earlier.
Solvent dependency on product distribution (rearrangement vs. reduction) of α
chloroacetophenones was studied by Dhavale et al. 49 They found that the ratio of
rearrangement to reduction increased with the electron donating power of the substituent for
a given solvent. It was also found that the photolysis of αchloro ketone 1.45 produced more
reduction product 1.46 in methanol, whereas rearranged analogs 1.47 and 1.48 are the major
products in aqueous acetonitrile (Equation 1.16). In methanol the reduction product 1.46 was
the major product, because methanol is a better hydrogen atom donating source than
acetonitrile.
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The authors proposed a mechanism to explain the product distribution as illustrated in
Scheme 1.6. Upon irradiation the initial loss of chloride from 1.45 is by bond homolysis
followed by single electron transfer (SET) to generate an ion pair 1.50.
Scheme 1.6 Suggested Mechanism by Dhavale et al.49
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In polar aprotic solvents, the ion pair 1.50 rearranges to the acid through a Favorskki
like intermediate whereas in hydrogen atom donating solvents Habstraction generates the
reduction product 1.46 from the initial radical pair.
The initial earlier studies by Anderson and Reese50 in the early 1960s opened the door
for the phydroxyphenacyl group to revolutionize the photoremovable protecting group
landscape. The photochemistry of a series of substituted phenacyl chlorides in an alcoholic
solution was reported as depicted in Equation 1.17 and in Table 1.3.
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Table 1.3 Photoproducts Distribution from the Photolysis of Substituted Phenacyl Chloridesa
Aryl substituent,
X

% yield of
rearranged ester

% yield of
reduction product

% yield of other
products

pOH
pOMe
oOH
oOMe
pMe
H
pCO2Me
pCl
oCl
mOMe

32
32

32
4






26
30
3
16
58
53
48
55
45
15

2b
16c
40d
11e
nd
nd
nd
nd
nd
50f

a

IR spectroscopy was used to follow the course of the reaction; the yields were estimated
either by vapor phase chromatography, by isolation, or by derivatization; bpchlorophenol;
c
pchloroanisole; dcoumaran3one; eochloroanisole; f2chloro5methoxy acetophenone; nd
= Not determined.

In their studies on phydroxyphenacyl chloride both the rearranged acid 1.53 through
a Favorskii like rearrangement and the reduction product 1.52 (Equation 1.18) were formed.
It was also reported that electron donating groups at ortho and para positions favor the
rearrangement (Table 1.4). A spirodienedione intermediate 1.54 was proposed by the authors
to explain the major Favorskiilike product formation.
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Eq. 1.18

pHydroxyphenylacetic acid 1.53 was the major product from the oOMe substituted
derivative (Table 1.3, entry 4), whereas substantial amounts of acetophenone and o
chloroanisole were also formed. The authors also found neighboring group participation in 2
hydroxyphenacyl chloride (1.55), which upon irradiation generated 3coumaranone 1.56 as
the major product and phydroxyacetophenone 1.52 as the minor product (Equation 1.19).50

Anderson and Reese’s results and other studies on benzoin derivatives by Sheehan
and by Givens prompted the Givens group to develop the phydroxyphenacyl group (pHP) as
a photoremovable protecting group. In the mid 1990s, they performed a series of studies on
para substituted phenacyl phosphates (Equation 1.20).51,52 It was also found that pamino, p
acetamido, and methyl pcarbamoyl substituted derivatives produced mixtures of products
upon irradiation in TRIS buffer. All released the phosphate leaving group, but few gave the
rearrangement of the chromophore.

18

Among these derivatives the methoxy substituted derivative 1.57d produced only two
products compared to phosphates 1.57ac. Interestingly, the hydroxyl substituted 1.57e gave
only the rearranged acid when photolyzed in aqueous buffer. This rapid and clean reaction
further encouraged them to explore the potential of the pHP chromophore as a
photoremovable protecting group.
Table 1.4 Disappearance and Product Quantum Yields for paraSubstituted Phenacyl
Phosphates 1.57ae in TRIS Buffer at 300 nm
Aryl substituent (X)
1.57a
b
c
d
e

pNH2
pNHCOCH3
pNHOCOCH3
pOMea
pOHb

Φdis

Φrear

Φred

< 0.05
0.38
0.34
0.42
0.38

0.00
0.00
0.00
0.20
0.12

< 0.05
0.11
nd
0.07
0.00

a

Solvent was MeOH and diethyl phosphate was the leaving group; bThe diammonium salt of
the monoester; 10% CH3CN was added to the solvent; dis = disappearance; rear =
rearrangement; red = reduction

The phydroxyphenacyl group has several attractive features suggesting its
development into a successful phototrigger. The hydroxyl group at the para position
enhances the water solubility, making it is a better photoremovable protecting group than the
previous candidates for the study of biological processes. This chromophore eliminates the
stereogenic center problem found with the benzoin derivatives. In addition, the photo
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Favorskii rearranged acid 1.53 does not compete for incident radiation for absorption because
of the significant hypsochromic shift in the rearranged chromophore.
After these initial studies, Givens and Park51,52 suggested its potential applicability for
biological studies by caging ATP (Equation 1.21). The caged ATP 1.58 releases ATP 1.8 and
phydroxyphenylacetic acid with a quantum yield of 0.37 ± 0.01 and a rate of 6.9 ± 1.2 108 s1.
This observed very fast rate constant suggests its potential for the study of rapid biochemical
processes.
NH2
N
O

O
O P O
O
3

HO

HO
1.58

O

N

OH

N
N

h

nm, TRIS buffer

pH 7.3, = 0.37
kr = 6.9 x 108 s1

O

HO
1.53

OH
+ ATP

1.8
Eq. 1.21

Photorelease of biologically important neurotransmitters Lglutamate (Glu) and γ
amino butric acid (GABA)53,54 from pHP caged analogs was also rapid and gave comparable
rate constants to those of caged ATP. In addition, the phydroxyphenacyl group (pHP) was
successfully employed to cage peptides, e.g., AlaAla and bradykinin.53

The phosphorescence emission studies and quenching studies on pHP carboxylate
1.57b, pHPAlaAla 1.59, pHPacetate 1.63, pHPphenylacetate and phosphates 1.56e and p
hydroxyacetophenone 1.52 and 2,4'dihydroxyacetophenone revealed that the photorelease
occurs via a triplet excited state.5,55,56 The phosphorescence emission studies exhibited triplet
20

energies of 68.970.6 kcal/mol and the excited triplets were quenchable by triplet quenchers.
The well known triplet quenchers like 2naphthalenesulfonate and potassium sorbate have
triplet energies that are ca. < 3.0 kcal/mol than that of above mentioned pHP esters. A short
lived triplet excited state (3τ = 5 ns) was identified by performing SternVolmer quenching
studies

on

the

photorelease

of

AlaAla

from pHPAlaAla

using

sodium

2

naphthalnesulfonate as the triplet quencher. The rate of release was found to be krel = 1.82 x
108 s1.
The initial mechanism for the photorelease of the substrate from the pHP group in
aqueous media is illustrated in Scheme 1.7. Upon irradiation, caged pHP 1.60 is excited to its
singlet excited state followed by rapid singlettriplet intersystem crossing (kST = 2.7 x 1011 s1)
to produce the triplet state 31.60. The triplet phenoxide anion 1.61 is formed by a solvent
assisted adiabatic proton transfer from the triplet phenolic group. The triplet phenoxide anion
could be the precursor for the rate determining release of the substrate. The other possibility
is that the concerted proton transfer can couple with concomitant release of the substrate.
Scheme 1.7 Givens’ pHP Photorelease Mechanism
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The putative ground state spirodienedione 1.62 is formed by the decay of the triplet
biradical intermediate produced initially from the loss of the leaving group and the proton.
The hydrolysis of spirodienedione 1.62 then yields phydroxyphenylacetic acid 1.53 as the
major product. Phillips and coworkers5762 performed several studies on pHP phosphates
using timeresolved Raman spectroscopy which confirmed the importance of water in the
mechanism and the triplet nature of the photorelaese process. 57,58,59,60,61,62
Earlier studies on the mechanism of pHP photorelease suggested the direct heterolytic
bond cleavage (pHP substrate) from the triplet phenol, or homolytic cleavage followed by
rapid electron transfer to the putative intermediate 1.62.4,5,55 These earlier versions of the
mechanism did not consider the seminal role of the phenolic group and the role of water
which appears to be necessary for this triplet rearrangement. In some cases, a minor product
which was identified as 2,4'dihydroxyacetophenone is formed (ca. < 10 %) via
photohydrolysis of starting material.
The laser flash studies (LFP) on phydroxyacetophenone 1.52 in aqueous
acetonitrile63 are strongly in agreement with the idea of the substrate release from the triplet
excited state of the pHP chromophore 31.60 which was originally proposed by Givens and
coworkers.4,5,55 According to these studies, the acidity of the substrate is increased from the
ground state to triplet excited state (ca. 60fold).5
Wan and coworkers64 reported a photosolvolitic mechanism for the rearrangement of
pHP acetate in aqueous medium based on results from nanosecond LFP studies. The authors
proposed a much different mechanism than that of Givens and coworkers (Scheme 1.8).
According to the authors, the reaction precedes through a singlet excited state pathway
involving an excited state intramolecular proton transfer (ESIPT) to generate intermediate
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enolate/phenolate 1.65. The intermediate 1.65 either can return to the starting material 1.63
by proton tautomerization or can produce the rearranged acid 1.53 through a ground state
Favorskii rearrangement. Some ambiguity regarding the nature of the electronic state of the
rearranging tautomer was not addressed in the article, suggesting that it might still be an
excited singlet (*).
Scheme 1.8 Corrie and Wan pHP Photorelease Mechanism64

In 2000, Givens and coworkers65 found that meta methoxy pHPGABA and Glu
derivatives 1.67 and 1.68 have longer wavelength ππ* absorption bands than the parent pHP
analogs, but their efficacy to release the substrate was diminished by an order of magnitude
(Equation 1.23 and Table 1.5).
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1.67a R1 = OMe, R2 = H, R3 = CO2H; Glu
1.67b R1, R2 = OMe, R3 = CO2H; Glu
1.68a R1 = OMe, R2 = H, R3 = H; GABA
1.68b R1, R2 = OMe, R3 = H; GABA

Eq. 1.23

The effects of electron withdrawing groups (CONH2 and CO2Me)5 and electron
donating groups (OMe)5,65 on pHP photochemistry for releasing GABA were studied through
comparison of rates determined by quenching experiments and pKa measurements (Table 1.5).
Table 1.5 Substituent Effects on Photorelease of GABA from pHP Esters5
pHP
derivative

Φdisa

ΦGABAa,b

KSV (M1)c

τ3 (ns)c

krel (107 s1)c,d

3CONH2
3CO2Me
H
3OMe
3,52OMe

0.48
0.31
0.22
0.04
0.03

0.38
0.31
0.21
0.04
0.03

106
5.7
38
3.2
343

14.3
0.77
5.1
0.43
46.3

3.4
40
4.3
9.3
0.065

3

pKae

3.75
4.28
5.15
6.14
6.46

a

Quantum efficiencies for pHP ester disappearance and GABA appearance were measured
for 0.01 M aerated (not degassed) aqueous solutions of caged GABA at 300 nm. Error limits
are ± 10%. bGABA appearance. ckdiff = 7.4 x 109 M1s1 (H2O) was used for the rate of
diffusion in the quenching experiments (kq, K+ sorbate quencher) for calculation of τ3 and
KSV = (kq) (τ3). dThe rate constants were calculated by the equation krel = ΦGABA/τ3. eThe 3pKa
was determined from ionization and tautomerization equilibria of the corresponding p
hydroxyacetophenones by LFP.5,56
These results suggested that the substrate release occurs from the phenoxide anion
1.61 on the triplet excited state energy surface via adiabatic ionization of the phenol. It was
found that the phenolic proton acidity was increased by 4fold in the triplet state whereas the
carbonyl group becomes more basic.56 Interestingly, a nice correlation was observed in the
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plot of quantum yield for release of GABA as a function of the 3pKa of substituted pHP
GABA derivatives (Figure 1.1).
Figure 1.1 The Plot of Φdis vs 3pKa
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It is clearly seen from the graph that electron donating groups (OMe) have much less of an
effect due to their lower acidity than that of electron withdrawing groups (CONH2 and
CO2Me).

PhotoFavorskii rearrangement
In 2008, Givens and coworkers further explored the photoFavorskii rearrangement
of pHP diethyl phosphate 1.57e in 10% aqueous acetonitrile using solvent kinetic isotope
effect (SKIE) studies with the help of nanosecond LFP.66 The overall SKIE was found to be
large, kH/kD = 2.17 ± 0.03, and the proton inventory method was used to calculate number of
protons transferred in the excited state in the rate determining step. The curved nature of the
resulted proton inventory plot indicates the involvement of at least two weakly bonded
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protons in the transition state. Phillips and coworkers5762 quantified the importance of water
in the photoFavorskii rearrangement of pHP diethyl phosphate 1.57e in aqueous acetonitrile
by varying the H2O concentrattion. He proposed that both solvent protonation of the triplet
pHP carbonyl and leaving phosphate might be possible. Wan and coworkers64 also showed
the importance of solvent protonation of the pHP carbonyl. Therefore, the triplet transition
state of pHP diethyl phosphate 1.57e may involve the dynamic removal of phenolic hydrogen
by water and at the same time solvent protonation of pHP carbonyl and the leaving phosphate
group (Equation 1.24). This process generates the triplet biradical 1.69 detected through ns
laser flash studies ((λmax = 445, 420, and 330 nm; 3τ ~ 0.6 ns) and diethyl phosphoric acid
1.31. 57,58,59,60,61,62

The triplet biradical 1.69 then must intersystem cross to its singlet and cyclize to form the
putative spirodienedione intermediate 1.62 (Scheme 1.9). As an additional mechanistic
feature, the authors also observed a pquinone methide transient intermediate 1.70 at 1647
cm1 (λmax = 276 nm) by timeresolved IR absorption which they speculated was formed by
decarbonylation of 1.62 (Scheme 1.9). The pquinone methide 1.70 leads to the formation of
benzyl alcohol 1.71, a minor product in pHP photorelease chemistry. The spirodienedione
1.62 is hydrolyzed by water to form phenylacetic acid 1.53 as the major product (Scheme
1.9).
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Scheme 1.9 Revised Mechanism of the photoFavorskii Rearrangement

Attempts to detect the putative Favorskii intermediate 1.62 have failed under all
conditions including stepscan FTIR. No transient signal was observed within the region of
the C=O stretching frequency of the cyclopropanone moiety of the spirodienedione
intermediate 1.62 (266 nm with 4 ns, 5mJ pulses from a Nd/YAG laser).

Table 1.6 Spectral Properties of Cyclopropanones 1.72ad in Methylene Chloride53
cyclopropanone
1.72a
b
c
d

R1

R2

R3

R4

IR (C=O)/cm1

UVvis/ Å

H
CH3
CH3
CH3

H
H
CH3
CH3

H
H
H
CH3

H
H
H
CH3

1813
1822, 1850
1815
1843, 1823

3100, 3300
3300
3400
3400

In accordance with extensive studies on cyclopropanones by Turro, the C=O stretching
frequency of cyclopropanone 1.72 lies in the 1800 cm1 to 1850 cm1 range (Table 1.6).67,68
27

However, DFT calculations predict 1880 cm1 for the C=O stretching of spirodienedione
1.62.66
Recently, Givens and coworkers extensively studied the effect of fluorine
substituents on the pHP photochemistry. 69 A series of ortho and meta fluorinated pHP GABA
derivatives 1.73ah have been utilized to explore the influence of fluoro substituents on the
photoFavorskii rearrangement in water (Equation 1.25). It was found that ortho and meta
fluoro substituted pHP caged derivatives 1.73ah exhibited modest changes in the quantum
yields of release (Φdis = 0.090.28), but maintained rapid release rates (kr = 107108 s1) and
short triplet lifetime of 0.46.0 ns when compared with the parent pHP GABA derivative
1.73ah (Φdis = 0.21, kr = 108 s1). The differences in photochemical and photophysical
properties of these compounds derived from the ground state pKa of the phenolic groups
(Table 1.7).

The most recent studies by Givens and coworkers 70 on meta trifluoromethoxy
substituted caged pHP GABA and pHP Glu derivatives 1.67, 1.68, and 1.76ad revealed a
competing pathway in the photoFavorskii rearrangement (Equation 1.26 and Scheme 1.10).
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Table 1.7 Quantum Yields (Φdis and Φapp), pKa, and λmax for Fluoro pHP GABA Derivatives
in Water69
Fluoro
pHP
λmax/nm (log ε/M1cm1)a
GABA analogs
1.73a
b
c
d
e
f
g
h
1.76b
c

Φdisb

Φappc

pKa

274 (4.00), 335 (2.97)
271 (3.97)
272 (4.09), 328 (3.04)
278 (3.26), 326 (3.92)
331 (4.14)

0.16 ± 0.02
0.28 ± 0.03
0.24 ± 0.02
0.22 ± 0.02
0.11 ± 0.01

0.15 ± 0.01
0.26 ± 0.03
0.22 ± 0.02
0.20 ± 0.02
0.10 ± 0.01

6.5
7.2
5.9
5.7
5.3

274 (4.00)
324 (4.05)
316 (3.95)
274 (4.20), 331 (3.54)
328 (4.11)

0.16 ± 0.02
0.08 ± 0.01
0.11 ± 0.01
0.09 ± 0.01
0.17 ± 0.02

0.15 ± 0.01
0.06 ± 0.01
0.10 ± 0.01
0.07 ± 0.01
0.18 ± 0.02

6.8
4.5
3.9
6.7
5.5

a

Determined in 18 MΩ ultrapure water; bQuantum yields for the disappearance of fluoro pHP
GABA derivatives; cQuantum yields for the appearance of phydroxyphenylacetic acids.

An “energy wasting” or a chemically unproductive triplet pathway, which is the
deprotonation of the phenol group that competes with the rearrangement, has been observed.
The resulting pHP conjugate bases 1.79ac reprotonate to yield the starting esters 1.76ac
(Scheme 1.10).
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Scheme 1.10 Competing PhotoFavorskii and Deprotonation of pHP Esters70
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The rest of the photochemistry is the same as portrayed above in Scheme 1.9. In conclusion,
we can argue that the efficiency of pHP substrate release depends on several factors. The
most important one is the nucleofugacity of the caged substrate and pKa of the phenolic

30

group on the chromophore.70 For example, pHP phosphates have higher quantum yields (ca.
0.300.63) than the pHP carboxylates such as GABA derivatives (ca. 0.040.20).
As an example of the latter, it was found that conjugate bases of meta trifluoromethoxy
substitituted pHP GABA and Glu, 1.76c,d, are much less efficient at pH 9, well above the
pKa’s of the pHP derivatives, where only the conjugate base absorbs. Therefore, substituents
on the pHP ring can alter the pKa of the phydroxy group resulting in changes in the effective
pH range and the wavelength region for photorelease. Other factors that may affect the
partitioning of the pathways include the water content of the solvent, pH, and media effects.
The photochemical and photophysical properties which are altered by substituents on the
pHP chromophore, including effects that influence the partitioning of the dominant triplet
pathways, have to be addressed more thoroughly.
The reviews of chemical and biological applications with other known
photoremovable protecting groups (PPGs) are a useful source of information about this broad
topic.4,5,7, 71 , 72 There is tremendous desire to design and develop better PPGs both from
existing as well as novel PPG chromophores to satisfy more of the demands to meet criteria
that a PPG should possess (e.g., Sheehan3 and Lester’s16 criteria). As far as known PPGs are
concerned, phydroxyphenacyl group (pHP) enjoys several advantages over the other PPGs
including its improved water solubility, relatively high quantum yields, fast release rates,
relative ease of installation, photostability (robustness), and quantitative conversion to
products.
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αDiazocarbonyl compounds
The synthesis of αdiazocarbonyl compounds was first reported by Curtius 73 more
than 125 years ago; even before the discovery of the Wolff rearrangement. In 1883 Curtius
reported the synthesis of an αdiazocarbonyl compound by diazotization of natural αamino
acids; glycine was used to synthesize ethyl diazoacetate.73,74 In 1902, Wolff75 discovered a
specific 1,2 rearrangement of a diazocarbonyl compound, initiated by loss of nitrogen, to a
ketene that may react with nucleophiles (HX) such as water, alcohols, and amines to give
carboxylic acids, or may undergo [2+2] addition with unsaturated systems (a=b) [(Scheme
1.11)].7475, 757776,77
Scheme 1.11 Wolff Rearrangement
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Wolff7577 obtained ethane1,1dicarboxylic acid (1.87) by heating 2diazo3oxo
butyrate (1.85) with water via the ethyl ester (1.86) whereas 1phenylpropan2one (1.90)
was obtained from 2diazo1phenylbutane1,3dione (1.88) under the same reaction
conditions (Scheme 1.12). However, it was not clear how water was incorporated in the
formation of carboxylic acids until the chemistry of ketenes was developed by Staudinger78
and a few years later by also Schröter.79 Schröter demonstrated that diphenylketene (R1, R2 =
Ph) can be obtained by heating 2diazo1,2diphenylethanone.7975,76,77
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Scheme 1.12 Wolff rearrangement; First Examples7577

These results prompted Wolff to publish his results indicating that formation of
carboxylic acids in aqueous media proceeds by way of ketenes, a process that also describes
silverion catalyzed rearrangements of αdiazoketones.80 After this seminal discovery and for
over the next twenty years, the Wolff rearrangement was regarded to have little potential in
synthesis until efficient methods were developed to generate αdiazoketones. In the 1920s,
Arndt and Eistert developed a simple method to generate diazoketones by addition of an acyl
chloride to ether solutions of diazomethane.81,82 After this pioneering work and also work by
Bradley and Robinson, 83 the simpler diazocarbonyl compounds became more readily
available in the late 1930s. Ring contraction by lightinduced Wolff rearrangement became a
hallmark for the generation of strained molecules in the 1940s. 84,85 Thus, photolysis was
found to be an efficient methodology for initiating Wolff rearrangement of αdiazoketones
(acyclic and alicyclic).86 In the 1950s, ketenes derived from Wolff rearrangements were used
extensively in [2+2] cycloaddition reactions.87 In the 1960s, researchers began to study the
mechanism of the Wolff rearrangement more thoroughly and further explored the synthetic
applications of the Wolff rearrangement. Since then, αdiazocarbonyl compounds have
become the subject of many mechanistic studies as well as more widely applied in organic
synthesis including a wide array of insertion reactions.7488,89,90
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Transitions metal catalysts8890 [Cu(acac)2] and Rh(OAc)4), light,91 and Lewis acids92
(BF3.OEt2) have been extensively employed for carbine XH insertion reactions using
diazocarbonyl compounds.74 Generally, polar XH bond insertions, such as the XH bonds in
sulfonic acids and strong carboxylic acids, lead to acceleration in the rate of the reaction
without any catalyst present.

Weak carboxylic acids, water, alcohols, and phenols require

copper (II) or rhodium (II) salts as catalysts. However, there are reported examples where
catalysts were not required to effect the XH insertion. The proposed mechanisms for the
decomposition of diazo ketones 1.91 along with OH insertion are depicted in Scheme 1.13.
The photochemical mechanism for reactions with alcohols proceeds through carbene 1.95
formation followed by addition of R2OH to generate an oxonium ylide 1.96 which then
rearranges by 1,2rearrangement to form the OH insertion product 1.97. On the other hand,
the transition metal catalyzed reaction mechanism proceeds via the electrophilic metal
carbene 1.92 formation followed by the nucleophilic attack by R2OH to form an oxonium
ylide 1.94. The ylide 1.94 then undergoes a 1,2rearrangement by transferring a proton from
oxygen to carbon with regeneration of the catalyst producing the target 1.97.
The Lewis acid catalyzed mechanism starts with coordination of the carbonyl group
to the Lewis acid (e.g., boron trifluoride etherate) followed by the nucleophilic attack on the
diazocarbonyl substrate 1.98 by R2OH which then rearranges to the OH insertion product
1.97 with regeneration of the catalyst. However, the photochemical pathway is the least
productive among those outlined above because αdiazo carbonyl compounds undergo photo
Wolff rearrangement via ketene intermediates to give rearranged products instead of
generating OH insertion products.74
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Scheme 1.13 Mechanisms for OH Insertion of Diazocarbonyl Compounds in the Presence
of Light, Transition Metals, and Lewis Acids74

αDiazophydroxyacetophenone

93

analogs are intriguing model compounds to

explore potential competing pathways of photoWolff rearrangement and photoFavorskii
rearrangement to the identical rearranged acid 1.53. In addition, diazo pHP derivatives can
also have the potential to be used as synthetic precursors for the generation of pHP analogues.
As explained earlier, αdiazocarbonyl compounds 1.100 undergo an array of XH insertion
reactions generating a wide variety of compounds 1.101 where X can be a nitrogen, oxygen,
sulfur, phosphorus, or a halogen atom (Equation 1.27).74
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A similar approach may be employed to produce a wide variety of pHP protected
esters in a onepot synthesis. Previously, during the development of the phydoxyphenacyl
(pHP) group as a photoremovable protecting group in 1996 by Givens and coworkers,51,52 a
number of synthetic routes had been developed for the preparation of various pHP protected
functionalities such as carboxylates, phosphates, sulfonates, phenolates, and amino acids.
Some of the more familiar approaches,46,51,52,94 ,95 particularly those used to access pHP
phosphates, are laborious, time consuming, and result in low yields. For example, simple SN2
displacement of αhaloketones may require either organic or inorganic bases or protecting
groups to complete the reaction. When strong acids and bases are required, the phosphate
functionality may not be compatible with the lprocess. Therefore, a general synthetic
precursor that would allow facile installation of the pHP protection on phosphates under mild
reaction conditions, potentially via a onepot approach, would be greatly desired. It was
rationalized that αdiazophydroxyacetophenone93 may play that role and might serve as a
universal precursor through the known acid catalyzed insertion chemistry of diazoketones
1.102. This relatively simple approach has been used previously to generate ketophosphates
1.103, a process that has been widely used in enzymatic studies (Equation 1.28).9698
N2
O
R

+

O
HO P OR1
OR1

1.102
R = pNO2C6H4O(CH2)2C(O)CH2
R1 = PO42

R
O

O
OR1
P
O
OR1

+

N2

1.103
Eq. 1.28
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PhotoWolff Rearrangement96,97,98
Since its discovery in 1902, the ground state (thermal/catalytic) and the excited state
photoWolff rearrangements have been employed in a variety of areas such as synthetic
chemistry, photolithography, and in drug delivery.

74,75,99,100

The Wolff rearrangement of α

diazo ketones follows either a concerted or stepwise mechanism or both via a ketene
intermediate to a variety of products depending on the nature of the nucleophile (Scheme
1.14).74,101,102
Scheme 1.14 The Wolff Rearrangement Reaction Pathway Followed by Nucleophile
Addition (i.e. alcohol) Generating an Ester. Carbene Trapping Product also Shown

The concerted pathway, which can be envisaged as proceding through an abridged
interemediate similar to that proposed in the photoFavorskii rearrrantement, generates the
ketene 1.104 directly from the starting material 1.91 which is subsequently trapped by a
nucleophile (i.e. alcohol, amines, etc.) to form the ester (or amide) 1.105. On the other hand,
the stepwise mechanism produces the carbene 1.95 by extrusion of nitrogen followed by
rearrangement to the ketene 1.104. The carbene 1.95 can also be trapped by the nucleophile
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to form 1.97. However, these two plausible mechanisms shown in Scheme 1.13 fail to
explain the discrete excited state pathway. 99,100,101,102,103,104,105
The reactivity of diazocarbonyls has been extensively studied both experimentally
and theoretically.99105 Diazocarbonyls are typically planar with regard to the O=CC=N2
group. It was found that αdiazocarbonyl compounds exist as an equilibrium mixture of two
isomers, sZ and sE, because of restricted rotation around the CC single bond (Scheme
1.15). The sZ conformer 1.91 sZ' is sometimes favored due to an interaction between
partially positively charged nitrogen’s attraction to the partially negatively charged oxygen
atom. Another factor which supports this assumption is the partial double bond character of
the CC bond.99,100 If R1 is H, bulky R groups would favor the sZ conformation since the
bulky R group has less interaction with the methine hydrogen whereas sterically bulky R
groups would destabilize the sE conformation due to strong interference with the dizo
group.99105

99,100,101,102,103,104,105

Scheme 1.15 Conformers of the Acyclic αDiazoketones
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If R1 is not H, the equilibrium between sZ and sE can be shifted towards the sE
conformer using sterically bulky R groups. The opposing alignment of dipoles may also
favor the sE conformer. Empirical data have shown that ketene formation is preferred when
the αdiazoketone is in its sZ conformer, whereas trappable carbene formation is dominant
when the diazo ketone is in its sE conformation.
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In 1960s Kaplan and Meloy106,107 reported hindered internal rotation about the carbon
carbon bond in diazoketones using lowtemperature, highresolution 1H NMR spectroscopy.
It was observed that the methine proton appears as two separated signals for aliphatic
diazoketones 1.105ae at lower temperatures in the 40 °C to 50 °C range (Figure 1.2).
Figure 1.2 Aliphatic Diazoketones and pSubstituted Diazoacetophenones

This observation reveals that aliphatic diazoketones 1.105ae exist as an equilibrium
mixture of scis and strans forms in solution (in this case the solvent was CDCl3). However,
parasubstituted diazoacetophenones 1.106a,ef gave only one peak for the methine proton
in 1H NMR even at 40 °C (Figure 1.2). The authors suggested that parasubstituted diazo
derivatives strongly prefer the scis conformation because of stability from crossconjugation.
Later Sorriso et al. 108 , 109 reported that the syn and anti equilibrium of parasubstituted
diazoacetophenones 1.106af is almost entirely shifted to the syn conformer (sZ, > 98%) in
accordance with the dipole moment calculations. The authors did not observe any rapid
interconversion between sZ and sE conformers of parasubstituted diazoacetophenones
1.106af. The Xray crystal structure of 1.106a confirms the sZ conformation for the CO
CHN2 groups.110 Computational calculations both at the semiemperical level (AM1) and the
ab initio level calculations [HF/631G(d)] on the diazoketones 1.106af in the gas phase
prefer the twisted synperiplanar (syn, sZ) rather than antiperiplanar (anti, sE) conformation
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of the COCHN2 group.111,112 The angle between the plane of the benzene ring and the plane
of the COCHN2 group is < 2° for the unsubstituted diazoketone 1.106a in the crystalline state.
However, the computational calculations indicate 1.62.9° distortion for the gas phase
(unsolvated) 1.106a and for other diazo ketones 1.106bc,ef.99,111,112
Scheme 1.16 Key Intermediates in the Wolff Rearrangement113

Extensive mechanistic studies have been performed on αdiazoketones because of
their wide applicability.113 Several key intermediates such as carbenes 1.95, oxirenes 1.107,
and excitedstate species play crucial roles in the proposed mechanism of the Wolff
rearrangement (Scheme 1.16).
Ketene derived products from the Wolff rearrangement have been by far the most
thoroughly studied.114 Carbene99,100 and oxirene115,116 intermediates have been detected both
directly and indirectly with the help of spectroscopic methodologies such as timeresolved
UVvis, timeresolved IR, FTIR and lowtemperature ESR spectroscopy.113 Isotope labeling
experiments provide a wealth of indirect evidence for the formation of an oxirene
intermediate in the course of the reaction.117,118 For example, a diazoketone 1.108 labeled at
the carbonyl carbon rearranges via an oxirene intermediate 1.110 to yield ketenes 1.112 and
1.113 which possess labels at both carbon atoms (Scheme 1.17).
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Scheme 1.17 Indirect Evidences for the Formation of Oxirene Intermediate

Unsymmetrically substituted diazoketones also gave similar results indicating the
involvement of the oxirene intermediate in the Wolff rearrangement. 119 The direct
observation of the dimethyloxirene intermediate and its deuterated analogue was reported by
Bodot and coworkers by lowtemperature FTIR methods.120 Recently, Platz and coworkers
reported the direct observation of the oxirene intermediate in their ultrafast carbenecarbene
isomerization studies by fs UVvis transient absorption spectroscopy. 121 Previous studies
have shown that the Wolff rearrangement occurs in the singlet rather than triplet
manifold.113,122 Nonetheless, triplet sensitized photolysis of diazoketone 1.114 gave carbene
adducts 1.116, indicating that either the diazo precursor or the carbene is involved in the
rearrangement (Scheme 1.18).
Scheme 1.18 Carbene Adduct Formation in the Triplet Sensitized Photolysis122
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The extensive study on the photochemistry of methyl diazoacetate 1.117, including
direct and triplet sensitized photolysis along with quenching studies, by Tomioka and co
workers 123 , 124 gave further insight into the multiplicity of species involved in the Wolff
rearrangement (Scheme 1.19).
Shcheme 1.19 Photochemistry of Methyl Diazoacetate 1.117 in Neat Alcohol123

The direct photolysis of methyl diazoacetate 1.117 generates the singlet excited
diazoacetate 11.117 which can follow three different pathways; it either can undergo Wolff
rearrangement concurrent with nitrogen extrusion to yield ketene 1.119 or can intersystem
cross to produce triplet excited diazoacetate 31.117 or can lose nitrogen to give the singlet
carbene 11.118. The ketene 1.119 and singlet carbene 11.118 can be trapped by alcohol (ROH)
yielding the Wolff rearranged product 1.121 and an alcohol addition product 1.122,
respectively. Methyl acetate (1.120), a reduction product, has also been observed which is
clearly derived from triplet excited species 31.117 and 31.118.
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Authors further demonstrated that triplet sensitized photolysis with benzophenone
enhanced the yield of the reduction product 1.120, whereas quenching studies with
piperylene diminished the yield of the reduction product 1.120. Nonetheless, the alcohol
insertion product 1.122 has been observed with the triplet sensitized photolysis indicating an
interconversion between the triplet carbene 31.118 and the singlet carbene 11.118. Previous
studies by Hutton and Roth125 showed that the triplet carbene 31.118 is the ground state of the
carbene derived from methyl diazoacetate 1.117 by lowtemperature ESR spectroscopy.
Therefore, Tomioka and coworkers’ results clearly indicate that the more reactive singlet
excited carbene 11.118 is close in energy with the triplet carbene 31.118. In the case of triplet
sensitized photolysis of methyl diazoacetate 1.117, any singlet carbene 11.118 formed should
react faster with alcohol to produce an insertion product than the Wolff rearrangement to
produce ketene 1.119, because triplet sensitized photolysis suppressed the formation of the
ketene 1.119.
In the 1960s Kaplan and coworkers106,107 demonstrated that the conformation of the
diazo precursor plays a crucial role in the Wolff rearrangement. They found that aliphatic
diazocarbonyl compounds exist as an equilibrium mixture of syn and anti form, whereas aryl
diazocarbonyl compounds exist predominantly in the syn conformation. The facile concerted
rearrangement is possible from the syn conformation, but less likely from the anti
conformation (Scheme 1.20).
They also found that the syn conformation locked doazocarbonyl compound 1.123
produces almost exclusively Wolff rearranged product 1.124, whereas the anti conformation
preferred diazocarbonyl compound 1.125 does not generate the ketene. Instead, carbene
derived products were observed; mainly carbene adducts 1.126 and 1.127 (Scheme 1.20).
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Scheme 1.20 Kaplan’s Initial Studies on Diazocarbonyl Compounds
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Later, Tomioka and coworkers124 expanded on Kaplan’s initial work using a series of
diazoketones including aryldiazoketones. They found that aryl diazoketones which
predominantly exist in the syn conformation lead to Wolff rearrangementderived products in
methanol. Nonetheless, triplet sensitized photolysis generates a significant decrease of Wolff
rearrangementderived products and produces carbenederived products. These results are in
strong agreement with Kaplan’s hypothesis106,107 which states that diazocarbonyl
conformation is preserved in the singlet excited state and the Wolff rearrangement occurs in
concerted manner with nitrogen loss from the syn conformer.
Recently, Platz and coworkers 126 reexamined the Kaplan’s hypothesis on aryl
diazocarbonyl compounds using diazo Meldrum’s acid which predominantly exists in the syn
conformation with ps timeresolved transient IR absorption spectroscopy (with 300 fs time
resolution). In contrast to Kaplan’s hypothesis, the authors found that both concerted and
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stepwise mechanisms contribute to the Wolff rearrangement process. They have observed a
singlet carbene species with a lifetime of 2.3 ps using UVvis transient spectroscopy which is
in agreement with the TDDFT calculations.126,126,127, 128,129,
The pioneering work on αdiazoketones performed by Platz and coworkers to
determine how the photoWolff rearrangement differs from that of the thermal Wolff
rearrangement.101,126129 Furthermore, in contrast to Kaplan’s original hypothesis, the authors
argue based on extensive spectroscopic and computational studies that both concerted and
stepwise mechanisms contribute to the Wolff rearrangement in αdiazoketones. Their studies
on pbiphenyl diazoketone and ester (R = CH3) 1.128 discovered three plausible pathways to
the ketene 1.131 intermediate in the excited state (Scheme 1.21).
Scheme 1.21 Plausible Mechanistic Pathways for the Conversion of Diazoketone to
Ketene101,127
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Upon irradiation pbiphenylyl diazo ketone 1.128 is excited into its excited (singlet)
state 1.129. At that point, the singlet excited diazoketone 1.129 can either follow the
concerted pathway, thereby losing molecular nitrogen and forming an excited state ketene
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1.130, or expel molecular nitrogen forming a hot (vibrationally excited) carbene 1.132. The
vibrationally hot carbene 1.132 then either rearranges to the excited ketene 1.130 or it relaxes
to a lower energy carbene 1.133. The relaxed carbene 1.133 may intersystem cross (ISC) to a
triplet carbene 1.134. The species 1.130 and 1.133 eventually rearrange to a ground state
ketene 1.131. Under a given set of conditions, a diazocarbonyl compound may take one or
more of these different pathways to the ground state ketene 1.131.
Platz and coworkers further studied the diazo analog 1.128 using femtosecond UV
vis and timeresolved IR studies to determine the optimal pathway of ketene formation by
calculating the reaction rates for each step (Scheme 1.22).
Scheme 1.22 Reaction Kinetics for Each Transition127
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According to their findings, the singlet diazo excited state 1.129 decays either to the
rearranged ketene 1.130 or to the vibrationally hot carbene in less than 1 ps. The hot carbene
1.132 then undergoes a Wolff rearrangement in 510 ps to form either the relaxed carbene
1.133 or the excited state ketene 1.130. The relaxed carbene then undergoes the
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rearrangement to form the ketene 1.131 in 700 ps, making it to the rate determining step in
the photoWolff rearrangement. The data were inconclusive with respect to delineating the
pathway from 1.132 to 1.130. By excluding this step, the formation of the ground state
ketene can follow two pathways (Scheme 1.22).
The photolysis of the anti (sE) conformer of 1.128 released molecular nitrogen first;
hot carbene relaxation was followed by rearrangement to the ground state ketene, whereas
the syn (sZ) conformer of 1.128 followed the rapid formation of a hot ketene by a concerted
pathway.
Further research in the Platz lab suggested an ultrafast carbenecrbene isomerization
via an oxirene intermediate, even at 77 K, when two isomeric αdiazoketones were
photolyzed. The two isomers gave the same ketene upon both direct and triplet sensitized
photolysis according to ultrafast LFP (Scheme 1.23).101,121 Ultrafast laser flash photolysis of
1.135 and 1.136 excited into their corresponding singlet excited states 1.137 and 1.138. The
singlet excited state diazo analog 1.138 decays into carbene 1.141 which is unstable due to
excess vibrational energy. Therefore, 1.138 isomerizes into a more stable carbene 1.140 due
to carbene delocalization onto the aromatic ring; 1.140 is also formed from the excited
species of the other isomer, 1.137. Alternatively, the excited species 1.138 can decay to the
more stable carbene 1.140 bypassing the vibrationally hot unstable carbene 1.141. Both
carbenes eventually relax into the ground state ketene 1.139. The migration of oxygen and
loss of molecular nitrogen by a concerted pathway produce the relaxed ketene 1.139
bypassing formation of carbenes 1.140 and 1.141. The formation of an oxirene intermediate
was supported by TDDFT studies.
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Scheme 1.23 Three Possible Pathways to the Ketene 1.139101,121
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Confirmation of the transient absorption assignable to oxirene intermediate 1.142
failed due to overlap of the absorption with that of the carbene (at 380 nm). The oxirene
intermediate either may be an unstable transition state or a shortlived intermediate with
negligible detectability.The activation barrier for the carbenecarbene isomerization was
found to be 0.70 kcal/mol by gas phase studies (DFT calculations) on two carbens 1.140 and
1.141 (Equation 1.29).
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According to the Gibbs free energy calculations, the anti (sE) conformer is the more stable,
resulting in the stepwise mechanism being favored over the concerted mechanism, whereas
the syn (sZ) conformer favors the concerted over the stepwise mechanism.
Stabilities of carbene singlet and triplet states
The ketocarbenes favor the singlet ground state due to an electronic effect.101,102
Extensive theoretical studies have been performed on carbonylsubstituted carbenes in both
singlet and triplet states. A carbene ground state can exist as either a singlet or triplet state as
illustrated in Figure 1.3.
Figure 1.3 Orbital Overlap between Carbene and Carbonyl π System101

In the ground state the carbonyl group of the singlet carbene lies nearly orthogonal to the
plane defined by the carbene carbon atom and its two substituents (the two atoms bonded to
the carbene).101,130,131 This arrangement allows better interaction between the π* system of
the carbonyl and the filled hybrid orbital of the carbene which is coming out of the plane of
the page. As a result, enolate anion type stabilization is accomplished by the singlet carbene
(Figure 1.4). In addition, the inplane oxygen lone pair of the carbonyl group can be donated
to the empty p orbital of the singlet carbene because of its orthogonal orientation.
Figure 1.4 Stabilization in the Singlet Carbene126
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On the other hand, in triplet carbonyl carbenes one unpaired electron is orthogonal to
the carbonyl while the other electron is nearly in the same plane as the carbonyl (Figure 1.3).
The overlap between the π system of the carbonyl with the carbene orbital occupied by only
one of the carbene unpaired electrons is still possible in the triplet state. In addition, there is a
destabilizing effect from the carbene electron which is in the same plane as carbonyl. Thus,
ketocarbenes generally favor a singlet state.
Ketene trapping by diethylamine
The kinetics of ketene trapping experiments has been extensively studied by Wagner
and coworkers132 on a variety of αdiazoacetophenones. Some of the ketenes which have
been used in Wagner’s studies and their characteristic IR frequencies are depicted in
Equation 1.30and Table 1.8.

Table 1.8 Stretching Frequencies of Ketene Intermediates in Acetonitrile Reported by
Wagner132
Ketene

R1

R2

ν/cm1

1.144a
b
c

Ph
pMeOPh
pCNPh

H
H
H

2118
2115
2120

d
e
f

pNO2Ph
Ph
Ph(CO)

H
Ph
Ph

2122
2100
2119
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The authors132 studied the decay of the ketene as a function of diethylamine
concentration to determine the order of the ketene quenching process. It was found that
lifetimes of all ketenes (> 500 ms) were shortened upon addition of diethylamine, and the
decay of ketenes followed firstorder kinetics. In the case of phenyl ketene 1.144a, the
secondorder rate constant was found to be 4.8 × 108 M1 s1 from the plot of the observed
pseudo firstorder decay rate constants vs diethylamine concentrations. The photolysis of the
αdiazoacetophenone 1.143a in CH3CN in the presence of diethylamine produced a transient
species at 1680 cm1 which grows with a kinetic order identical to the decay of the phenyl
ketene 1.144a intermediate (band at 2116 cm1). The plot of the observed pseudo firstorder
rate constant of the growth of this transient species vs. diethylamine concentration gave a
second order rate constant of 4.5 × 108 M1 s1. The identical rate constants reveal that this
new transient species is the first intermediate from the reaction between phenyl ketene and
diethylamine. This unstable new species decays to a more stable species and the formation of
the new transient appeared at 1640 cm1. The species which decays at 1680 cm1 and the new
species at 1640 cm1 gave identical kinetics. The second order rate constants were calculated
for decay of the species at 1680 cm1 and the growth of the species at 1640 cm1 using plots of
the observed firstorder decay or growth rate constants vs diethylamine concentration. The
values were 2.1× 107 M1 s1 for the first unstable species at 1680 cm1 and 2.0× 107 M1 s1 for
the second stable species at 1640 cm1. The stable species was identified as N,N
diethylphenylacetamide [1.147a (Scheme 1.24)].
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Scheme 1.24 Wagner Mechanism for the Decay of Phenyl Ketene 1.144a with
Diethylamine132

The first unstable species was assigned to a zwitterionic ylide 1.145a which results
from attack of the amine at Cα position of the ketene. These kinds of species were described
previously using timeresolved UVvis spectroscopy 133 , 134 and IR in matrixisolation
studies135,136 of this reaction with the corresponding bands assigned in the 1650 – 1730 cm1
region. In addition, C=C stretching frequencies of amide enols (for example ketene O,N
acetals137) in the IR spectrum also should appear in the 16401680 cm1 region. 138 According
to these observations the transient species at 1680 cm1 can be either the zwitterionic ylide
1.145a or the amide enol 1.146a. Therefore, the first observable intermediate, the amide enol
1.146a, can be generated via either a fourmemberedring transition state or a short lived
zwitterionic intermediate (Scheme 1.24). Bimolecular rate constants were measured for
ketenes 1.144af with diethylamine in acetonitrile, and the results are depicted in Table 1.9.
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Table 1.9 Observed Rate Constants for Quenching Kinetics of Ketenes 1.144af with
Diethylamine132
Ketene

R1

R2

ν/cm1

kq / 107 M1 s1

1.144a
b
c

Ph
pMeOPh
pCNPh

H
H
H

2118
2115
2120

48
33
95

b
e
f

pNO2Ph
Ph
Ph(CO)

H
Ph
Ph

2122
2100
2119

95
1.2
2.1

In the early 1990s, a very similar reactivity pattern for amine addition reactions to
diphenyl ketene and ketenes derived from diazonaphthoquinones was reported by Andraos
and Kresge139,140 using LFP studies in aqueous solutions. The recorded rate constant values in
their mechanistic studies were two orders of magnitude lower (ca. 105 M1 s1) than those
observed in Wagner’s studies. Similar behavior was also reported by McClelland et al.141 in
the reactions of amines with diarylmethyl cations. The authors have found two orders of
magnitude lower reactivity in water than in acetonitrile for the second order rate constants for
quenching of diarylmethyl cations by npropylamine. The explanation for this behavior was
that an equilibrium desolvation must precede the quenching reaction because of unreactive
hydrated amine complex, RNH2.H2O, in the mechanism.
Effects of solvents on carbene formation
The solvent effects on αdiazoketones 1.128 and αdiazoesters 1.148 have been
studied in a variety of polar and nonpolar solvents such as cyclohexane, acetonitrile, and
methanol.101 It was found that in cyclohexane the triplet carbene is the favored ground state
carbene and only the stepwise mechanism occurred because, if the concerted mechanism
occurs, the ester product 1.151 would have been formed (Scheme 1.25). The triplet state was
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confirmed by oxygen quenching experiments. The major product 1.149 was the triplet
carbene derived product. Cyclohexane also acts as a triplet carbene trapping agent. However,
the diazoketone 1.128 follows the Wolff rearrangement via the singlet carbene intermediate
in cyclohenxane producing ester 1.152 as the major product.
Scheme 1.25 Cyclohexane Solvent Effect on Diazo Ester and Ketone101
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In acetonitrile the lifetime of the carbene does not change under oxygen saturated
conditions or argon saturated conditions, confirming the singlet state reaction. The diazoester
1.148 forms the solvent ylide 1.153 without generating a triplet carbene (Scheme 1.26).
Scheme 1.26 Acetonitrile Solvent Effects on Diazo Ester and Ketone101
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However, diazoketone 1.128 in acetonitrile follows the Wolff rearrangement generating the
ketene intermediate 1.139.
Solvent effects on diazoketones 1.154 and 1.159 were determined in methanol using
ultrafast LFP. Even in methanol, an excellent singlet carbene trapping agent, the Wolff
rearrangement product was not able to be suppressed. According to the product distribution
of the methanol trapped product 1.157 and the Wolff rearrangement product 1.158, the
diazoester 1.154 follows the stepwise mechanism via the singlet excited state (Scheme 1.27).
Scheme 1.27 Methanol Solvent Effects on Diazo Ester and Ketone101

The resonance stability of the ester carbene has a longer lifetime, thereby making the
carbene insertion faster than the photoWolff rearrangement. On the other hand, the Wolff
rearrangement is thought to be a slightly faster process than reaction with the solvent
(methanol) with diazoketone 1.159 generating ketene 1.161 as the major product and the
carbene insertion product 1.160 as the minor product.
From these solvent studies two conclusions were gained. The photoWolff
rearrangement is faster for diazoketones in nonpolar solvents than polar solvents because
singlet carbenes are more polar than the transition state of the Wolff rearrangement. The
second factor is that photoWolff rearrangement is slower for ester carbenes than keto
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carbenes due to a loss of resonance energy in ester carbenes upon rearrangement. Therefore,
it is possible to predict the effect that solvent and the type of diazo carbonyl has on which
mechanistic pathway of a photoexcited diazo compound would take from these solvent
studies on diazoketone 1.128 and diazoester 1.154.
Through the years αdiazocarbonyl compounds have found wide applications in
diverse areas of research and technology including longstanding use in organic
synthesis,74, 142 recent use in surface science, 143 and in the lithographic production of
integrated circuits used by the computer industry.144 It is well known that αdiazocarbonyl
compounds undergo an array of insertion reactions generating a wide variety of
compounds.74 Epstein and Garrossian48 demonstrated that αdiazopmethoxyacetophenone
can be successfully employed to cage diethyl phosphoric acid in high yields. This result
sparked interest into whether or not the same type of chemistry could be observed in αdiazo
phydroxyacetophenone (diazo pHP) and in the synthesis of other pHP derivatives such as
phosphates, carboxylates, sulfonates, and phenolates. Thus, synthetic methodologies have
been designed and developed to generate cage pHP derivatives from diazo pHP. In addition,
αdiazophydroxyacetophenone is itself a wellsuited model compound to study the photo
Favorskii rearrangement, although it is known that the chemistry of αdiazocarbonyl
compounds is closely associated with the Wolff rearrangement.99,100,101,102 This mechanistic
dilemma prompted us to explore the mechanism of nitrogen release from the diazo pHP to
provide insight into the actual mechanism. Timeresolved IR spectroscopic studies,
sensitization, and quenching studies have provided quantitative mechanistic information on
this reaction. The effects of methoxy substituents on the pHP photochemistry to release
phosphates have also been determined.
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Statement of Problem
Over the past three decades photoremovable protecting groups have been applied in
biology and related areas to study biochemical reactions; some studies were even conducted
in living tissue. It is well understood that several of these biochemical reactions are driven by
the released energy stored in the phosphate bonds of biologically active substrates such as
ATP and GTP. These biochemical processes, some of which are very fast, can be studied by
using photoremovable protecting groups, known as caged compounds, to temporally and
spatially control the release of substrates (e.g., phosphates). Thus, there is a growing trend to
apply this fascinating chemistry to other biological important phosphates such as cAMP,
inositol phosphates, adenophostin, afuranophostin, and ribophostin which play crucial roles
in rapid biochemical reactions. pHydroxyphenacyl (pHP) is an emerging photoremovable
protecting group with the potential to be applied to these challenging derivatives mainly due
to its properties of good water solubility, its clean photochemistry, and its rapid release of
substrates. The current synthetic approaches to generate pHP caged phosphates are generally
laborious and limited. If one were able to develop a universal synthetic route to cage these
substrates with pHP, especially by a one step reaction, a whole new arena of pHP chemistry
would be available to researchers who explore biochemical processes. A universal synthetic
precursor could be αdiazophydroxyacetophenone, based on the well documented use of α
diazoketones in successful reactions for alkylation in synthetic organic chemistry. Therefore,
a feasible synthetic protocol for the synthesis and esterification chemistry of αdiazop
hydroxyacetophenone is targeted. This approach was also envisaged for the synthesis of
other pHP esters such as carboxylates, sulfonates, and amino acids and phenolate ethers.
Interestingly, αdiazophydroxyacetophenone serves as a model for the mechanistically
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challenging study of the photoFavorskii rearrangement. αDiazoketones follow a photo
Wolff

rearrangement

pathway

upon

irradiation.

Photolysis

of

αdiazop

hydroxyacetophenone could follow either the Wolff or the photoFavorskii pathways or both.
This dilemma prompted us to study the mechanism of nitrogen release from αdiazop
hydroxyacetophenone providing insight into the actual mechanism.
Using this new synthetic entry to pHP derivatives, the effect of ortho substituents on
the pHP chromophore will be explored. It is worthwhile to study the effects of methoxy and
acetyl groups on the pHP chromphore with regard to releasing phosphates, and these
derivatives may be accessible through the onepot synthesis outlined above with substituted
αdiazophydroxyacetophenones. These studies may provide not only better chromophores
but also additional probes for the controversial photoFavorskii/Wolff dichotomy.
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Results and Discussion
A. Synthetic Methodologies
Synthesis of the pHP protected diphenylphosphate via the POH insertion in phosphoric
acids.
The proposed synthetic approach to pHP protected phosphates is depicted in Scheme
1.28. The phydroxyphenacyl diphenyl phosphate triester can be generated by reacting a OH
protected or unprotected diazoketone 1.165 with biphenyl phosphoric acid145 Diazoketones
1.164 could, in turn, be obtained via reacting with diazomethane of the corresponding acid
chlorides of pacetoxybenzoic acid or pbenzyloxybenzoic acid 1.162.145
Scheme 1.28 Proposed Synthetic Route to the pHP Diphenylphosphate via Protected or
Unprotected Diazo pHP
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Synthesis of phosphate esters via αdiazophydroxyacetophenone.
The correct choice of a protecting group for the phenol was key to the success in this
synthesis. The deprotection of the phenol group could potentially be performed either after
generation of the caged phosphate ester 1.166 or prior to reacting diphenylphosphoric acid
with the diazo pHP 1.165. It was found that the standard conditions used for removal of
benzyl protection were incompatible with the phosphate or diazo functionality. The acetate
protection was found to be the best suited approach because it could be efficiently cleaved
under mild conditions (NH4OAc in aqueous methanol) without disturbing either the diazo or
diethyl phosphate functionalities.

pAcetoxybenzoic acid (1.162a), a readily available

starting material, was used to generate αdiazophydroxyacetophenone (1.165), as illustrated
in Scheme 1.29.
Scheme 1.29 Synthesis of αDiazopHydroxyacetophenone (1.165)

Reagents and conditions: (a) SOCl2, reflux, 8 h, 99%; (b) CH2N2, Et2O,  5 °C – rt, 54%; (c)
NH4OAc, H2O/ MeOH, (1:4), 50 °C, 8 h, 98%.
Treatment of the pacetoxybenzoic acid 1.162a with SOCl2 at reflux produced the
acid chloride 1.163a, which was then reacted with excess diazomethane to give pacetoxyα
diazoacetophenone (1.164a) in moderate yield. The deprotection of 1.164 proceeded
uneventfully to produce diazo pHP 1.165, which was used in the subsequent syntheses of
phosphate esters 1.167 and 1.168. (Equation 1.30) Thus, the synthesis of 4acetoxyphenacyl
diphenyl phosphate was achieved by reacting pacetoxyαdiazoacetophenone (1.164a) with
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diphenyl phosphoric acid in dry benzene. However, the removal of the acetate protecting
group from 1.166 was unsuccessful with either NH4OAc or NaHCO3/Na2CO3 without
disturbing the diphenyl phosphate group. Therefore, the same synthesis was performed with
1.165 to generate 2(4hydroxyphenyl)2oxoethyl diphenyl phosphate (1.167) to avoid
difficulties of removing the acetate protecting group without affecting diphenyl phosphate
group. The applicability of this method was further explored by synthesizing 2(4
hydroxyphenyl)2oxoethyl diethyl phosphate (1.168) following the same procedure
(Equation 1.31).

Reaction of diazo pHP 1.165 with diphenyl phosphate proceeded smoothly at room
temperature, while that with diethyl phosphate required heating at 60 °C overnight to achieve
complete conversion. The reason for the decreased reactivity may be the higher pKa value of
diethyl phosphoric acid (ca. 1.42 ± 0.50) as compared to diphenyl phosphoric acid (ca. 1.12 ±
0.50).146
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Synthesis of carboxylate and sulfonate esters using αdiazophydroxyacetophenone
The same protocol was applied to the synthesis of the pHP caged carboxylates
(benzoate and acetate) and sulfonates (mesylate and tosylate) 1.1691.174 (Scheme 1.30).
The rate of the acid catalyzed decomposition of αdiazoketones increased with decreasing
pKa of the acids.74 To suppress the unwanted decomposition of the starting material, the
reactions were carried out at 0 °C with the strong acids such as methanesulfonic acid, triflic
acid, ptoluenesulfonic acid, and trifluoroacetic acid.147,148
Scheme 1.30 Synthesis of the pHP Caged Carboxylates and Sulfonates

Reagents and conditions: (a) PhCOOH, benzene, 70 °C, 42 h, 97%; (b) CH3COOH,
H2O/CH3CN, 1:1, 16 h, rt, 98%; (c) CF3COOH, benzene, 0 °C  rt, 1 h, 94%; (d) p
TsOH.H2O, CH3CN, 0 °C – rt, 1 h, 71%; (e) CF3SO3H, benzene, 0 °C – rt, 30 min, 91%
(crude); (f) MsOH, benzene, 0 0C – rt, 1.5 h, 98%.
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Synthesis of the pHP caged amino acids via αdiazophydroxyacetophenone
The synthesis of pHP caged amino acids, such as 4hydroxyphenacyl GABA and D
glutamate, required the use of copper (II) acetylacetonate catalyst to achieve good product
yields, increasing from 510% in its absence to 7580% in the presence of Cu (II) (Equation
1.32). The water soluble copper salts could be easily removed during post reaction aqueous
work up. The Bocprotected amino functionality was subsequently treated with TFA to
obtain the pHP GABA or DGlu derivative as its trifluoroacetate salt.

Reagents and conditions: (a) BocGABA, cat. Cu(acac)2, toluene, 60 °C, 2 h followed by
TFA/CH2Cl2, 1:1, 15 min, rt, 75% overall yield of 1.175a; (a) BocDGlu(OtBu)OH, cat.
Cu(acac)2, toluene, 60 °C, 2 h, followed by TFA/CH2Cl2, 1:1, 15 min, rt, 71% overall yield
of 1.175b.
Synthesis of the pHP caged phenolates via αdiazopacetoxyacetophenone
The acidity of phenols under ambient conditions was insufficient for nitrogen
extrusion from αdiazopacetoxyacetophenone (1.164a). Accordingly, rhodium tetraacetate
[(Rh(OAc)4] or copper(II) acetylacetonate [Cu(acac)2] catalyst was employed to generate
caged phenolates. Deprotection of crude caged phenolates 1.176a and 1.176b was
accomplished quantitatively with NH4OAc in aqueous methanol to generate the desired pHP
phenolates 1.177a and 1.177b in 56 – 68% overall yields (Scheme 1.31).
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Scheme 1.31 Synthesis of 4Hydroxyphenacyl Phenolates

Reagents and conditions: (a) pHOPhOMe/CF3, 50 °C, 8 h; (b) NH4OAc, H2O/ MeOH,
(1:4), 50 °C, 8 h, 5668% overall yield.
Synthesis of the pHP caged biologically active phosphates
The applicability of diazo pHP 1.165 for caging of biologically active phosphates,
such as AMP, cAMP, ATP, NADPH, and Dglucose6phosphate, was also tested. As
explained in the Introduction, Trentham et al.19 have shown that the use of CHCl3/H2O as the
solvent

was

successful

for

generating

onitrobenzyl

caged

ATP

from

1(2

nitrophenyl)diazoethane (NPE), and Churchill et al.20 have used the same synthetic strategy
to synthesize 4,5dimethoxy2nitroacetophenone (DMNPE) caged NADP+ from 1(4,5
dimethoxy2nitrophenyl)diazoethane. Unfortunately, all of our attempts at a parallel
approach with 1.165 resulted in the formation of α,pdihydroxyacetophenone (1.168) as the
only reaction product (Equation 1.33) along with recovered unreacted phosphates.
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It has been reported that phosphates can be caged with pHP or coumarylmethyl
groups using αbromophydroxyacetophenone (1.181a)44,45,52 or 4(bromomethyl)coumarin
derivatives,

3437,40,41

respectively. Accordingly, we attempted the synthesis of phosphate

esters using αbromophydroxyacetophenone (1.181a). To this end, the nucleosides were
converted to the corresponding ammonium salts by passing them as aqueous solutions
through a Dowex column saturated with tertabutylammonium hydroxide.41, 149 , 150 The
tetrabutylammonium salt of cAMP 1.180 was reacted with αbromophydroxyacetophenone
in CH3CN at reflux for 5 h (Scheme 1.32). 34,35,36,37
Scheme 1.32 Synthesis of Protected and Unprotected pHP Caged cAMP

Reagents and conditions: (a) +N(Bu)4OH, H2O, Dowex column, 100%; (b) CH3CN,
85 °C, 5 h, not isolated.
According to

31

P NMR analysis of crude reaction mixtures, two major peaks appeared at 

5.20 ppm and 3.31 ppm in the ratio of 3:1, which were putatively assigned to the axial and
equatorial isomers of the pHP caged cAMP 1.182. The analogous reaction with AMP
produced phosphate esters with

31

P NMR chemical shifts of 0.79 ppm and 0.01 ppm,
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respectively. It should be mentioned, however, that the conversion in both reactions did not
exceed 2025%. Attempts to isolate products by column chromatography,41,149,150 RPHPLC,
and preparative TLC were unsuccessful. The major problem in isolation with the individual
compounds from the crude mixtures was their poor solubility in organic solvents. To
overcome this problem, the TBDPS protected pHP bromide122 1.181b was used to synthesize
caged cAMP. However, the TBDPS protection resulted in no significant improvement in the
solubility of the crude products in DMF and MeOH/CHCl341,149,150

and therefore no

improvement in the chromatographic isolation of products.
Crystal structure analysis of αdiazo ketone 1.165
The Xray crystal structure of diazo pHP 1.165 was obtained to establish the
conformation of the molecule in its crystalline ground state (Figure 1.5, Experimental). The
obtained data show that the chromophore is planar in its crystalline ground state and that
hydrogen bonding between neighboring molecules form an array of planar sheets which
allow for efficient πstacking (Figure 1.6).
Figure 1.5 Xray Crystal Structure of Diazo pHP 1.165
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Figure 1.6 Packing of 1.165 in the Crystalline Lattice Cell

The bond angle between the diazo group (N1, N2), and the diazo carbon (C1) is
177.5° which indicates a nearly linear arrangement (Table 1.10). The dihedral angle between
the diazo group (N1), the diazo carbon (C1), the carbonyl carbon (C2), and the ipso carbon
(C3) is nearly 180°. This confirms that the diazo group (C1=N1+=N2) is antiperiplanar to the
phenyl ring and synperiplanar to the carbonyl group (C=O).151
Table 1.10 Measured Structural Parameters of 1.165 in the Crystalline Ground State
Bond length / Å

Bond angle / (°)

Dihedral angle /

(°)

N1N2
N1C1
C1H1
C1C2
O2C2
C2C3
C3C4

N2N1C1
N1C1C2
C2C1H1
O2C2C1
O2C2C3
C1C2C3
C2C3C4

N2N1C1C2
N1C1C2O2
N1C1C2C3
O2C2C3C4
C1C2C3C4
O2C2C3C8
C1C2C3C8

22
2
179.7
168.5
13.8
12.3
165.4

1.110
1.321
0.950
1.431
1.241
1.480
1.399

177.5
116.8
129
120.7
121.7
117.6
122.7

The measured bond length between the diazo carbon (C1) and the carbonyl carbon
(C2) of 1.43 Å is shorter than that of a normal carboncarbon single bond (ca. 1.54 Å),151
suggesting partial double bond character. Furthermore, the bond length between the two
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nitrogen atoms of the diazo group is only 1.11 Å, which is very close to the bond length of a
nitrogennitrogen triple bond (ca. 1.10 Å)151 These data confirm a partial positive charge
build up on the nitrogen (N1) as a result of resonance stabilization. This, in turn, causes an
electrostatic attractive interaction between the partially negatively charged carbonyl oxygen
(O2) and the partially positively charged nitrogen (N1) in this sZ conformation.
Scheme 1.33 Conformer Analysis from Solid State, Xray Results of 1.165

In addition, the methine proton of 1.165 gave only one peak (CD3CN, δ ppm 6.30, 1H,
s) in 1H NMR spectroscopy. This indicates that there is a strong preference for only one
conformer in solution. As noted above, the Xray analysis shows that diazo pHP 1.165
preferentially adopts the sZ conformation (sZ 1.165) in the crystalline ground state
(Scheme 1.33). These data, therefore, are in strong agreement with the 1H NMR spectroscopy
and Xray crystallography data reported for similar parasubstituted diazoacetophenones by
Kaplan and Meloy106,107 and by Sorriso and coworkers.108,109 The semiemperical (AM1) and
ab initio calculations [HF/631G(d)] by Muchall et al.111,112 also support the sZ
conformation as the predominant

conformation

for the similar

parasubstituted

diazoacetophenones (see Introduction). It is envisioned that the anti arrangement of the
diazo group (leaving group) with the phydroxyphenyl ring in sZ 1.165 (Scheme 1.33)
provides the proper orientation for the hypothesized photoFavorskiilike rearrangement as
well as the concerted ketene formation in the Wolff rearrangement (Scheme 1.33).
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UVvis Spectroscopic Studies of diazo pHP 1.165
The αdiazophydroxyacetophenone (1.165) chromophore absorbs farther into the
visible region due to the extended conjugation with the diazo functionality. The resonance
capability of this chromophore is greatly affected by the nature of the solvent and the pH of
the solution. The absorption maximum (λmax) in the UVvis spectrum of diazo pHP 1.165 at
pH 7 (ammonium acetate buffer) appears at 306 nm, with ε = 14200 M1 cm1 (Figure 1.7).
Figure 1.7 The UV/vis Spectrum of Diazo pHP 1.165 in 50 % Aqueous Acetonitrile

Different buffer solutions were used to study the pH dependence of diazo pHP 1.165.
UV/vis spectra in buffer solutions at pH 4, 7, and 10 were obtained (Figure 1.8). A sodium
acetate/acetic acid buffer solution was used to obtain pH 4, whereas ammonium
acetate/ammonia buffer solutions were used to achieve pH 7 and 10.
The λmax, did not change significantly upon changing the pH from 7 to 4 (Figure 1.8),
suggesting that the crossconjugated tautomeric form of diazo pHP, sZ 1.165, is the major
species in acidic and neutral media (Scheme 1.34). In contrast, the conjugate base form of
diazo pHP 1.165 with its extended conjugation, as illustrated by the three resonance
structures, was the dominant species at pH 10 (Scheme 1.34).
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Figure 1.8 The UVvis Spectra of Diazo pHP 1.165 at Different pH Values

Scheme 1.34 Charge Distribution of Diazo pHP 1.165 at Different pH Valuesa
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The most stable conformer (sZ 1.165) at neutral pH was employed to illustrate the charge
distribution at different pH values.
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The absorption maximum was red shifted from 306 nm to 346 nm in this case, with the
absorption band tailing into the 400 nm region. The color of the solution of diazo pHP 1.165
changed from light yellow to bright yellow when the pH was changed from 4 to 10,
indicating increased contribution from the conjugate base (Scheme 1.34). Interestingly, the
extinction coefficient value (ε) decreased from 17100 M1 cm1 to 14200 M1 cm1 and further
to 13600 M1 cm1 with increasing pH (4→7→10).

B. Product Studies and General Photochemistry of diazo pHP 1.165
The preliminary photolysis studies were performed on nondegassed aqueous acetonitrile
(D2O/CD3CN, 1:1) and were monitored by 1H NMR spectroscopy. The photolysis of diazo
pHP 1.165 was carried out at 300 nm or 350 nm using sixteen 3000 Å or 3500 Å lamps,
respectively. The release of nitrogen was observed as bubbles effervescing from the solution
during the reaction. The disappearance of diazo pHP 1.165 and appearance of 4
hydroxyphenylacetic acid (PAA, 1.53) were quantified by integrating the corresponding
signals at 6.23 and 3.49 ppm in 1H NMR. Regardless of the wavelength used, the rearranged
acid 1.53 was observed as the major product (83%). Other minor products (combined NMR
yield <5%) were not identified due to their low abundances (Equation 1.34).

However, the formation of phydroxyacetophenone, αhydroxyphydroxyacetophenone, and
phydroxybenzyl alcohol were ruled out as minor products by spiking the photolysis sample
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with these compounds. The formation of PAA was confirmed by spiking the photolysis
mixture with an authentic sample which is commercially available. In contrast, photolysis of
diazo pHP 1.165 performed in dry acetonitrile at 300 or 350 nm produced a complex mixture
of products (Equation 1.35). Analysis of the 1H NMR spectrum of the crude reaction mixture
indicated the presence of four major products containing an aromatic ring.

Similarly, the RPHPLC analysis of the photolysis mixture revealed formation of
several photoproducts. All attempts to identify the unknowns by spiking the mixtures with
authentic samples of putative products and analyzing them by 1H NMR, GC/MS, and RP
HPLC were unsuccessful (see Experimental section). The amount of water required to
produce rearranged acid 1.53 was also determined by changing the percentage of water in the
photolysis sample. It was found that decreasing water content below 5% leads to complete
suppression of the rearrangement and formation of the complex mixture of products
analogous to the reaction performed in dry acetonitrile.
The photochemistry of diazo pHP 1.165 was studied in solutions at pH 4, 7 and 10.
The absorption maximum (λmax) at pH 4 and 7 was 306 nm whereas the λmax at pH 10 was
346 nm, indicative of the formation of the conjugate base (Scheme 1.34). The photolysis of
diazo pHP 1.165 at different pH values was performed in D2O/CD3CN (1:1) at 300 nm or
350 nm with 163000 Å or 163500 Å lamps and analyzed by 1H NMR. Irradiation at pH 4
and 7 gave the rearranged acid 1.53 as the major product, whereas a complex mixture of
products was observed at pH 10 which appeared to be similar to the results for photolysis in
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dry acetonitrile. Quantum yields for the disappearance of diazo pHP 1.165 and appearance of
PAA 1.53 were determined by RPHPLC from photolyses performed in aqueous acetonitrile
(1:1) at 300 nm or 350 nm using 23000 Å or 163500 Å lamps. Quantum yields for the
disappearance of the diazo pHP 1.165 (Φdis = 0.25) and the appearance of the rearranged acid
1.53 (Φapp = 0.23) fall in the same range with the values obtained for similar diazoketones
reported by Mazzucato et al. (Table 1.11).152
Table 1.11 Photolysis of para Substituted Diazo Ketones in Different Solvents152
Diazo compound
C6H5COCHN2
pCH3C6H4COCHN2
pCH3OC6H4COCHN2
pClC6H4COCHN2
pNO2C6H4COCHN2
a

λmaxa/nm

Φdisb

Φdisc

Φdisd

294
296
304
299
307

0.55
0.62
0.50
0.62
0.31

0.46
0.41
0.34
0.41
0.18

0.40
0.30
nd
nd
nd

Determined in methanol; bDetermined in hexane at 300 nm; cDetermined in methanol at 300

nm; dDetermined in 20 % aqueous ethanol at 300 nm.

The authors studied the effects of para substituents and various solvents on the
photolysis of diazoacetophenone at 300 nm. It was found that electron withdrawing groups at
the para position and polar solvents diminished the efficiency of the photolysis reaction.

Triplet Sensitized photolysis studies of diazo pHP 1.165
The photolysis experiments in the presence of triplet sensitizers such as mangiferin,153
1.183, which is a xanthone 154 derivative, and benzophenone4,4'dicarboxylic acid (1.184)
were also performed (Figure 1.6). The derivatives of benzophenone154156 and xanthone were
selected for their enhanced water solubility. 154,155,156 153,154,155
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Figure 1.9 Triplet Sensitizers which were Used in the Photolysis of Diazo pHP 1.165

Despite being structurally similar to benzophenone, xanthone has a triplet energy
close to that of acetophenone (ET = 74 kcal/mol). 153155,157,158 The triplet energy of xanthone
is in the range of 71  74 kcal/mol153, 159 and its photochemistry is highly solvent
dependent.154 For example, the triplet energy of xanthone in ethanolic ether was found to be
close to its lower limit.160 The triplet energy of benzophenone is 68.8 kcal/mol, 161 whereas
the triplet energies of pHP derivatives are in the 6971 kcal/mol range.38 The triplet
sensitization can be defined as a direct irradiation of a suitable donor molecule (D), such as
benzophenone and xanthone, rather than that of the target substrate (or acceptor, A), such as
the pHP derivative. The triplet energy difference (ΔET) between the donor and acceptor
molecules must be either equal to or less than 3 kcal/mol for efficient energy transfer.160,161
ΔET = ET(A) − ET(D) ≤ 3 kcal/mol

(Eq. 1.36)

In addition, the donor should also absorb at longer wavelengths than the acceptor to
enhance the possibility for exclusive excitation of the donor.161 Sensitizers mangiferin 1.183
and benzophenone 1.184 absorb farther into the visible region, as compared to the diazo pHP
1.185, and have triplet energy differences of near zero or less, which makes them suitable
sensitizers for the photolysis of diazo pHP 1.185 in aqueous acetonitrile.
Interestingly, sensitization with magiferin 1.183 resulted in a drop in the quantum
yields for disappearance of diazo pHP 1.185 (Φdis) and appearance of the rearranged acid
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1.53(Φapp), down by 4050 % (Table 1.12). A similar behavior was observed in the photolysis
reaction sensitized by benzophenone 1.184. According to the RPHPLC analysis, no side
reactions were observed with these triplet sensitizers.
Table 1.12 Quantum Yield Values for Diazo pHP 1.165
Φa

Φb

Excitation
wavelength/(nm)

(± 0.01)

(± 0.01)

Direct Irradiation
Nondegassed

300
350

0.25
0.10

0.22
0.08

Sensitization with 1.183c

300
350

0.13
0.06

0.11
0.04

Sensitization with 1.184d

300

0.19

0.13

Purged with O2

300

0.17

0.12

Degassed with Ar

300

0.28 ± 0.02

0.24

Photolysis condition

dis.

app.

All solvents contained 50% H2O. Photolyses were conducted for 8 min under the
conditions indicated in the Table 1.12 with 23000/163500 Å lamps. a) Determined by
RPHPLC for the disappearance of the starting material at 300/350 nm; b) Determined
with RPHPLC for the appearance of PAA at 300/350 nm; c) The concentration of 1.183
was 4.76 x 103 M; d) The concentration of 1.184 was 3.70 x 103 M
The lowered efficiency may be attributed to incomplete capture of the excited triplet state
energy of benzophenone or xanthone by the diazo pHP acceptor. Nonetheless, these results
may suggest that a significant portion of the reaction proceeds through the triplet excited
state. 154,155,156
Quenching studies with molecular oxygen
Quenching experiments were performed in the presence and absence of molecular
oxygen, which is a well known triplet quencher.154,156,161 The oxygenfree conditions were
generated by purging the sample with argon for 30 min before the photolysis. The quartz tube
was sealed with a rubber septum and an argon filled balloon with a needle was used to degas
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the reaction solution while it was being cooled in an ice bath for 30 min. A needle syringe
and an argon filled balloon were used to withdraw aliquots for HPLC analysis at time
intervals while the photolysis reaction was being performed. Oxygen saturated conditions
were obtained in the same way purging the sample with oxygen for 30 min before the
photolysis.
In this experiment, oxygen is the quencher (Q) or ground state energy acceptor (A)
and the diazo pHP derivative 1.185 is the excited state energy donor (D) or sensitizer (S).
The stable ground state triplet molecular oxygen (3Σg) has two low lying singlet excited
states, 1Δg and 1Σ+g, which possess excitation energies of ~23 kcal/mol and ~38 kcal/mol,
respectively.154,155 In solution the upper excited state, 1Σ+g, is deactivated to the longlived 1Δg
state which is known as singlet oxygen. Because of these two low lying singlet excited states,
triplet oxygen can efficiently quench the excited states. An excited sensitizer molecule (1S*)
can potentially produce two molecules of singlet oxygen as depicted in Equation 1.37 and
Equation 1.38.154,155,161

The spin allowed reactions shown in Equation 1.37 are exothermic when the singlettriplet
energy gap of the sensitizer (ΔEST) is ≥ 23 kcal/mol which is sufficient for energy transfer to
3

O2. This process is called singlet quenching. When the ΔEST is small, the oxygen catalyzed

intersystem crossing is always possible which is spin allowed if the encounter complex of 3S
and 3O2 has overall triplet multiplicity, but no singlet oxygen will be formed. The reaction
shown in the Equation 1.38 is known as triplet quenching which is spin allowed if the
encounter complex of 3S and 3O2 has overall singlet multiplicity. In other words triplet
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oxygen (3Σg) can either add to the excited state or abstract an electron from the excited state.
This process results in net quenching or energy transfer (Equation 1.38). The triplet
photosensitization is a well known and synthetically useful process to generate singlet
oxygen. 154,155,160

Our quenching experiments with molecular oxygen (oxygen saturated conditions)
resulted in an unexpected decrease in the rearrangement reaction rate, suggesting the
involvement of the triplet excited state in the rearrangement of diazo pHP 1.165 (Table
1.12).154,155 In oxygen saturated conditions the quantum yields for disappearance of diazo
pHP 1.165 and appearance of the rearranged acid 1.53 decreased by 50% (i.e. Φapp from 0.24
to 0.12).
It has been established that the photoWolff rearrangement occurs from the singlet
excited state, whereas the photoFavorskii rearrangement takes place from the triplet excited
state to produce the rearranged acid (see Introduction).46,52,55,56,99101, 162 Accordingly, a
SternVolmer quenching plot was constructed using the quantum yields shown in Table 1.12
to obtain an estimated lifetime and the reaction rate of the triplet state. The quantum
efficiency as a function of the quencher concentration is given by, 99,100,101
Φ0/ Φ = 1 + KSV [Q]

Eq. 1.39

Where Φ0 is the quantum efficiency for the appearance of 4hydroxyphenyl acetic acid (PAA)
in the absence of quencher (Q) and Φ is the same efficiency with the quencher present. The
slope of the plot of Φ0/Φ vs. the quencher concentration ([Q]) is defined as the SternVolmer
constant KSV. The lifetime of the triplet state (3τ) is determined from the equation:
KSV = 3τ × kdiff

Eq. 1.40
77

Where, kdiff is the bimolecular rate of diffusion in 50% aqueous acetonitrile (ca. 1.37 x 1010
M1 s1). The rate constant for the appearance of PAA (kr) can then be calculated by using the
reciprocal triplet lifetime (3τ) of PAA assuming a triplet reaction is the only operating
manifold.
Table 1.13 Oxygen Concentrations155,156 in 50% Aqueous Acetonitrile and the
Corresponding Φ0/Φ Values of diazo pHP 1.165
Experimental
condition

[O2]

Φdis

Φapp

(Φ0/Φ)dis (Φ0/Φ)app

Degassed

2.7 × 106

0.28

0.24

1.000

1.000

Ambient conditions

2.7 × 104

0.25

0.22

1.120

1.091

Purged with O2

2.0 × 103

0.17

0.12

1.647

2.000

Figure 1.10 SternVolmer Plot for the Photolysis of Diazo pHP 1.165 in 50% Aqueous
Acetonitrile at 300 nm
2.3

2.1

Pink dots: Consumption of 1.165
Blue dots: Release of PAA 1.53

y = 334.72x + 0.9954
2
R = 0.9999

1.9

Φ0/Φ

1.7

1.5

1.3

y = 207.6x + 1.0272
2
R = 0.9929

1.1

0.9
0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

[O2] M
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The oxygen concentration in a typical organic solvent at ambient pressure falls in the range
of 103 to 104 M.155 The oxygen concentration can be reduced to approximately 106 M by
degassing the photolysis solution.155 Using the quantum efficiency data from Table 1.12, the
oxygen concentration in 50% aqueous acetonitrile, and the rate of diffusion in 50% aqueous
acetonitrile, the lifetime of the triplet and the reaction rate can be determined (Table 1.13).
The plot of Φ0/Φ vs. oxygen concentration gave a straight line with a linear regression co
efficient of 0.993 (Figure 1.10). The lifetime of the triplet excited state and the rate of the
appearance of PAA 1.53 were found to be 15 ns and 6.6 × 107 s1, respectively.

Time resolvedIR spectroscopy studies
This work was performed in collaboration with Prof. John P. Toscano and Anthony
Evans

at

John

Hopkins

University,

Baltimore,

Maryland.

163

αDiazophydroxy

acetophenone93 (1.165) was chosen as a model compound for mechanistic studies to identify
whether formation of phydroxyphenylacetic acid 1.53 occurs via the photoFavorskii or
photoWolff rearrangement, or possibly a combination of these two pathways. To this end,
the LFP studies of αdiazophydroxyacetophenone (1.165) were monitored by timeresolved
IR spectroscopy (TRIR).164,165 The method which was originally used by Hamaguchi and co
workers166,167 has been followed to perform TRIR experiments on diazo pHP 1.165. This
technique allows the assessment of the entire midIR spectrum (4000800 cm1) with
sufficient time resolution (ca. 50 ns) and high sensitivity. In addition, TRIR spectroscopy
probes a wide range of transient intermediate signals in solution. Excitation pulses (266 nm,
10 ns, 0.4 mJ) from a continuum HPO300 diodepumped Nd:YAG laser were crossed with
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the broadband output of a MoSi2 infrared source. A MCT photovoltaic IR detector was used
to monitor changes in infrared intensity.
Figure 1.11 Transient Absorption Spectra of the Ketene Intermediate

(a) TRIR spectrum of the ketene region obtained in LFP reaction of diazo pHP 1.165
(Nd:YAG laser; 266 nm, 10 ns, 0.4 mJ) ; (b) Observed kinetic trace at 2100 cm1.
The LFP studies have been performed in 5% aqueous acetonitrile to minimize the
deleterious effect of water on TRIR measurements. Observation of a band at 2110 cm1
characteristic of a ketene intermediate as well as its rate of formation [ca. 6.42 × 102 s1
(Figure 1.11)] are in agreement with the literature reports132,168171 on absorption spectra and
the rates of formation for analogous ketenes. 168,169,170,171
Wagner and coworkers132 reported that the ketene intermediate derived from αdiazop
methoxyacetophenone absorbs at 2115 cm1 whereas that derived from αdiazoacetophenone
has an absorption band at 2118 cm1. However, Wagner did not report the rate of formation
of

ketene

intermediates.

The

ketene

intermediate

derived

from

αdiazop
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hydroxyacetophenone (1.165) absorbs at 2110 cm1 which lies in the same region for ketenes
studied by Wagner and coworkers within the error limits [(from 2100 cm1 to 2122 cm1),
see the Introduction; Table 1.8]. Ketene trapping experiments were performed using diazo
pHP 1.165 as the source of the ketene with diethylamine as the trap in acetonitrile.
Scheme 1.35 Proposed Mechanism for the Amide 1.188 Formation

The LFP studies and timeresolved IR studies of the phydroxyphenyl ketene (1.185)
performed in the presence of diethylamine produced an unstable intermediate at 1690 cm1
which decayed to a stable product generating a band at 1645 cm1 in the TRIR spectra (Figure
1.12). The former band was putatively assigned to either the zwitterionic ylide (1.186) or the
amide enol (1.187) whereas the latter band was attributed to the amide 1.188 (Scheme 1.35).
Quenching kinetics were measured at 1695 cm1 for the observed first order (kobs) formation
of the relevant intermediate 1.186 or 1.187 as a function of diethylamine concentration
[DEA]. The results are depicted in Table 1.16.
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Figure 1.12 Formation of Amide 1.188 from either Intermediate 1.186 or 1.187 in the
Presence of Diethylamine in Acetonitrile

1.186 or 1.187

a
1.188

c

b

1.186 or 1.187

1.188

(a) TRIR spectrum for the formation of 1.188 at 1645 cm1 (Nd:YAG laser; 266 nm, 10
ns, 0.4 mJ) ; (b) and (c) observed kinetic traces at 1695 cm1 and 1645 cm1,
respectively.
The observed rate constant of the relevant intermediate decay or formation (kobs), as a
function of added quencher concentration ([Q]), is given by
kobs = k0 + kq[Q]

(Eq. 1.41)

Where k0 is the observed first order decay rate constant in the absence of quencher and kq is
the secondorder quenching rate constant. The values of kq were obtained from the slope of
the graphs of kobs vs [Q]. The quenching rate constant (kq) was obtained from the plot of
observed rate constant (kobs) vs diethylamine concentration [DEA] (Figure 1.13). The kq for
the formation of the unstable intermediate 1.186 or 1.187 was obtained from the slope of the
plot (Figure 1.10) and was found to be 2.72 × 106 M1 s1.
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Table 1.14 Observed Pseudofirst Order Kinetics (kobs) for the Formation of Intermediate
1.186 or 1.187
[DEA] / mM

ν/cm1

kobs/ 106 s1

0.05
0.10
0.40

1695
1695
1695

0.544
0.676
1.490

0.80

1695

2.580

Figure 1.13 Observed Pseudofirst Order Formation Constant (kobs) for Intermediate 1.186 or
1.187 vs. Concentration of Diethylamine [DEA] in CH3CN.

kobs x 106 s1

2.25
1.5

y = 2.7164x + 0.4057
2
R =1

0.75
0
0

0.2

0.4

0.6

0.8

3

[DEA] x 10 M

Quenching kinetics was also measured at 2110 cm1 for the observed pseudofirst order decay
(kobs) of the phydroxyphenyl ketene as a function of diethylamine concentration in
acetonitrile. The results are illustrated in Table 1.15.
Table 1.15 Observed Pseudofirst Order Kinetics (kobs) for the Decay of the Ketene
Intermediate 1.185
[DEA] / mM

v/cm1

kobs/ 106 s1

0.05
0.10
0.20

2110
2110
2110

0.324
0.678
1.490

0.40

2110

2.539
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The quenching rate constant (kq) was obtained from the plot of observed rate constant
(kobs) vs diethylamine concentration [DEA] (Figure 1.11). The kq for the decay of ketene
1.155 was determined from the slope of the plot (Figure 1.14) which was found to be 6.32 ×
106 M1 s1.
Figure 1.14 Observed Pseudofirst Order Decay Constant (kobs) for Ketene 1.155 vs. the
Concentration of Diethylamine [DEA] in CH3CN.

6

kobs x 10 s

1

2.25
1.5

y = 6.3205x + 0.0727
R2 = 0.9889

0.75
0
0

0.1

0.2

0.3

0.4

[DEA] x 103 M

The quenching rate constant values (ca. 106 M1 s1 ) are one order of magnitude lower
than the values reported for similar ketenes by Wagner and coworkers (ca. 107 M1 s1).132 As
mentioned earlier, this effect can be a result of trace amount of water present in the
diethylamine or the acetonitrile. It is known that wet solvents and reagents decrease the rate
of the quenching by 2 orders of magnitude.139141 This may be due to the decreased
electrophilicity of ketene 1.185 resulting from the electron donating ability of the phydroxyl
group. In addition, we argue that phenolic hydrogen of diazopHP can Hbond with the
diethylamine thereby diminishing the nucleophilicity of the amine group. Another factor is
the possibility of a competing photoFavorskii rearrangement of the diazo pHP with traces of
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water present in the solvent. This rearrangement would diminish formation of the ketene
intermediate during the course of the reaction. 139,140,141
Quenching studies were also performed in Toscano’s laboratories on the
photochemistry of 1.165 in methanol, methanol/hydroxide, and acetonitrile/water to explore
the multiplicity for the formation of the ketene. The results are illustrated in Table 1.16.
Table 1.16 Observed Rates for Ketene Quenching
Nucleophile/quencher

ν/cm1

kobs/s1

5% aqueous CH3CN
10% aqueous CH3CN
MeOH
MeOH/OH

2110
2110
2110
2110

6.42 ×102
6.66 ×102
6.37 ×102
5.00 ×104

The amount of water and changing the solvent from aqueous acetonitrile to methanol
had negligible effects on the ketene quenching rates whereas the observed rate increased by
two orders of magnitude in the presence of hydroxyl ion.
If the photoFavorskii rearrangement mechanism also operates in this transformation,
the characteristic spirodienedione intermediate should have been formed in the course of the
rearrangement of 1.165. The cyclopropanone ring of the putative spirodienedione
intermediate is expected to absorb in the IR 18001850 cm1.67,68 The LFP of 1.165 followed
by TRIR studies resulted in detection of a weak, very broad signal in the 1900 cm1 region
(Figure 1.15). The intensity of this transient is very low compared with the absorbance of the
ketene intermediate 1.185. Thus, this absorption band is unlikely to be due to the elusive
spirodienedione intermediate sought in our studies. The nature of this transient species is
unclear at this point. Future ultrafast LFP studies can potentially be helpful in identifying the
nature of this intermediate.
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Figure 1.15 TRIR Spectra for the Ketene and an Unknown Transient

(a) TRIR spectrum for the formation of the ketene at 2110 cm1 ; (b) TRIR spectrum for the
formation of the unknown transient around 1900 cm1.

Based on the LFP data obtained for the ketene intermediate and the lack of strong
evidence for the spirodiendione intermediate 1.62 in the photoFavorskii rearrangement, we
have concluded that the photoWolff rearrangement must be the predominant and likely the
sole pathway, for the described transformation (Scheme 1.36). The mechanism may, in part,
follow the route previously suggested by Platz and coworkers.101, 121,126 ,127 In applying his
mechanism, the initial irradiation of diazo pHP 1.165 produces the singlet excited state of
diazo pHP 1.165, which undergoes nitrogen extrusion via either concerted or a stepwise
pathway. In the case of a concerted pathway, the excited diazo pHP 11.165 relaxes
successively to the excited ketene (1.189) and then further to the ground state ketene 1.189
which can react with water to generate rearranged acid 1.53.
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In the stepwise pathway, the excited diazo pHP 1(1.165) generates the singlet hot
carbene 1(1.190)*, which decays to the vibrationally relaxed singlet carbene 1(1.191). The
latter 1(1.191) can either undergo ISC to the triplet excited state 3(1.192) or isomerize to the
vibrationally relaxed stable carbene 1.193 via an oxirene intermediate 1.194. Both the
relaxed singlet carbene 1(1.191) and the stable carbene can also rearrange into the ground
state ketene 1.189 which finally reacts with water to form the rearranged acid 1.53.
Scheme 1.36 PhotoWolff Rearrangement of αDiazophydroxyacetophenone (1.165)

In the triplet sensitized photolysis, diazo pHP 1.165 will be generated in its excited
triplet state 3(1.165) and can undergo direct release of nitrogen generating the triplet excited
carbene 31.192. The triplet excited carbene 31.192 can undergo intersystem crossing to the
singlet excited state followed by the photoWolff rearrangement as described earlier. The
other, less likely pathway is that the triplet excited state of the diazo pHP 31.165 may
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undergo protonation to diazo species 31.195 followed by photoFavorskii rearrangement
through the triplet biradical 1.69 with concomitant release of nitrogen (Scheme 1.37).
Scheme 1.37 PhotoFavorskii Rearrangement of αDiazopHydroxyacetophenone (1.165)

The triplet biradical 1.69 can undergo intersystem crossing and cyclization to produce
the spirodienedione intermediate 1.62. In the presence of water the putative intermediate 1.62
would collapse to generate the rearranged acid 1.53. The protonation of the methine carbon
of the triplet excited state of diazo pHP (31.165) is critical for the photoFavorskii
rearrangement to proceed, because there should be a twist or outofplane rotation of the
substituted acetyl group (the leaving group, the diazo group) during the photorelease. This
process is equivalent in effect to the formation of the oxyallylphenoxy triplet biradical 1.69
which is the key intermediate prior to the formation of the putative spirodienedione
intermediate 1.62. The carbanion or partial negative charge on the methine carbon (without
protonation of the methine carbon) would not facilitate the possible outofplane rotation or
twist of the substituted acetyl group (the diazo leaving group). Thus, we can argue that
photoFavorskii rearrangement would not proceed without protonation of the methine carbon
of diazo pHP 1.165 prior to the release of nitrogen in the excited state.
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As mentioned earlier, quenching studies with molecular oxygen support the photo
Favorskii rearrangement because the part of the excited state responsible for the
photocleavage of diazo pHP is the triplet excited state. Moreover, oxygen can also quench
either the triplet excited state of the diazo pHP precursor or triplet carbene derived from
diazo pHP or both in the photoWolff rearrangement. However, Platz and coworkers
demonstrated that aryldiazoketones undergo Wolff rearrangement via the singlet excited state
both in acetonitrile and methanol (see the Introduction). Thus, we argue that molecular
oxygen quenches the triplet excited state of the diazo pHP which may be responsible for both
mechanisms.
In summarizing these results, it can be concluded that the photocatalyzed
decomposition of 1.165 may follow two competing pathways to the rearranged acid; clearly,
the photoWolff rearrangement is occurring and may originate from both the singlet and
triplet excited states. The photoFavorskii rearrangement, if it does occur, may emanate from
the triplet excited state (Scheme 1.37). However, the lack of IR evidence of any
cyclopropanone carbonyl limits support for a photoFavorskii triplet pathway by sensitization.
Direct irradiation gives only evidence for the ketene by TRIR. A plausible mechanistic
scenario in accord with Platz and coworkers’ results is illustrated in Scheme 1.38. As
depicted in Scheme 1.37 the extrusion of nitrogen from diazo pHP mainly occurs through the
Wolff rearrangement. In accord to Platz’s results, syn conformation favored diazo pHP 1.165
may follow predominantly the concerted photoWolff rearrangement. Nonetheless, stepwise
photoWolff rearrangement via carbene intermediates 1.1901.193 may also contribute to the
Wolff rearranged product 1.53.
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Scheme 1.38 Plausible Mechanisms for the Rearrangement of 1.165 in Aqueous Acetonitrile

Since the quenchable triplet excited state in the photolysis of diazo pHP in aqueous
acetonitrile was detected with molecular oxygen, the ISC is possible for both the singlet
excited diazo pHP 11.165 and vibrationally relaxed singlet carbene 11.191 to generate triplet
excited diazo pHP 31.165 and triplet carbene 31.192. The triplet excited state of diazo pHP
3

1.165 may follow the photoFavorskii rearrangement as depicted in Scheme 1.37 whereas

triplet carbene 31.192 may follow the photoWolff rearrangement as illustrated in Scheme
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1.36. Ultrafast LFP studies followed by either nanosecond TRIR or femtosecond UVvis
would be extremely informative in confirming the proposed mechanism.

Substituent Effects on pHP Photochemistry on Releasing Diethyl Phosphate
Previous studies by Givens and coworkers65,69,70 on pHPcaged carboxylates have
clearly indicated that meta methoxy substitution has a beneficial effect of shifting the pHP
absorption significantly towards the visible region.
Figure 1.16 Methoxy Substituted pHP Diethyl Phosphates
OH
R1

R2

R3

R4
O
O
P
O
O

O

1.200a R1 = H, R2 = OMe, R3, R4 = H
1.200b R1 = OMe, R2= OMe, R3, R4 = H
1.200c R1 = H, R2 = COCH3, R3, R4 = H
1.184a R1, R 2 = H, R3 = OMe, R4 = H
1.184b R1, R2 = H, R3 = OMe, R4 = OMe

Therefore, caged compounds based on meta methoxy substitution can successfully be applied
in biochemical studies because higher wavelengths (> 350 nm) can be used to excite the
chromophore thus avoiding absorption of UV light by biological substrates such as aromatic
amino acids in proteins and the bases in nucleotides. Accordingly, new methoxy substituted
pHP phosphates were targeted and the neighboring group effects on their photochemistry
were explored (Figure 1.16).
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Synthesis of metamethoxy and a metaacetyl substituted diethyl phosphates.
The new diazo pHP approach for the known metamethoxy substituted pHP
chromophores

commenced

with

commercially

available

methoxy

substituted

p

hydroxybenzoic acids (Scheme 1.39).
Scheme 1.39 Synthesis of meta Methoxy Substituted and a meta Acetyl Substituted Diethyl
Phosphates

Reagents and conditions; (a) CH3COCl, Et3N, CH2Cl2, 1 h, 6070%; (b) SOCl2, reflux, 8 h,
9599%; (c) CH2N2, Et2O, 0 °C to rt, overnight, 3869%; (d) NH4OAc, H2O/MeOH, 1:4,
50 °C, 8 h, 9096%; (e) HOP(O)(OEt)2, benzene, 60 °C, 24 h, 7579%.

For the acetyl analog, the Fries rearrangement of pacetoxybenzoic acid 1.162a was used to
produce 3acetyl4hydroxybenzoic acid 1.196c in excellent yield. The phenol group of
carboxylates 1.196 was protected as the acetate with acetyl chloride followed by refluxing in
thionyl chloride to quantitatively give the corresponding acid chlorides. The acid chlorides
were reacted with excess diazomethane in ether to generate the corresponding acetate
protected diazoketones 1.198 in 6569 % yield. A poor yield was obtained for meta acetyl
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derivative 1.198c (38%). The deprotection was quantitatively achieved with NH4OAc in
aqueous methanol followed by esterification with diethyl phosphoric acid which produced
the meta substituted pHP phosphate esters 1.199 in 7579% yield.
Synthesis of 2diazo1(4hydroxy2methoxyphenyl)ethanone
The synthesis began with commercially available 4hydroxy2methoxybenzaldehyde,
1.201 (Scheme 1.40).
Scheme 1.40 Synthesis of 2diazo1(4hydroxy2methoxyphenyl)ethanone
O
CHO
HO

O

a

O

O
O

O

b

OHC

HOOC
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O
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N

N

HO
1.204

f
O

1.205
O

HO
1.206

Reagents and conditions; (a) CH3COCl, Et3N, CH2Cl2, 1 h, 100%; (b) KMnO4, acetone, rt. 4
h, 88%; (c) SOCl2, reflux, 8 h; (d) CH2N2, Et2O, 0 °C to rt, overnight; (e) NH4OAc,
H2O/MeOH, 1:4, 50 °C, 8 h, lead to 1.206 in 100% yield; (f) NH4OAc, H2O/MeOH, 1:4,
50 °C, 8 h or H+ or H2O or OH , rt, 100%.
The acetate ester 1.202was installed prior to oxidation of the aldehyde with KMnO4.
The acid chloride was generated by reacting acid 1.203 with thionyl chloride, followed by
reacting with excess diazomethane in ether to produce the ortho or 2methoxy diazoketone
1.204 in good yield (69%). It should be mentioned that exposure of 1.204 to silica gel, acids,
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aqueous bases, and even water causes cyclization of 1.204 to 6hydroxy3coumaranone
(1.206) because of neighboring methoxy group participation. Accordingly, purification of
orthomethoxy diazo pHP 1.204 was achieved by passing the crude mixture quickly through
silica gel treated with triethylamine.
Previuos studies by Gefflaut and Périé 172 demonstrated that the obenzyloxy
diazoketone 1.207 did not generate the corresponding phosphate ester with dibenzyl
phosphoric acid. Instead, 3coumaranone 1.208 was obtained as the exclusive product along
with tribenzyl phosphate 1.209 (Equation 1.42). It is likely that protonation of the double
bond produces the diazonium ion which undergoes neighboring group assisted rapid
extrusion of nitrogen. Accordingly, the cyclization reaction takes place in competition with
the desired intermolecular reaction with the phosphoric acid.

In contrast to the desired intermolecular process, the ortho methoxy diazo ketone
1.204 reacted with diethyl phosphoric acid (1.30) to give exclusively 3coumaranone 1.206
which parallels the findings of Gefflaut and Périé172 (Equation 1.43).

O
N
AcO

OMe
1.204

N

HO
O
benzene
+ HO P OEt
rt
OEt
1.30

O
+ unidentified products
O
1.206

Eq. 1.43
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Thus, the diazo approach suffers limitations in the case of ortho methoxy substituted pHP
diethyl phosphate generation, where the neighboring group participation dominates.

Synthesis of orthomethoxy substituted diethyl phosphates
Since the diazo approach was unsuccessful in generating orthomethoxysubstituted
pHP phosphates, an alternative approach via αhaloketones was explored (Scheme 1.41).
Scheme 1.41 Synthesis of orthoMethoxy Substituted Diethyl Phosphates

Reagents and conditions: (a) (CH3)3COCl, Et3N, 0 °C to rt, overnight, 100%; (b)
ClCH2COCl, AlCl3, 0 °C, 3 h, 2050%; (c) NaBr, acetone, reflux, 24 h, 9098%; (d) HO
P(O)(OEt)2, Ag2O, CH3CN, 60 °C, 16 h for 1.214a, 76%; (e) K+ OP(O)(OEt)2, dibenzo
[18]crown 6, CH3CN, reflux, 16 h for 1.214b, 20%; (e) NH4OAc, H2O/MeOH, 1:4, 50 °C,
24 h, 9095%.

Syntheses began with commercially available methoxy phenols 1.210. 3
Methoxyphenol 1.210a was esterified with pivaloyl chloride to block the substitution
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reactions at the 2 and 5positions of the aromatic ring. The FriedelCrafts reaction of
1.211with chloroacetyl chloride gave acetylated orthomethoxy analogs 1.212ab in poor to
moderate yield. The Xray analysis was performed to confirmed the structure of the
chloroacetyl group of 1.212a (Figure 1.17), whereas the symmetrical nature of 1.212b was
established by NMR analysis. A Finkelstein reaction with NaBr was performed to obtain
bromide 1.213, which was subsequently esterified with diethyl phosphoric acid in the
presence of Ag2O to produce 1.214a as a single product in 76% yield.
It was found that, at room temperature, deprotection of 1.214 proceeded very
sluggishly (5 days) and required a large excess of NH4OAc. However, raising the reaction
temperature to 50 °C allowed for complete deprotection of 1.214a within 24 h, producing
1.215a in excellent yield (95%).
Figure 1.17 Crystal Structure of 4(2chloroacetyl)3methoxyphenyl pivalate (1.212a)a

a

Crystal structure of 4(2chloroacetyl)3methoxyphenyl pivalate 1.212a which confirms the
proper attachment of the acetyl chloride group after the FridelCrafts acylation reaction on 3
methoxyphenyl pivalate (1.211a) with chloroacetyl chloride.

96

In contrast, several attempts to phosphorylate 1.213b using different conditions failed,
presumably due to significant steric hindrance caused by the two ortho methoxy groups.
However, employment of the potassium salt of diethylphosphoric acid in the presence of
dibenzo[18]crown6 provided crude phosphate 1.213b in 20% yield. Subsequent
deprotection of 1.214b with NH4OAc followed by purification of the product by preparative
TLC provided ortho,ortho’dimethoxy substituted pHP diethyl phosphate 1.215b in 2% yield.
Nonetheless, the amount of orthodimethoxy substituted pHP diethyl phosphate ester 1.215b
was enough to perform the subsequent photochemical analysis.

Spectroscopic Data Studies
The absorption maxima (λmax) for all ortho and meta methoxy substituted pHP
phosphates fall in the 300 nm region; however meta methoxy pHP derivatives have extended
ππ* absorption bands.65,70 The UV/vis spectra of all compounds were determined in
CH3CN/H2O (1:1) at ambient conditions. The absorption maxima and absorption coefficient
values of methoxy substituted pHP diethyl phosphate esters 1.200ac and 1.215ab are
shown in Table 1.17.
Table 1.17 The UV/vis Spectral Data for meta and ortho Methoxy Substituted pHP Diethyl
Phosphates and for the meta Acetyl pHP Diethyl Phosphate
pHP ester
1.200a (mOMe)
1.200b (m,m’OMe)
1.215a (oOMe)
1.215b (o,o’OMe)
1.200c (mCOMe)

λmax/nm, (log ε/ M1 cm1)
271 (3.71), 310 (3.68)
305 (3.21)
278 (3.98), 307 (3.93)
283 (3.70)
274 (3.39), 319 (3.06)
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A tailing of the absorption bands into the 400 nm region was observed for
monosubstituted ortho and metamethoxy pHP diethyl phosphates 1.200a and 1.215a at
acidic and neutral pH values (Figure 1.18). Furthermore, it was observed that there were two
absorption maxima for the neutral form of pHP phosphate esters 1.200a and 1.215a at pH 4
and 7. These, bands may presumably be assigned to ππ* absorptions of the neutral form of
unsymmetrical monosubstituted ortho and metamethoxy pHP diethyl phosphates 1.200a
and 1.215a. A weak ππ* absorption band was observed for the mCOMe pHP derivative
1.203c at 319 nm with an absorption coefficient (ε) of 1140 M1 cm1 [(log ε = 3.06), Table
1.19]. On the other hand, only one ππ* absorption band was observed for disubstituted
ortho and metamethoxy pHP diethyl phosphates 1.200b and 1.215b. This may presumably
be due to the symmetry of dimethoxy substituted phosphate esters 1.200b and 1.215b.
Figure 1.18 UV/vis Absorption Spectra of o and mMethoxy Substituted pHP Diethyl
Phosphates and the mAcetyl pHP Diethyl Phosphate
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The pH dependence of oMeOpHP HDEP 1.215a was studied in Tris buffer solution
at pH 9 using UV/vis spectroscopy. In this case the absorption maxima were shifted to longer
wavelengths, becoming a single band around 350 nm assigned to the conjugate base of pHP
phosphate ester 1.215a.

Neighboring group participation in the photochemistry of αdiazo ketones
The photochemistry of methoxy substituted diazo pHPs 1.198a and 1.204 was
investigated to study the effect of the methoxy group on the release of nitrogen in the excited
state (Figure 1.19). Due to complications with neighboring group participation in the
synthesis of unprotected omethoxy diazo pHP, the acetate protected omethoxy substituted
diazo pHP 1.204 was used in our photochemical studies. The photochemistry of the acetate
protected mmethoxy substituted diazo pHP 1.198a was examined for comparative purposes.
Figure 1.19 Methoxy Substituted αDiazoketones

The photolysis was performed in a Pyrex NMR tube at 300 nm in D2O/CD3CN (1:1)
using 23000 Å lamps. Acetyl protected mmethoxy diazo pHP 1.198a produced rearranged
acid 1.217 as the major product, whereas the acetylprotected omethoxy diazo pHP 1.204
gave rearranged acid 1.219 and cyclized ketone 1.222 in equal amounts (Schemes 1.41, 1.42,
and 1.43). The formation of two photoproducts, the rearranged acid 1.219 and the cyclized
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ketone 1.222, was confirmed by chromatographic separation of individual photoproducts on
silica gel followed by spectroscopic characterization. Based on these results, it would be
reasonable to propose that photorelease from mmethoxy substituted 1.198a follows the same
pathway discussed above for the unsubstituted diazo pHP 1.165 via the photoWolff
rearrangement to a ketene intermediate 1.216 (Scheme 1.42).
Scheme 1.42 Photolysis of 1.198a in Aqueous Acetonitrile

1.198a

h
 N2

MeO

H
C C O

H2O

MeO
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AcO

AcO
1.216

1.217
Major 83 %
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<5%

In contrast, photolysis of the omethoxy substituted diazo pHP 1.204 follows two
competing pathways to produce 6acetoxy3coumaranone (1.222) and the rearranged acid
1.219 (Scheme 1.43).
Scheme 1.43 Two Competing Pathways for Product Formation from Diazo pHP 1.204

The latter product is produced by the photoWolff rearrangement discussed above.
Alternatively, protonation of the carbonnitrogen double bond in aqueous media can produce
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diazonium ion 1.220, which upon nucleophilic attack by the methoxy group cyclizes to give
oxonium intermediate 1.221. The latter rearranges to 6acetoxy3coumaranone (1.222)
generating methanol as the side product.
Another mechanistic scenario can also be put forward for the formation of cyclic
ketone 1.222 (Scheme 1.44). In both pathways depicted in Scheme 1.43, a carbene 1.223 is
formed with loss of nitrogen prior to ketene formation. Furthermore, the methoxy oxygen in
omethoxy substituted diazo pHP 1.204 can add to the carbene 1.223 in competition with
ketene 1.218 formation. The resulted zwitterion 1.224 can be protonated on carbon to
produce the cyclic ketone 1.222 along with methanol as the side product (Scheme 1.44).
However, in accord with studies by Platz and coworkers the stepwise Wolff rearrangement
(the mechanism via carbene formation) is the minor contributor to the rearrangement in
aryldiazoketones which predominantly exist in the syn conformation.
Scheme 1.44 Formation of Products via the Carbene Intermediate 1.223

Accordingly, the concerted pathway would be the major contributor to the Wolff
rearrangementderived products from diazo pHP 1.204. Thus, we argue that the mechanism
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depicted in Scheme 1.43 is more appropriate for the formation of cyclic ketone 1.222 than
that of illustrated in Scheme 1.44.
As discussed in the Introduction, an analogous cyclization was previously observed in
photolysis of osubstituted pHP derivatives by Anderson and Reese in 1962.50 It was shown
that upon irradiation, ohydroxy substituted αchloro ketones cyclized to produce 3
coumaranone as the major product, whereas omethoxy substituted derivatives gave the
rearranged acid as the major product (see Introduction). In contrast to these observations, the
acetylprotected omethoxy diazo pHP 1.204 produced equal amounts of cyclized product
1.222 and rearranged acid 1.219 because the diazo group is a better leaving group than the
chloride. We can also argue that the oxygen atom of the omethoxy group can attack the
carbene which is derived from omethoxy substituted diazo pHP 1.204 in competition with
the Wolff rearrangement to form the ketene. Nonetheless, carbene formation was not be
observed in Anderson and Reese studies of omethoxy substituted αchloro ketones, thereby
the rearranged acid was produced as the major product.

Photoproduct Analysis and Photochemistry of metaand orthoSubstituted pHP Diethyl
Phosphates
Preliminary photolysis studies of o and mmethoxy substituted pHP diethyl
phosphates in D2O/CD3CN (1:1) at 300 nm or 350 nm were performed using 8 × 3000 Å or
16 × 3500 Å lamps. The photolysis reactions were monitored by 1H NMR spectroscopy at
time intervals using DMF as the internal standard. The released diethyl phosphoric acid,
benzyl alcohol (< 5%), and the rearranged acid were observed (Equation 1.44).
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The formation of diethyl phosphoric acid 1.31 was confirmed by spiking the
photolysis sample with the authentic compound. The identities of other photoproducts, the
rearranged acid analogs 1.223 and benzyl alcohol analogs 1.224, were confirmed by spiking
the photolysis samples of unsubstituted pHP diethyl phosphate, 1.57e (HDEP), with authentic
compounds (4hydroxyphenylacetic acid 1.53, benzyl alcohol 1.71). The results and product
distributions were similar to those obtained previously by Givens and coworkers70 on
releasing GABA and LGlu from mtrifluoromethoxy substituted pHP derivative. It was
found that macetyl pHP diethyl phosphate analog 1.200c (3COMepHP HDEP) produced
the same photoproducts, but at a lower efficiency even at 300 nm (Equation 1.44). Generally,
the quantum yields for the photolysis of methoxy substituted diethyl phosphates 1.200ab,
1.215ab in D2O/CD3CN, 1:1 are much lower at 350 nm than at 300 nm. Quantum
efficiencies for the disappearance of starting diethyl phosphate esters 1.200ac and 1.215ab
(Φdis) were determined by RPHPLC analysis at 300 nm using 2 × 3000 Å lamps. The
quantum yield for the disappearance (Φdis) was also determined at 350 nm for 3COMe
HDEP 1.200b using 16 × 3500 Å lamps to examine the efficiency of the photocleavage at a
higher wavelength. The results are summarized in Table 1.18.
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Table 1.18 Quantum Yields for Disappearance of the Starting Material (Φdis.) for Methoxy
Substituted pHP Diethyl Phosphates and a mAcetyl pHP Diethyl Phosphate
Wavelength /nm

% conversiona

Φdis.

1.200a (m  OMe)

300

10b

0.39 ± 0.02b

1.200b (m,m’OMe)

300

11b

0.44 ± 0.02b

1.200b (m,m’OMe)

350

04b

0.13 ± 0.02b

1.215a (o  OMe)

300

18b

0.59 ± 0.03b

1.215b (o,o’ OMe)

300

36c

0.69 ± 0.03c

1.200c (mCOMe)

300

02b

0.03 ± 0.005b

Compound

a

Determined after 2 min of photolysis;

b

c

Determined by 1H NMR in CH3CN/H2O, 1:1

Determined by RPHPLC in CH3CN/H2O, 1:1

The quantum yield for the release of diethyl phosphoric acid from mmethoxy pHP
diethyl phosphate 1.200a was 0.39 ± 0.03 (Table 1.18). The values are identical to those
reported by Phillips and coworkers62 in the photolysis of unsubstituted pHP caged diethyl
phosphate (0.40 ± 0.09) which indicates that a single methoxy group in the 3position does
not significantly affect the efficiency of photorelease. Installation of two methoxy groups (at
both metapositions) also does not statistically increase the efficiency of the reaction: The
quantum yield for the disappearance of 3,5dimethoxy pHP diethyl phosphate 1.200b was
found to be 0.44 ± 0.02.

It should be mentioned that the quantum yield values for m

methoxy pHP HDEP are greater than those reported for mmethoxy pHP GABA derivatives
because the phosphate group is a better leaving group.
Surprisingly, the omethoxy substituted diethyl phosphates 1.215ab showed a large
increase in quantum yields (> 50%) compared to both the mmethoxy 1.200ab series and
unsubstituted 1.57e (Table 1.18, Introduction). Thus, the quantum yield for the disappearance
of omethoxy 1.215a was 0.59 ± 0.03, and the observed value for o,o’dimethoxy 1.215b was
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0.69 ± 0.03. However, the quantum yield for the disappearance of o,o’dimethoxy 1.200b
was dramatically diminished when the excitation wavelength was changed from 300 nm to
350 nm (Table 1.18).
Table 1.19 Chemical Shift Values for the Methylene Peak in Methoxy Substituted pHP
Diethyl Phosphate Derivatives in CD3COCD3
pHP ester

chemical shift for the
methylene peak /ppm

1.57e (H)
1.200a (mOMe)
1.200b (m,m’OMe)

5.29  5.31
5.31  5.34
5.34  5.37

1.215a (oOMe)
1.215b (o,o’OMe)

5.09  5.12
4.78  4.81

Analysis of the 1H NMR spectra of the omethoxy substituted diethyl phosphates 1.215ab
revealed a significant shielding of the two methylene hydrogens adjacent to the carbonyl in
the phenacyl group. The chemical shifts of the methylene peak in CD3COCD3 for oOMe
1.215a and o,o’OMe 1.215b are 5.10 ppm and 4.79 ppm, respectively (Table 1.19).
The efficiency for the disappearance of mCOMe pHP diethyl phosphate 1.200c was
ca. 0.03± 0.005, which is one order of magnitude lower than that of the methoxy substituted
derivatives. It was reported that the quantum yield for the release of GABA was higher (ca.
0.310.38) when electron withdrawing substituents such as CONH2 and CO2Me were
introduced at the mposition of the pHP chromophore.5 However, the reported quantum
efficiency value for the mCO2Hsubstituted pHP GABA is 0.04, which is identical within
experimental error to the value obtained for the mCOMe pHP 1.200c (ca. 0.03 ± 0.005). The
reason for the low quantum yields could be the intramolecular hydrogen bonding between the
carbonyl oxygen and the phenolic hydrogen (Figure 1.20). The intramolecular hydrogen
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bonding could greatly diminish the formation of the phenoxide anion in the excited state,
which is a crucial step in the photoFavorskii rearrangement. The excited state acidity would
thus be lower in 1.200c as compared to the methoxy substituted pHP derivatives 1.200ab
and 1.215ab.
Figure 1.20 Intramolecular Hbond Formation in 1.200c

The different effect of mCONH2 and CO2Me vs mCOMe and CO2H substitution
may be a result of the resonance stabilization within the amide and the ester, which can
reduce the intramolecular hydrogen bonding ability of the carbonyl moiety in these groups.
This, in turn, can increase the propensity for generation of the phenoxide anion by releasing
the less Hbonded phenolic hydrogen in the excited state for mCONH2 and –CO2Me, which
diminishes the acidity in the excited state and subsequently increases the efficiency of the
photoreaction in the case of the mCONH2 and CO2Me.
Summarizing the substituent effects and the results of recent studies on the photo
Favorskii rearrangement using LFP,5,66,69,70 the mechanism for the photorelease of methoxy
substituted and a macetyl substituted pHP diethyl phosphate can be illustrated as follows
(Scheme 1.45).
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Scheme 1.45 Proposed Mechanism After Initial formation of the Excited Singlet of the pHP
Chromophore

Irradiation of esters 1.200ac and 1.215ab are initially converted to their singlet
excited state species (not shown) and this is followed by the intersystem crossing to the
triplet excited state ester.53,54,56,69,70 From this point the triplet excited state esters can either
undergo the photoFavorskii rearrangement by concomitantly releasing the phenolic proton
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and the leaving group generating an oxyallylphenoxy triplet biradical (31.225) (λmax = 445,
420, and 330 nm; τ ~ 0.6 ns).66,70 or the triplet can be diverted to an energy wasting pathway
by releasing the phenolic proton generating the triplet phenoxide anion. The triplet phenoxide
anion then intersystem crosses to the singlet ground state and protonates to reform the
starting esters (1.200ac, 1.215ab). The oxyallylphenoxy triplet biradical (31.225) also
intersystem crosses to the singlet excited state and cyclizes to form the Favorskii
intermediate spirodienedione (Scheme 1.45).69,70
The putative spirodienedione intermediate then either can react with water to produce
the rearranged acid as the major product or can decarbonylate to form the pquinone methide
intermediate (λmax = 276 nm; TRIR absorption (λmax) at 1647 cm1) which then reacts with
water to generate phydroxybenzyl alcohol as the minor product (< 5 %).69,70
A key feature of the photoFavorskii rearrangement is the possible outofplane
rotation or twist of the substituted acetyl group (the leaving group) during the
photorelease.69,70 In the triplet excited state this process would be equivalent in effect to the
formation of the oxyallylphenoxy triplet biradical 31.225. An initial partial rotation of the
bichromophoric starting ketophenol was originally proposed by Phillips and coworkers173
using timeresolved resonance Raman spectra of the triplet state of pHP phosphate and
acetate esters. This suggestion, however, was later retracted. Recently, Givens, Stensrud, and
coworkers69 reexamined the out of plane motion of the oxyallyl group computationally
[MP3 (631G* basis set)] using a series of the fluorinated oxyallylphenoxy triplet biradicals.
The authors computed the energy and conformations of fluorinated triplet biradicals. Twist
angles and triplet biradical/singlet energy differences were calculated for the lowest energy
conformation of the phenoxyoxyallyl triplet biradical in each case. It was found out that
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triplet biradicals were generated through outofplane rotation of the acyl group with
rotations that ranged from 8.0° for the mfluoro substituted triplet biradical to 41.8° for the
tetrafluoro substituted triplet biradical. The authors argued that the large twist angle of the
tetrafluoro substituted triplet biradical may be the reason for the high efficacies for the o
fluoro substituted pHP GABA derivatives (see Introduction, Table 1.7). The ofluoro
substituted derivative stabilizes the oxyallylphenoxy triplet biradical which is the key
intermediate prior to the putative spirodienedione intermediate in the Favorskii
rearrangement pathway. This may be the case with the omethoxy substituted pHP diethyl
phosphates 1.215ab which have high quantum yields compared with the metamethoxy
derivatives 1.200ab. Thus, we argue that a better stabilization of the oxyallylphenoxy
triplet biradical 31.225 results from osubstitution by methoxy groups than from m
substitution of methoxy groups (Table 1.19). However, DFT calculations and SternVolmer
quenching studies would be necessary and informative in elaborating our hypothesis.

Future work
All attempts to develop a procedure to isolate purified samples of caged biologically
active phosphates such as ATP, cAMP, and NADPH, with pHP group were unsuccessful via
the diazo approach. However, there may be alternative approaches to overcome this problem.
For example, by protecting both the free amine and sugar hydroxyl groups for the above
mentioned phosphates might lead to better reactions and more approachable separations
using the αdiazophydroxyacetophenone approach to produce pHP protected phosphates. If
the diazo approach continued to be unsuccessful, a parallel synthetic strategy may also be
attempted with αhaloketones such as αbromophydroxyacetophenone using the tetrabutyl
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ammonium salts of the biologically active phosphates which are acyl protected at the amine
functions and ketal protected on the sugar hydroxyl groups. The separation of individual
products from the crude mixture may be better accomplished by either RPHPLC or DEAE
cellulose chromatography or DEAE Sephadex chromatography as described by Park et al.51,52
The substituent effects on release of nitrogen (N2) from αdiazophydroxyacetophenone
deserve further elaboration. The effect of electron donating groups (OMe) and electron
withdrawing groups (COMe) at the meta position of the pHP chromophore should provide
insight into the mechanism of N2 photorelease. In addition, quenching studies on the
photochemistry of αdiazophydroxyacetophenone should be tested with suitable quenchers
other than molecular oxygen. It was reported that piperylene quenches effectively the triplet
excited state reactivity of αdiazoketones.113,124,174 Thus, piperylene may be a better candidate
to solve the mechanistic dilemma which has been discussed in this work. In addition, DFT
calculations would be informative to obtain electron distribution in the excited states of the
methoxy substituted pHP diethylphosphate derivatives, particularly at the methylene group,
to provide a better explanation for the faster photorelease of diethyl phosphoric acid
especially for omethoxy substituted derivatives (the propensity of bond breaking in the
excited state).
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Conclusions
A simple esterification procedure to install phosphates and other sensitive
functionalities (carboxylates, sulfonates, phenol esters and amino acids) has been
accomplished using the αdiazophydroxyacetophenone (diazo pHP) which was found to be
a widely applicable precursor for generating pHP protected esters in high yields, especially
certain simple phosphate esters. Accordingly, convenient, high yields, onepot syntheses
were developed for other pHP derivatives through their corresponding αdiazop
hydroxyacetophenones.
ortho and meta substituents on the pHP chromophore were synthesized, particularly
the electron donating methoxy substituents, through the diazophydaroxyphenacyl and other,
previously developed routes, to explore the substitutent effects on extending the absorption
range of the chromophore toward the visible region and on the efficiency of the photorelease.
It was found that that photorelease of diethyl phosphate from omethoxy pHP derivatives is
more than 50% higher than mmethoxy. The quantum yield for the macetyl pHP diethyl
phosphate derivative is an order of magnitude lower than that of other o and mmethoxy
pHP diethyl phosphates. The mechanism of photorelease appears to follow a photoFavorskii
pathway to generate the phenylacetic acid and benzyl alcohol derivatives. When nitrogen is
the leaving group, the photoWolff rearrangement is the predominant pathway to the
rearranged acid in the case of mmethoxy diazo pHP. In contrast, neighboring methoxy group
participation by the omethoxy substituent diazo pHP derivative cyclizes to give 6hydroxy
3coumaranone along with rearrangement to the Favorskii acid.
The light induced release of nitrogen (N2) from diazo pHP in aqueous acetonitrile was
studied. Uv/vis spectroscopic studies on solvent and pH effects, effects of triplet sensitization
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and quenching provided useful information regarding the mechanism of N2 release.
Extensive timeresolved IR spectroscopy studies revealed that the dominant photochemical
pathway was through the singlet excited state into the Wolff rearrangement to a ketene.
However, quenching experiments with molecular oxygen suggested a quenchable triplet
excited state may also contribute to the reaction in direct photolysis reactions. It is uncertain
whether this pathway proceeds through the photoWolff or photoFavorskii rearrangement or
both. The SternVolmer quenching studies with molecular oxygen produced a triplet life time
of 15 ns and the rate of 6.6 × 107 s1 for the triplet photoreaction in aqueous acetonitrile (1:1).
These preliminary results suggest that the rate constant for the release nitrogen is one or two
orders of magnitude slower than the reported values for other pHP caged substrates. A
detectable cyclopropanone moiety situated in the putative spirodienedione intermediate was
not observed in accord all previous timeresolved IR and UVvis studies. Thus, it unlikely
that the diazophydroxyacetophenone follows a photoFavorskii rearrangement pathway
upon photorelease of N2.
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Experimental Methods
General Methods
All compounds were prepared by literature procedures unless indicated otherwise. All
reagents were purchased from commercial sources (Aldrich, Acros Organics, Alfa Acer and
Fisher) and used without further purification unless otherwise noted. Nitrobenzene and
dichloromethane (DCM) were distilled prior to use. 1H NMR spectra were recorded on a
Bruker 400 MHz instrument unless otherwise noted. IR spectra were recorded on a Shimadzu
FTIR8400S spectrophotometer; results are reported in cm1. UV/vis spectra were recorded
on a Cary 100 spectrophotometer (Varian, Inc., Palo Alto, CA). HPLC analyses were
performed with a C18 Econosphere 250 x 4.6 mm analytical column (Altech Associates, Inc.,
Deerfield, IL) connected to a Rainin dual pump system for preliminary studies. Mass
spectrometry was performed on a Sciex API1 Plus quadrupole mass spectrometer with an
electrospray ionization (ESI) source. pH values of solutions were measured using a Fisher
Science pH 510 meter calibrated with certified Fisher buffer solutions of pH 4, 7, and 10. A
Labconco FreezeZone device set was used for lyophilization (at 52 °C and 0.04 mbar).
Thin layer and column chromatography were performed on precoated silica gel plates
(Sorbent Technologies, Atlanta, GA) and standard grade (3263 μm) silica gel (Sorbent
Technologies, Atlanta, GA), respectively. Melting points were determined on a Thomas
Hoover melting point apparatus (Arthur H. Thomas Company, PA) and are uncorrected.
4(Chlorocarbonyl)phenyl acetate (1.163a)
The general method of Adam and Binder
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was followed with modifications. p

Acetoxybenzoic acid (1.162a, 1.0 g, 5.6 mmol) was dissolved in SOCl2 (15.0 mL). The
resulting mixture was refluxed at 45 °C for 9 h. Thionyl chloride was evaporated under
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reduced pressure to afford crude 4(chlorocarbonyl)phenyl acetate (1.163a) as a colorless oil.
This acid chloride was used in the next step without any further purification (1.06 g, 5.35
mmol, 97% yield): 1H NMR (CDCl3) δ ppm 8.148.11 (1H, dd, J = 8.6 Hz, 3.3 Hz), 7.26
7.24 (1H, dd, J = 8.7 Hz, 1.8 Hz), 2.33 (3H, s); 13C NMR (100 MHz, CDCl3) δ (ppm) 168.0,
167.3, 156.3, 133.3, 132.3, 130.5, 122.6, 122.3, 21.2. The spectroscopic data are in strong
agreement with the literature.176
αDiazopacetoxyacetophenone (1.164a)
The general methods of Arndt177and Mander et al.93 were applied with modifications. To a
solution of KOH (678 mg, 12.1 mmol) in 2methoxyethanol (5 mL) and water (5 mL),
diazold (1.17 g, 5.4 mmol) in diethylether (50 mL) was added carefully. The resulting
mixture was gently heated to reflux temperatures (4050 °C). The ether layer was distilled
into a collection flask that was kept in an ice bath at 0 °C.

The ether distillate was

sequentially dried over KOH pellets for 1 h at 0 °C and with Na pieces for 1 h at 0 °C. Then
a solution of the acid chloride (200 mg, 1.00 mmol) in dry ether (10 mL) was added to the
distillate with vigorous stirring at 5 °C. The reaction mixture was allowed to come to 0 °C
and stirred for 4 h. The solvent was evaporated, and the yellow colored residue was purified
by

flash

chromatography using

a

gradient

solvent

systemEtOAc/hexane

(1:4),

EtOAc/hexane (1:3), and EtOAc/hexane (1:2) to afford αdiazopacetoxyacetophenone
(1.164a) as yellow needles (112 mg, 0.55 mmol, 55% yield): mp 105107 °C;

1

H NMR

(CDCl3) δ ppm 7.817.79 (1H, dd, J = 6.8 Hz, 1.8 Hz), 7.207.18 (1H, dd, J = 6.8 Hz, 1.8 Hz),
5.88 (1H, s), 2.33 (3H, s);

13

C NMR (100 MHz, CDCl3) δ (ppm) 185.3, 169.1, 154.2, 134.4,

128.4, 122.1, 54.4, 21.4; IR (KBr, cm1) 3067, 2114, 1757, 1609, 1574, 1417, 1392, 1369,
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1103, 1167, 916, 860; MS (ESI (+)) m/z calcd for (C10H8N2O3 + H)+ 205.0613, found 205 α
Diazophydroxyacetophenone (1.165)
The general method of Das et al. 178 was followed with modifications. To a stirred solution of
αdiazopacetoxyacetophenone (1.164a, 60 mg, 0.29 mmol) in aqueous MeOH (H2O:MeOH,
1:4, 10 mL), NH4OAc (181 mg, 2.4 mmol) was added. The resulting mixture was warmed to
50 °C and the progress of the reaction was monitored by TLC. After 4 h, the reaction mixture
was concentrated and the residue was extracted with EtOAc (10 mL x 5). Combined organic
layers were dried over anhydrous MgSO4 and the solvent was evaporated to afford αdiazop
hydroxyacetophenone (1.165) as a yellowish orange colored crystalline solid that was further
purified on silica gel (hexane:EtOAc, 1:1) to generate the pure compound as yellow colored
crystals (48 mg, 0.30 mmol, 100% yield), mp = 144150 °C (dec.):

1

H NMR (CD3COCD3) δ

ppm 9.20 (1H, s), 7.777.75 (2H, d, J = 8.8 Hz), 6.926.90 (2H, d, J = 8.8 Hz), 6.47 (1H, s);
13

C NMR (100 MHz, CD3COCD3) δ (ppm) 185.4, 162.7, 129.9, 129.7, 116.2, 53.2; IR (KBr,

cm1) 3263, 2170, 2123, 1605, 1560, 1508, 1261, 1230, 1173, 1099, 1028, 802; UV/Vis
(CH3CN/H2O), λmax (ε Lmol1cm1) 306 (14165); MS (ESI (+)) m/z calcd for (C8H6N2O2 +
H)+ 163.0507, found 163.1299; m/z calcd for (C8H6N2O2 + Na)+ 185.1118, found 185.1129.
.0606.
4(2(diphenoxyphosphoryloxy)phenyl acetate (1.167a)
The target molecule was synthesized by the method that was used by Epstein and
Garrossian48

with

slight

modifications.

To

a

stirred

solution

of

αdiazop

acetoxyacetophenone (1.165, 102 mg, 0.50 mmol) in benzene (5 mL), diphenyl phosphate
(250 mg, 1.0 mmol) in benzene (5 mL) was added dropwise. The resulting mixture was
refluxed at 70 °C. The progress of the reaction was monitored by the TLC. After 16 h, the
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benzene layer was washed sequentially with saturated NaHCO3 (40 mL) and water (40 mL)
and dried over anhydrous MgSO4. The solvent was evaporated to afford 4(2
(diphenoxyphosphoryloxy)phenyl acetate (1.167a) as a yellow colored oil.(185 mg, 0.43
mmol, 87% yield): 1H NMR (CDCl3) δ ppm 7.907.87 (2H, d, J = 8.7), 7.357.31 (4H, m),
7.277.25 (4H, m), 7.197.17 (4H, m), 5.415.38 (2H, d, J = 10.0 Hz); 31P NMR (162 MHz,
CDCl3) δ ppm 10.96;

13

C NMR (100 MHz, CDCl3) δ (ppm) 190.3, 168.8, 155.2, 150.6,

131.4, 130.0, 129.7, 129.5, 125.7, 122.3, 120.4, 70.0, 21.28; MS (ESI (+)) m/z calcd for
(C22H19O7P + H)+ 427.0947, found 427.0948; m/z calcd for (C22H19O7P + Na)+ 449.0766,
found 449.0761; m/z calcd for (C22H19O7P + NH4)+ 444.1212, found 444.1217
2(4Hydroxyphenyl)2oxoethyl diphenyl phosphate9 (1.167b)
The general methods of Epstein and Garrossian48 and Périé et al.172 were used with
modifications. To a stirred solution of αdiazophydroxyacetophenone (1.165, 11 mg, 0.068
mmol) in benzene (5 mL), diphenyl phosphate (34 mg, 0.14 mmol) in benzene (5 mL) was
added dropwise. The resulting mixture was stirred at rt and the progress of the reaction was
monitored by TLC. After 30 min, the benzene layer was washed sequentially with saturated
NaHCO3 (20 mL) and water (20 mL) and dried over anhydrous MgSO4. The solvent was
evaporated to afford 2(4hydroxyphenyl)2oxoethyl diphenyl phosphate58 (1.167b) as a
yellowish white solid that was chromatographed on silica gel (hexane:EtOAC, 1:1) to
produce the pure compound (24 mg, 92% yield): 1H NMR (CDCl3) δ ppm 7.577.55 (2H, d, J
= 8.6 Hz), 7.407.36 (4H, m), 7.327.30 (4H, m), 7.267.22 (2H, m), 5.335.30 (2H, d, J =
11.6 Hz); 31P NMR (162 MHz, CDCl3) δ ppm 11.10; 13C NMR (125 MHz, CDCl3) δ (ppm)
189.4, 162.4, 150.5, 130.4, 130.1, 126.0, 125.8, 120.5, 116.1, 70.3; MS (ESI (+)) m/z calcd
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for (C20H17O6P + H)+ 385.0841, found 385.0845; m/z calcd for (C20H17O6P + NH4)+
402.1106, found 402.1107
Diethyl 2(4hydroxyphenyl)2oxoethyl phosphate58 (1.168)
To a stirred solution of αdiazophydroxyacetophenone (1.165, 100 mg, 0.62 mmol) in
benzene (5 mL), diethyl phosphate (190 mg, 1.23 mmol) in benzene (5 mL) was added
dropwise. The resulting mixture was stirred at 60 °C and the progress of the reaction was
monitored by TLC. After 24 h the benzene layer was washed sequentially with saturated
NaHCO3 (20 mL) and water (20 mL) and dried over anhydrous MgSO4. The solvent was
evaporated to afford diethyl 2(4hydroxyphenyl)2oxoethyl phosphate58 (1.168) as
yellowish white solid that was chromatographed on silica gel (hexane:EtOAC, 1:1) to
produce the pure compound as a white solid (149 mg, 84% yield): 1H NMR (400 MHz,
CD3COCD3) δ ppm 9.33 (1H, s), 7.897.92 (2H, d, J = 6.8 Hz), 6.946.97 (2H, d, J = 6.8 Hz),
5.295.31 (2H, d, J = 10.6 Hz), 4.124.19 (4H, m), 1.291.33 (6H, m). The spectroscopic data
are in strong agreement with the literature.176
2(4Hydroxyphenyl)2oxoethyl benzoate179 (1.169)
To a stirred solution of αdiazopacetoxyacetophenone (1.165, 20 mg, 0.098 mmol) in
benzene (5 mL), benzoic acid (24 mg, 0.20 mmol) in benzene (5 mL) was added dropwise.
The resulting mixture was refluxed at 70 °C. The progress of the reaction was monitored by
TLC. After 42 h the benzene layer was washed sequentially with saturated NaHCO3 (40 mL)
and water (40 mL) and dried over anhydrous MgSO4. The solvent was evaporated to afford a
mixture of acetoxy benzoate and unprotected benzoate as a yellowish brown colored solid.
(30 mg, 0.10 mmol, 100% yield). To a solution of the above mixture (30 mg, 0.147 mmol) in
aqueous MeOH (1:4, 10 mL), NH4OAc (92 mg, 1.19 mmol) was added. The resulting
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mixture was warmed at 50 °C and the progress of the reaction was monitored by TLC. After
4 h, the reaction mixtuture was concentrated and the residue was extracted with EtOAc (10
mL x 5). The combined organic layers were dried over anhydrous MgSO4 and the solvent
was evaporated to afford the crude benzoate ester as a yellowish orange colored crystalline
solid. The crude compound was further purified on silica gel (EtOAc/hexane 1:1) to give
pure 2(4hydroxyphenyl)2oxoethyl benzoate179 (1.169) as a white solid (25 mg, 0.098
mmol, 97% yield), 1H NMR (CD3COCD3) δ ppm 9.33 (1H, s), 8.128.09 (2H, m), 7.987.95
(2H, m), 7.707.66 (1H, m), 7.577.53 (2H, m), 7.006.97 (2H, m), 5.65 (2H, s);

13

C NMR

(125 MHz, CD3COCD3) δ (ppm) 191.12, 166.47, 163.31, 134.20, 131.27, 131.07, 130.55,
129.54, 127.66, 116.44, 116.36, 67.34. The spectroscopic data are in strong agreement with
the reported data.179
2(4Hydroxyphenyl)2oxoethyl acetate (1.170)
To a stirred solution of αdiazophydroxyacetophenone (1.165, 10 mg, 0.062 mmol) in
acetonitrile and water (10 mL, 4:1), glacial acetic acid (1 mL, 16 mmol) was added dropwise
at rt. The resulting mixture was stirred at rt and the progress of the reaction was monitored by
TLC. After 16 h the reaction mixture was concentrated and ethyl acetate (10 mL) was added.
The organic layer was washed sequentially with saturated NaHCO3 (20 mL) and water (20
mL) and dried over anhydrous MgSO4. The solvent was evaporated to afford crude acetate
ester as a yellowish brown solid that was chromatographed on silica gel (EtOAc/hexane 1:1)
to give the pure 2(4hydroxyphenyl)2oxoethyl acetate (1.170) as a white solid (11.8 mg,
0.061 mmol, 98% yield): mp 128131 °C; 1H NMR (400 MHz, CD3COCD3) δ ppm 9.28 (1H,
s), 7.917.88 (2H, dd, J = 9.5 Hz, 2.7 Hz), 6.976.94 (2H, dd, J = 9.5 Hz, 2.7 Hz), 5.35 (2H,
s),

13

C NMR (125 MHz, CD3COCD3) δ (ppm) 191.2, 170.6, 163.3, 131.2, 130.13, 127.6,
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116.4, 66.7, 20.5; IR (KBr, cm1) 3229, 1734, 1666, 1605, 1576, 1383, 1219, 1178, 841, 609;
MS (ESI (+)); m/z calcd for (C10H10O4  H)+ 193.0501, found 193.0497.
2(4Hydroxyphenyl)2oxoethyl 2,2,2trifluoroacetate (1.171)
To a cooled (0 °C), stirred solution of αdiazophydroxyacetophenone (1.165, 10 mg, 0.062
mmol) in benzene (6 mL), trifluoroacetic acid (14 mg, 0.12 mmol) was added dropwise at
0 °C. The resulting mixture was stirred at 0 °C to rt and the progress of the reaction was
monitored by TLC. After 1 h the benzene layer was washed sequentially with saturated
NaHCO3 (20 mL) and water (20 mL) and dried over anhydrous MgSO4. The solvent was
evaporated to give the crude trifluoroacetate ester as a yellowish brown solid that was
chromatographed on silica gel (EtOAc/hexane 1:1) to give pure 2(4hydroxyphenyl)2
oxoethyl 2,2,2trifluoroacetate (1.171) as a white solid (14 mg, 0.056 mmol, 94% yield): mp
= 128131 °C; 1H NMR (CD3COCD3) δ ppm 9.43 (1H, s), 7.957.93 (2H, dd, J = 6.8 Hz, 2
Hz), 7.006.98 (2H, dd, J = 6.8 Hz, 2 Hz), 5.81 (2H, s), 19F NMR (376 MHz, CDCl3) δ ppm 
75.71 (3F, s); 13C NMR (125 MHz, CD3COCD3) δ (ppm) 191.2, 170.6, 163.3, 131.2, 127.6,
116.4, 66.7, 20.6; IR (KBr, cm1) 3240, 1782, 1674, 1605, 1574, 960, 845, 725; MS (ESI
(+)); m/z calcd for (C9H10O5 S H)+ 231.0334, found 231.0334.
αTosyloxyphydroxyacetophenone (1.172)
To a cooled (0 °C), stirred solution of αdiazophydroxyacetophenone (1.165, 100 mg, 0.6
mmol) in dry CH3CN (7 mL) under Ar was added ptoluenemethanesulfonic acid
monohydrate (118 mg, 0.6 mmol) dropwise in CH3CN (2 mL). The reaction mixture was
allowed to stir for 30 min at 0 °C, brought to room temperature and stirred for 30 min. At that
point, another portion of diazo ketone (50 mg, 0.3 mmol) in CH3CN (1 mL) was added and
the reaction mixture allowed to stir at room temperature for another 60 min. The reaction
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mixture was evaporated to dryness and ethyl acetate (10 mL) was added, followed by
washing the organic layer with a saturated aqueous solution of NaHCO3 (15 mL x 3). The
organic phase was separated, dried over anhydrous MgSO4, filtered, and the supernatant
concentrated under reduced pressure to afford the crude sulfonate ester. The crude product
was purified by column chromatography on silica gel (EtOAc/hexane 1:1) to provide p
hydroxyphenacyl tosylate 1.172 as a brownish white solid (134 mg, 71%): mp 131134 °C;
1

H NMR (500 MHz, CD3COCD3): δ 9.38 (1H, s), 7.837.88 (4H, m), 7.477.48 (2H, dd, J =

6.6 Hz, 8.0 Hz), 6.926.94 (2H, d, J = 6.8 HZ), 5.39 (2H, s), 2.46 (3H, s);

13

C NMR (125

MHz, CD3COCD3): δ 189.4, 163.4, 146.1, 134.4, 131.5, 130.9, 128.9, 127.2, 116.3, 71.4,
21.6; IR (KBr) 3310, 1682 and 964 cm1; MS (ESI (+)); m/z calcd for (C15H14O5SNa  H)+
329.0460, found 329.0467.
2(4hydroxyphenyl)2oxoethyl trifluoromethanesulfonate (1.173)
To a stirred solution of αdiazophydroxyacetophenone (1.165, 10 mg, 0.062 mmol) in
benzene (6 mL), triflic acid (10 mg, 0.068 mmol) in benzene (4 mL) was added dropwise at
0 °C under Ar. The reaction mixture was allowed to stir for 30 min at 0 °C, and then brought
to room temperature. At that point, ethyl acetate (10 mL) was added to the reaction mixture
and the organic phase was washed with saturated NaHCO3 solution (15 mL x 3) and water
(20 mL). The organic layer was separated, dried over anhydrous MgSO4 and filtered. The
solvent was evaporated to afford 2(4hydroxyphenyl)2oxoethyl trifluoromethanesulfonate
as a yellowish brown solid which was run through a small pad of silica gel (hexane/EtOAc,
1:1) to afford the 2(4hydroxyphenyl)2oxoethyl trifluoromethanesulfonate (1.173) as a
white solid which decomposed with time at room temperature (16 mg, 0.056 mmol, 91%
yield)], 1H NMR (400 MHz, CD3COCD3) δ ppm 9.48 (1H, s), 7.967.94 (2H, dd, J = 6.8 Hz,
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2 Hz), 7.006.98 (2H, dd, J = 6.8 Hz, 1.96 Hz), 5.81 (2H, s);

19

F NMR (376 MHz,

CD3COCD3) δ (ppm) 76.47 (3F, s). Product was really unstable and decomposed slowly at
room temperature. Thus, the other spectroscopic data was not obtained on the target
compound. This is in agreement with reported data.147
αMesyloxyphydroxyacetophenone (1.174)
To a cooled (0 °C), stirred solution of αdiazophydroxyacetophenone (1.165, 100 mg, 0.6
mmol) in dry benzene (10 mL) under Ar was added methanesulfonic acid (60 µL, 0.9 mmol)
dropwise. The reaction mixture was allowed to stir for 30 min at 0 °C, brought to room
temperature and stirred for additional 60 min. At that point, ethyl acetate (10 mL) was added
to the reaction mixture and the organic phase was washed with saturated NaHCO3 solution
(15 mL x 3). The organic phase was separated, dried over anhydrous MgSO4, filtered, and
the supernatant concentrated under reduced pressure to afford the crude phydroxyphenacyl
methanesulfonate which is 95% pure according to 1H NMR. The product was further purified
by column chromatography on silica gel (EtOAc/hexane 1:1) to provide phydroxyphenacyl
mesylate 1.174 as a white solid (139 mg, 98%): mp 162164 °C; 1H NMR (500 MHz,
CD3COCD3): δ 9.41 (1H, s), 7.917.93 (2H, d, J = 6.8 Hz), 6.966.97 (2H, d, J = 6.8 HZ),
5.59 (2H, s), 3.25 (3H, s); 13C NMR (125 MHz, CD3COCD3): δ 190.4, 163.6, 131.4, 127.1,
116.4, 71.7, 38.6; IR (KBr) 3365, 1691 and 962 cm1; MS (ESI (+)); m/z calcd for
(C9H10O5SH+) 329.0460, found 329.0467.
O(4Hydroxyphenacyl) γaminobutyrate, trifluoroacetate salt53 (1.175a)
The general method of Shinada et al.91 was followed with modifications.

To a stirred

solution of αdiazophydroxyacetophenone (1.165, 50 mg, 0.31 mmol) in toluene (10 mL),
4(tertbutoxycarbonylamino) butanoic acid (BocGABA, 75 mg, 37 mmol) in toluene (2 mL)
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was added dropwise at rt. A catalytic amount of copper acetylacetonate (8 mg, 0.031 mmol)
was added to the reaction mixture. The resulting mixture was stirred at 60 °C and the
progress of the reaction was monitored by TLC. After 2 h ethyl acetate (10 mL) was added.
The organic layer was washed sequentially with saturated NaHCO3 (20 mL) and water (20
mL) and dried over anhydrous MgSO4. The solvent was evaporated to afford crude boc
GABA ester as a yellowish brown solid which was chromatographed on silica gel
(hexane:EtOAc, 1:1) to give the pHP BocGABA as a yellowish brown solid. To a stirred
solution of the above compound in CH2Cl2 (5mL), freshly distilled TFA (5 mL) was added.
The reaction mixture was allowed to stir for 15 min and concentrated under reduced pressure.
The residue was dissolved in water and CH2Cl2 (20 mL, 1:1). The water layer was extracted,
frozen, and then lyophilized to afford pHP GABA 1.175a as a white solid11 (81 mg, 75%
overall yield): 1H NMR (400 MHz, D2O) δ ppm 7.86 (2H, d, J = 8.8 Hz), 6.94 (2H, d, J = 8.8
Hz), 5.44 (2H, s), 3.07 (2H, t, J = 7.8), 2.66 (2H, t, J = 7.2 Hz), 2.00 (2H, m); 13C NMR (100
MHz, D2O) δ (ppm) 197.4, 192.7, 177, 164.7, 133.6, 130.6, 128.4, 118.4, 69.4, 41.3, 33.0,
24.8. The spectroscopic data are in strong agreement with literature.53
γOpHydroxyphenacyl D glutamate53 (1.175b)
The general method of Shinada et al.91 was followed with modifications. To a stirred solution
of αdiazophydroxyacetophenone (20 mg, 0.12 mmol) in toluene (10 mL), 5tertbutoxy2
(tertbutoxycarbonylamino)5oxopentanoic acid (BocDGlu(OtBu)OH  56 mg, 0.18 mmol)
in toluene (2 mL) was added dropwise at rt. A catalytic amount of copper acetoacetonate (3
mg, 0.012 mmol) was added. The resulting mixture was stirred at 60 °C and the progress of
the reaction was monitored by TLC. After 2 h ethyl acetate (10 mL) was added. The organic
layer was washed sequentially with saturated NaHCO3 (20 mL) and water (20 mL) and dried
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over anhydrous MgSO4. The solvent was evaporated to afford the crude protected glutamate
ester that was chromatographed on silica gel (hexane:EtOAc, 1:1) to produce protected
glutamate ester as a yellowish brown solid that was then used in the deprotection step. To a
stirred solution of the above compound in CH2Cl2 (5 mL), freshly distilled TFA (5 mL) was
added. The reaction mixture was allowed to stir for 15 min and concentrated under reduced
pressure. Then residue was dissolved in water and CH2Cl2 (20 mL, 1:1). The water layer was
extracted, frozen, and then lyophilized to afford pHPglutamate 1.175b as a white solid53 (35
mg, 71% overall yield): mp = 134136 °C; 1H NMR (400 MHz, D2O) δ ppm 7.87 (2H, d, , J
= 8.4 Hz), 6.94 (2H, d, J = 8.4 Hz), 5.46 (2H, s), 4.14 (2H, t, J = 6.6 Hz), 2.79 (2H, t, 7.3 Hz),
2.23 (2H, m);

13

C NMR (100 MHz, D2O) δ (ppm) 190.12, 174.23, 162.23, 156.92, 131.11,

128.93, 125.21, 116.82, 64.34, 51.45, 26.42. The spectroscopic data are in strong agreement
with reported data.53
2(4Methoxyphenoxy)phydroxyacetophenone (1.177a)
The general method of Shinada et al.91 was followed with modifications. To a stirred solution
of αdiazopacetoxyacetophenone (1.165, 20 mg, 0.098 mmol) in toluene (10 mL), and p
methoxy phenol (24 mg, 0.19 mmol) in toluene (2 mL) was added dropwise at rt. A catalytic
amount of rhodium(II) acetate dimer (4 mg, 0.01 mmol) was added to the reaction mixture.
The resulting mixture was stirred at 60 °C overnight. The reaction mixture was concentrated
and the yellow colored crude product was used for the deprotection step without further
purification. To a stirred solution of the crude acetate in aqueous MeOH (1:4, 10 mL),
NH4OAc (60 mg, 0.78 mmol) was added. The resulting mixture was warmed at 50 °C and
the progress of the reaction was monitored by TLC. After 8 h, the reaction mixture was
concentrated and the residue was extracted with EtOAc (10 mL x 5). The combined organic
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layers were dried over anhydrous MgSO4 and the solvent was evaporated to afford 2(4
methoxyphenoxy)phydroxyacetophenone (1.177a) as a brownish white solid which was
further purified on silica gel (hexane:EtOAc, 1:1) to generate the pure compound as a white
solid (18 mg, 56% overall yield): mp = 132134 °C; 1H NMR (500 MHz, CD3COCD3) δ ppm
9.28 (1H, s), 7.977.96 (2H, d, J = 6.8 Hz), 6.966.95 (2H, d, J = 6.7 Hz), 6.916.89 (2H, d, J
= 6.6 Hz), 6.846.82 (2H, d, J = 6.8 Hz), 5.29 (2H, s), 3.72 (3H, s);

13

C NMR (125 MHz,

CD3COCD3) δ (ppm) 193.58, 163.15, 155.20, 153.61, 131.59, 131.51, 128.16, 116.53,
116.25, 115.38, 71.78, 55.88; IR (KBr, cm1) 3150, 1668, 1610, 1572, 1248, 1169, 987, 843,
636; MS (ESI (+)); m/z calcd for (C15H13O4  H)+ 257.0814, found 257.0810. The
spectroscopic data are in strong agreement with reported data.180

1(4hydroxyphenyl)2(4(trifluoromethyl)phenoxy)ethanone (1.177b)180
To a stirred solution of αdiazopacetoxyacetophenone (1.165, 40 mg, 0.20 mmol) in toluene
(10 mL), and ptrifluoromethyl phenol (64 mg, 0.39 mmol) in toluene (2 mL) was added
dropwise at rt. A catalytic amount of rhodium(II) acetate dimer (9 mg, 0.02 mmol) was added
to the reaction mixture. The resulting mixture was stirred at 60 °C overnight. The reaction
mixture was concentrated and the yellow colored crude product was used for the deprotection
step without any purification. To a stirred solution of the crude 1(4acetoxyphenyl)2(4
(trifluoromethyl)phenoxy)ethanone in aqueous MeOH (1:4, 10 mL), NH4OAc (120 mg, 1.6
mmol) was added. The resulting mixture was warmed to 50 °C and the progress of the
reaction was monitored by TLC. After 8 h, the reaction mixture was concentrated and the
residue was extracted with EtOAc (10 mL x 5). The combined organic layers were dried over
anhydrous MgSO4 and the solvent was evaporated to afford the 1(4hydroxyphenyl)2(4
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(trifluoromethyl)phenoxy)ethanone as a brownish white solid which was further purified on
silica

gel

(hexane:EtOAc,

1:1)

to

generate

the

pure

1(4hydroxyphenyl)2(4

(trifluoromethyl)phenoxy)ethanone (1.177b) as a brownish white solid (49 mg, 68% overall
yield): mp = 173175 °C; 1H NMR (500 MHz, CD3COCD3) δ ppm 9.34 (1H, s), 7.997.97
(2H, d, J = 7.0 Hz), 7.637.62 (2H, d, J = 8.5 Hz), 7.157.13 (2H, d, J = 8.6 Hz), 6.986.97
(2H, d, J = 6.8 Hz), 5.57 (2H, s);

13

C NMR (125 MHz, CD3COCD3) δ (ppm) 192.4, 163.4,

162.4, 131.5, 127.7, 127.7, 116.4, 116.3, 116, 70.9; IR (KBr, cm1) 3150, 1668, 1610, 1572,
1248, 1169, 987, 843, 636; MS (ESI (+)); m/z calcd for (C15H11F3O2  H)+ 295.0582, found
295.0567. The spectroscopic data are in strong agreement with reported data.180
αhydroxyphydroxyacetophenone52 (1.178)
The title compound was obtained as a byproduct in the synthetic procedures given above. α
Hydroxyphydroxyacetophenone52 (1.178) was also generated in the decomposition of α
diazophydroxyacetophenone (1.165) in aqueous media. 1H NMR (400 MHz, CD3COCD3) δ
(ppm) 9.30 (1H, s), 7.917.88 (2H, dd, J = 6.9 Hz, 2 Hz), 6.976.94 (2H, dd, J = 6.9 Hz, 2
Hz), 4.804.79 (2H, d, J = 5.1);

13

C NMR (125 MHz, CD3COCD3)) δ (ppm) 197.8, 163.5,

131.2, 127.2, 116.4, 65.8. The spectroscopic data are in strong agreement with the
literature.52

Photochemistry:
General methods:
Photolyses were performed in a Rayonet RPR100 photochemical reactor (Southern New
England Ultraviolet Company, Branford, CT) fitted with a Merrygoround apparatus and
with 16350 nm (RPR 3500 Å) or 16300 nm (RPR 3000 Å) lamps. The Rayonet reactor was
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turned on to warm up the lamps for 15 minutes prior to irradiation of the sample. Samples
were irradiated in NMR tubes or Pyrex test tubes at 40–45 °C in the Rayonet reactor in the
presence or absence of oxygen. The tubes were placed in a RPR merrygoround apparatus
and a counter was started at the onset of exposure to record the time of irradiation. Exposure
times were controlled by manual removal of the sample from the reactor or alternately by
turning the lamps on or off. The light output for the determination of quantum efficiencies
was measured by using the potassium ferrioxalate method. 181 Photolysis samples were
analyzed using 1H NMR and RPHPLC methods. HPLC analyses were performed with a
Waters XTerra MSC18 analytical column (column size: 2.1 x 150 mm, particle size: 5 μm)
connected to a Waters Alliance HT 2795 or a Waters Aquity UPLC. The solvent system for
the separation was 99% CH3CN, 1% H2O, 0.06% formic acid and 99% H2O, 1% CH3CN,
0.08% formic acid. The detection wavelengths were 250 nm and 280 nm. The flow rate was
0.2 mL/min and the injection volume was 5 µL. Each sample was run three times.
Photolysis of αdiazophydroxyacetophenone (1.165) in aqueous acetonitrile
An NMR tube was charged with αdiazophydroxyacetophenone (6 mg, 0.037 mmol) and
dissolved in CD3CN (500 μL), D2O (500 μL), and DMF (2 μL) and the contents were mixed
thoroughly. DMF was used as an internal standard. The resulting sample mixture was
photolyzed without degassing at 300 or 350 nm with 163000 or 163500 Å lamps. 1H NMR
spectra (16 scans) were collected after 0, 5, 10, 15, 20, and 25 min of photolysis. The
depletion of αdiazophydroxyacetophenone (1.165) and the appearance of released p
hydroxyphenylacetic acid were quantified from the NMR integrations of the signals at δ 6.23
and 3.49 ppm, respectively. The results are shown in Equation 1.33.
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Photolysis of αdiazophydroxyacetophenone (1.165) in dry acetonitrile
An NMR tube was charged with αdiazophydroxyacetophenone (1.165, 6 mg, 0.037 mmol)
and dissolved in CD3CN (1000 μL) and DMF (2 μL) and contents were mixed thoroughly.
DMF was used as an internal standard. The resulting sample mixture was photolyzed without
degassing at 300 or 350 nm with 163000 or 163500 Å lamps and 1H NMR spectra (16
scans) were collected after 0, 5, 10, 15, 20, and 25 min of photolysis. The results are shown
in Equation 1.34.
Photolysis of αdiazophydroxyacetophenone at different pD values: an NMR study
An NMR tube was charged with αdiazophydroxyacetophenone (6 mg, 0.037 mmol) and
dissolved in CD3CN (500 μL), D2O (500 μL), and DMF (2 μL) and the contents mixed
thoroughly. DMF was used as an internal standard. Different pD values were achieved by
changing the pD of the D2O (500 μL) before mixing with CD3CN. A pD = 4 was achieved
by careful addition of formic acid to D2O. The pD = 7 was accomplished with solid
NH4OAc. The pD = 10 was achieved with solid Na2CO3.

The resulted samples were

photolyzed without degassing at 300 or 350 nm with 163000 or 163500 Å lamps and 1H
NMR spectra (16 scans) were collected after 0, 5, 10, 15, and 20 min of photolysis. The
results are discussed in the Results and Discussion section.

Photolysis of αdiazophydroxyacetophenone (1.165) at different pH values; RPHPLC
analysis
A qualitative analysis of photoproducts was achieved with RPHPLC. A quartz tube was
charged with αdiazophydroxyacetophenone (1.165, 10 mg, 0.062 mmol). The ketone was
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dissolved in HPLC grade CH3CN (2.0 mL) and H2O (2.0 mL), and the contents were mixed
thoroughly before the photolysis. Different pH values were obtained by changing the pH of
the H2O (2.0 mL) before mixing with CH3CN (2.0 mL). A buffer solution of sodium
acetate/acetic acid in water was used to get the pH value of 4. Buffer solutions of
tris(hydroxylmethyl)aminomethane/hydrochloric acid, and ammonium acetate/ammonia were
used to achieve pH 7 and 10, respectively. The sample was irradiated at 300 or 350 nm with
163500 Å lamps, and sample aliquots (50 µL) were collected after 0, 5, 10 15, 20 min of
photolysis. Each aliquot was diluted with 950 µL of HPLC grade CH3CN/H2O, 1:1, and was
analyzed by HPLC using an Econosphere C18 analytical column. The solvent system for the
separation was 70% CH3CN and 30% H2O with 0.1% H3PO4. The detection wavelength was
238 nm and flow rate was 1.0 mL/min. The distribution of products in each case was
observed and attempts to identify the photoproducts were made by side by side injections of
authentic compounds. The results are discussed in the Results and Discussion section.
Photolysis of αdiazophydroxyacetophenone (1.165): photoproduct analysis by 1H
NMR
A Pyrex NMR tube was charged with αdiazophydroxyacetophenone (1.165, 6 mg, 0.037
mmol) and dissolved in CD3CN (500 μL) and D2O (500 μL). The contents were mixed
thoroughly. The resulting sample was photolyzed with air at 300 or 350 nm with 23000 Å or
163500 Å lamps and the 1H NMR spectrum (16 scans) was collected after 10 min of
photolysis. The depletion of αdiazophydroxyacetophenone and the appearance of released
4hydroxyphenylacetic acid (PAA) were characterized from the NMR signals at δ 6.23 and
3.49 ppm, respectively. The photolysis sample was spiked with an authentic sample of PAA.
The intensity of the methylene peak at 3.49 ppm increased dramatically. In addition,
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intensities of peaks of PAA within the aromatic region (7.107.12 and 6.766.78 ppm)
increased. These observations confirmed the formation of PAA from the photolysis. Bubbles
evolved while the sample was being irradiated. This could be due to nitrogen extrusion.
Photolysis of αdiazophydroxyacetophenone (1.165): photoproduct analysis by RP
HPLC
A quartz tube was charged with αdiazophydroxyacetophenone (1.165, 10 mg, 0.062 mmol)
that had been dissolved in HPLC grade CH3CN (2.0 mL) and H2O (2.0 mL). The contents
were mixed thoroughly before the photolysis. The sample was irradiated at 300 or 350 nm
with 23000 Å or 163500 Å lamps. Sample aliquots (100 µL) were collected after 10 min of
photolysis. The aliquot was diluted with 950 µL of HPLC grade CH3CN/H2O, 1:1 and
analyzed by HPLC using a C18 analytical column (qualitative analysis). The photoproducts
were identified by coinjections with authentic samples of the unknown compounds.
Photolysis of αdiazophydroxyacetophenone (1.165) in dry CH3CN: photoproduct
analysis by GC/MS
A quartz tube was charged with αdiazophydroxyacetophenone (1.165, 20 mg, 0.12 mmol)
that was dissolved in dry HPLC grade CH3CN (4.0 mL). The contents were mixed
thoroughly before the photolysis. The sample was irradiated at 300 nm with 23000 Å lamps
and sample aliquots (100 µL) were collected after 0, 2, 4, 6, and 8 min of photolysis. These
sample aliquots were diluted with 950 µL of HPLC grade CH3CN and analyzed by GC/MS.
Possible photoprudusts (phydroxybenzyl alcohol, phydroxyacetophenone, αhydroxyp
hydroxyacetophenone, phydroxyphenylacetic acid, phydroxybenzoic acid etc.), were also
injected into the GC/MS under the same conditions, and the retention times and mass of each
compound were determined. These GC/MS data were compared with the GC/MS retention
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times and MS values of the authentic samples to attempt to assign the structures for the
photoproducts.
Photolysis of αdiazophydroxyacetophenone (1.165) in dry CH3CN: photoproduct
analysis by RPHPLC
A quartz tube was charged with αdiazophydroxyacetophenone (1.165, 20 mg, 0.12 mmol)
that was dissolved in HPLC grade CH3CN (4.0 mL). The contents were mixed thoroughly
before the photolysis. The sample was irradiated at 300 nm with 23000 Å lamps and sample
aliquots (100 µL) were collected after 0, 2, 4, 6, and 8 min of photolysis. The aliquots were
diluted with 950 µL of HPLC grade CH3CN and analyzed by HPLC using an Econosphere
C18 analytical column. The solvent system for the separation was 70% CH3CN and 30%
H2O with 0.1% H3PO4. The detection wavelength was 238 nm, the flow rate 1.0 mL/min, and
the injection volume was 50 µL. Four major products were observed, and the identities of the
photoproducts were determined by coinjections of authentic samples of the known
compounds

(phydroxybenzyl

alcohol,

phydroxyacetophenone,

αhydroxyp

hydroxyacetophenone, phydroxyphenylacetic acid, phydroxybenzoic acid, etc.).
Photolysis of αdiazophydroxyacetophenone (1.165): Quantum yield determination by
RPHPLC
A stock solution was prepared for the biphenyl standard by dissolving biphenyl (160 mg,
1.04 mmol) in HPLC grade CH3CN (90 mL) in a 100 mL volumetric flask and diluting it to
the mark with HPLC grade H2O (10 mL). A quartz tube was charged with αdiazop
hydroxyacetophenone (1.165, 10 mg, 0.062 mmol) that was dissolved in HPLC grade
CH3CN (1.0 mL) and H2O (1.0 mL). The biphenyl internal standard solution (2.0 mL from
the stock solution, 3.2 mg, 0.021 mmol) was added to the quartz tube and the contents were
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mixed thoroughly. The sample was irradiated at 300 or 350 nm with 23000 Å or 163500 Å
lamps and aliquots (100 µL) were collected after 0, 2, 4, 6, and 8 min of photolysis. Each
aliquot was diluted with 950 µL of HPLC grade CH3CN:H2O (1:1), and was analyzed by
HPLC using a Waters XTerra MSC18 analytical column. The calibration curves were made
for both αdiazophydroxyacetophenone and PAA under the same reaction conditions. The
correction factor (R) for each compound was calculated. The depletion of the starting
material and appearance of the PAA were quantified using average peak areas from three
injections of each aliquot corresponding to the average peak area of the internal standard.
Scatter plots were created by plotting mmol of αdiazophydroxyacetophenone vs,
irradiation time (in min) and mmol of PAA vs. irradiation time (in min). The slope (m) of the
best fit line from the linear regression analysis was determined for each plot. The light output
(L) in units of millieinsteins per minute of the 23000 and 163500 Å lamps in the
photoreactor was determined separately using the potassium ferrioxalate method.181 The
quantum yields (Φ) for the disappearance of αdiazophydroxyacetophenone and appearance
of PAA were then calculated using following equation.
Φ = |m| / L
Where m is the slope of the plot and L is the light output from lamps which were used in the
actinometry. Results are shown in Table 1.12.

Sensitization Experiments:
Photolysis of αdiazophydroxyacetophenone with benzophenone4,4dicarboxylic acid
(3.70 x 103 M and 9.25 x 103 M)
A quartz tube was charged with αdiazophydroxyacetophenone (1.165, 10 mg, 0.062 mmol)
dissolved in HPLC grade CH3CN (1.0 mL) and H2O (1.0 mL). Biphenyl (2.0 mL from the
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internal standard stock solution, (3.2 mg, 0.021 mmol) and benzophenone4,4dicarboxylic
acid (4 mg, 0.015 mmol, sensitizer) were added to the quartz tube. The resulting mixture was
shaken thoroughly until a clear solution was obtained. The sample was irradiated at 300 or
350 nm with 23000 Å lamps and aliquots (100 µL) were collected after 0, 2, 4, 6, and 8 min
of photolysis. Each aliquot was diluted with 950 µL of HPLC grade CH3CN/H2O, 1:1, and
was analyzed by HPLC using a Waters XTerra MSC18 analytical column. The quantum
yields of the disappearance of αdiazophydroxyacetophenone and appearance of PAA were
calculated following the same procedure described for compound 1.165 alone. The
experiment was repeated with the sensitizer concentration of 9.25 x 103 M. The results are
shown in Table 1.12.
Photolysis of αdiazophydroxyacetophenone with a xanthone sensitizer, Mangiferin
(4.76 x 103 M and 1.19 x 102 M)
A quartz tube was charged with αdiazophydroxyacetophenone (10 mg, 0.062 mmol)
dissolved in HPLC grade CH3CN (1.0 mL) and H2O (1.0 mL). Biphenyl internal standard
(2.0 mL from the stock solution, 3.2 mg, 0.021 mmol) and mangiferin (8 mg, 0.019 mmol,
sensitizer) were added to the quartz tube. The resulting mixture was stirred thoroughly until a
clear solution was obtained. The sample was irradiated at 300 or 350 nm with 23000 Å or
163500 Å lamps, and aliquots (100 µL) were collected after 0, 2, 4, 6, and 8 min of
photolysis. Each aliquot was diluted with 950 µL of HPLC grade CH3CN/H2O, 1:1, and
analyzed by HPLC using a a Waters XTerra MSC18 analytical column. The quantum yields
of the disappearance of αdiazophydroxyacetophenone and appearance of PAA were
calculated following the same procedure described with compound 1.165 alone. The
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experiment was repeated with the sensitizer concentration of 1.19 x 102 M. The results are
shown in Table 1.12.
Photolysis of αdiazophydroxyacetophenone (1.165) under Ar
A quartz tube was charged with αdiazophydroxyacetophenone (1.165, 10 mg, 0.062 mmol)
dissolved in HPLC grade CH3CN (1.0 mL) and H2O (1.0 mL). Biphenyl as the internal
standard (2.0 mL from the stock solution, 3.2 mg, 0.021 mmol) was placed in the quartz tube
and the contents were mixed thoroughly. The tube, fitted with a rubber septum, was cooled in
an ice bath, purged with Ar for 30 min, and irradiated at 300 nm with 23000 Å bulbs.
Aliquots (100 µL) were collected after 0, 2, 4, 6, and 8 min of photolysis through the rubber
septum using a syringe and an Ar filled balloon to avoid the introduction of air into the tube.
Each aliquot was diluted with 950 µL of HPLC grade CH3CN/H2O (1:1) and analyzed by
HPLC using a a Waters XTerra MSC18 analytical column. The quantum yields of the
disappearance of αdiazophydroxyacetophenone (1.165) and appearance of PAA were
calculated following the same procedure described above. The same procedure was repeated
three times. The results are shown in Table 1.12.
Quenching Experiments:
Photolysis of αdiazophydroxyacetophenone in an oxygen atmosphere.
A quartz tube was charged with αdiazophydroxyacetophenone (1.165, 10 mg, 0.062 mmol)
dissolved in HPLC grade CH3CN (1.0 mL) and H2O (1.0 mL). Biphenyl as the internal
standard (2.0 mL from the stock solution, 3.2 mg, 0.021 mmol) was added to the quartz tube
and the contents mixed thoroughly. The tube was fitted with a rubber septum and sealed,
cooled in an ice bath, and purged with pure oxygen for 30 min. The sample was irradiated at
300 nm with 23000 Å lamps, and aliquots (100 µL) collected after 0, 2, 4, 6, and 8 min of

133

photolysis with a needle syringe. Each aliquot was diluted with 950 µL of HPLC grade
CH3CN/H2O, 1:1, and analyzed by HPLC using a a Waters XTerra MSC18 analytical
column. The quantum yields of the disappearance of αdiazophydroxyacetophenone (1.165)
and appearance of PAA were calculated following the same procedure described above. The
same procedure was repeated three times. The results are shown in Table 1.12. A Stern
Volmer quenching plot was prepared using the oxygen concentration values which were
obtained from the literature and the quantum yields.
XRay Crystallographic structure for the αdiazophydroxyacetophenone (1.165)
The needle shaped light yellow color crystals of diazo pHP 1.165 were produced from
hexane/EtOAc solvent system. Colorless rectangular parallelepipedshaped crystals of
C8H6N2O2 are, at 100(2) K, orthorhombic, space group Pbca – D2h15 (No. 61)182 with a =
13.729(2) Å, b = 6.795(1) Å, c = 16.111(2) Å, V = 1503.1(3) Å3 and Z = 8 molecules [dcalcd =
1.433 g/cm3; ma(MoKa) = 0.106 mm1] A full hemisphere of diffracted intensities (1850 40
second frames with a w scan width of 0.30°) was measured for a singledomain specimen
using graphitemonochromated MoKa radiation (l= 0.71073 Å) on a Bruker SMART APEX
CCD Single Crystal Diffraction System. 183 Xrays were provided by a finefocus sealed X
ray tube operated at 50kV and 30mA. Lattice constants were determined with the Bruker
SAINT software package using peak centers for 5566 reflections.

A total of 12759

integrated reflection intensities having 2q((MoKa)< 58.23° were produced using the Bruker
program SAINT184; 1932 of these were unique and gave Rint = 0.063 with a coverage which
was 95.5% complete. The data were corrected empirically for variable absorption effects
using equivalent reflections; the relative transmission factors ranged from 0.722 to 1.000.
The Bruker software package SHELXTL was used to solve the structure using “direct
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methods” techniques.

All stages of weighted fullmatrix leastsquares refinement were

conducted using Fo2 data with the SHELXTL Version 6.10 software package.185
The final structural model incorporated anisotropic thermal parameters for all nonhydrogen
atoms and isotropic thermal parameters for all hydrogen atoms. All hydrogen atoms were
located in a difference Fourier and included in the structural model as independent isotropic
atoms whose parameters were allowed to vary in leastsquares refinement cycles. A total of
2

2

133 parameters were refined using no restraints, 1932 data and weights of w = 1/ [s (F ) +
2

2

2

(0.0870 P) + 0.7647 P], where P = [Fo + 2Fc ] / 3. Final agreement factors at convergence
are:

R1(unweighted, based on F) = 0.064 for 1835 independent absorptioncorrected

“observed” reflections having 2q(MoKa)< 58.23° and I>2s(I); R1(unweighted, based on F)
= 0.067 and wR2(weighted, based on F2) = 0.165 for all 1932 independent absorption
corrected reflections having 2q(MoKa)< 58.23°. The largest shift/s.u. was 0.000 in the final
3

refinement cycle. The final difference map had maxima and minima of 0.42 and 0.35 e/Å ,
respectively.
UV/Vis study of αdiazophydroxyacetophenone (1.165) at different pH values
A 10 mL volumertric flask was charged with αdiazophydroxyacetophenone (10 mg, 0.062
mmol) and dissolved in CH3CN (5.0 mL) and H2O (5.0 mL). The pH was adjusted by
changing the pH of H2O (5.0 mL) before mixing it with CH3CN (5.0 mL). A buffer solution
of sodium acetate/acetic acid in water was used to obtain pH 4. A buffer solution of
ammonium acetate/ammonia was used to achieve pH 7 and 10, respectively. The UV/vis
scans were performed under ambient conditions with suitable dilutions at each pH value.
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Substituent Effects on pHP Photochemistry on Releasing Diethyl Phosphates
3Methoxy4acetoxybenzoic acid (1.197a)
The general method of Qin et al.186 was followed with modifications. To a stirred solution of
3methoxy4hydroxybenzoic acid (1.196a,1.0 g, 5.9 mmol) in dry CH2Cl2 (15 mL) under Ar,
triethylamine (907 µL, 6.5 mmol) was added dropwise followed by acetyl chloride (506 µL,
7.1 mmol) dropwise. The reaction mixture was allowed to stir for 1 h at room temperature,
then ethyl acetate (40 mL) was added, and the organic phase was washed with 10 % HCl (25
mL x 3) followed by a saturated NaHCO3 solution (25 mL x 3). The aqueous fractions from
NaHCO3 extraction were combined, acidified with 10% HCl and reextracted with EtOAc
(25 mL x 3). The EtOAc fractions were combined, dried over anhydrous MgSO4, filtered,
and the supernatant concentrated under reduced pressure to afford 3methoxy4
acetoxybenzoic acid (1.197a) as a white solid (840 mg, 67%): mp 145148 °C; 1H NMR (500
MHz, CD3COCD3): δ 11.34 (1H, s), 7.697.66 (2H, m), 7.207.18 (1H, d, J = 8.1 Hz), 3.90
(1H, s), 2.27 (3H, s); 13C NMR (125 MHz, CD3COCD3): δ 168.8, 167, 152.4, 144.9, 130.1,
123.9, 123.4, 114.3, 56.5, 20.6; IR (KBr, cm1) 30842544(br), 1759, 1686, 1597, 1470, 1221,
901, 762, 669; MS (ESI ()) calcd for (C15H11F3O2  H)+ 209.0450, found 209.0448.
4(2Diazoacetyl)2methoxyphenyl acetate (1.198a)
The general methods of Adams and Binder175 and Arndt177 were followed with modifications.
A flame dried 50 mL round bottomed flask was charged with 3methoxy4acetoxybenzoic
acid (1.197a, 0.840 g, 2.8 mmol) and freshly distilled SOCl2 (20 mL) was added under Ar.
The resulting mixture was refluxed at 80 °C for 8 h and concentrated under reduced pressure
to afford 3methoxy4acetoxybenzoyl chloride as colorless oil. This acid chloride was used
in the next step without any purification.
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General method A for preparation of diazomethane: To a solution of KOH (3.0 g, 53.5
mmol) in 2methoxyethanol (17 mL) and water (5 mL), diazold (5.0 g, 23.3 mmol) in diethyl
ether (75 mL) was added carefully. The resulting mixture was gently heated at reflux (40 
45 °C). The ether layer was distilled into a collection flask kept in an ice bath at 0 °C. The
ether distillate containing diazomethane was sequentially dried over KOH pellets for 1 h at
0 °C and with Na pieces for 1 h at 0 °C.
A solution of acid chloride (910 mg, 3.9 mmol) in dry ether (10 mL) was added dropwise to
the dried ether distillate containing the diazomethane with vigorous stirring at 5 °C. The
reaction mixture was allowed to come to 0 °C and stirred overnight. The solvent was
evaporated, and the yellow residue was purified by flash chromatography with a gradient
solvent system. [EtOAc/hexane (1:4), EtOAc/hexane (1:3), and EtOAc/hexane (1:2)] to
afford 4(2diazoacetyl)2methoxyphenyl acetate (1.198a) as a yellow crystalline solid (645
mg, 69% yield): mp = 9699 °C; 1H NMR (500 MHz, CD3COCD3) δ ppm 7.56 (1H, d, J = 2
Hz), 7.477.45 (1H, d, J = 8.2 Hz), 7.187.16 (1H, d, J = 8.2 Hz), 6.63 (1H, s), 3.90 (3H, s),
2.26 (3H, s);
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C NMR (125 MHz, CDCl3) δ ppm 185.6, 168.8, 152.6, 144.5, 136.5, 124,

120.4, 111.6, 56.5, 54.4, 20.5; IR (KBr, cm1) 3078, 2112, 1765, 1582, 1508, 1420, 1367,
1192, 904, 785; MS (ESI ()) calcd for (C11H9N2O4  H) 233.0562, found 233.0553.

2Diazo1(4hydroxy3methoxyphenyl)ethanone (1.199a)
The general method of Das et al.178 was applied with modifications. To a stirred solution of
4(2diazoacetyl)2methoxyphenyl acetate (1.198a, 600 mg, 2.56 mmol) in aqueous MeOH
(H2O:MeOH, 1:4, 20 mL), was added NH4OAc (1.578 g, 20.49 mmol). The resulting mixture
was warmed at 50 °C and the progress of the reaction was monitored by TLC. After 8 h, the
reaction mixture was concentrated and the residue was extracted with acetone (10 mL x 5).
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The combined organic layers were dried over anhydrous MgSO4 and the solvent was
evaporated to afford 2diazo1(4hydroxy3methoxyphenyl)ethanone (1.199a) as a yellow
orange oil which was further purified on silica gel (hexane: EtOAc, 1:1) to generate the pure
compound as a yellow oil (473 mg, 96% yield):

1

H NMR (500 MHz, CD3COCD3) δ ppm

8.45 (1H, s), 7.407.38 (1H, d, J = 2.1 Hz), 6.886.86 (2H, d, J = 8.4 Hz), 6.53 (1H, s), 3.90
(3H, s);

13

C NMR (125 MHz, CD3COCD3) δ (ppm) 185.4, 152.1, 148.5, 130, 122, 115.6,

110.8, 56.4, 53.3; IR (Teflon film, cm1) 3279, 30082839, 2106, 1688, 1591, 1516, 1356,
1277, 1200, 1028, 777; MS (ESI ()) calcd for (C9H8N2O3  H) 191.0457, found 191.0438.
Diethyl phosphoric acid (1.30)
The general method of Barret, et al. 187 was followed with modifications. To a cooled, stirred
solution of NaOH (4.0 g, 0.1 mol) in water (25 mL), diethyl chlorophosphate (7.2 mL, 0.05
mol) was added dropwise. The resulting mixture was stirred at 2030 °C for 1 hr. Then, the
reaction mixture was acidified with conc. H2SO4 acid and extracted with EtOAc (25 mL x 3).
EtOAc fractions were combined, dried over anhydrous MgSO4, filtered, and the supernatant
concentrated under reduced pressure to afford diethyl phosphoric acid (1.30) as a colorless
liquid which was lyophilized for 24 h and dried under reduced pressure for 24 h (6.54 g,
85%): 1H NMR (400 MHz, CD3COCD3) δ ppm 13.52 (1H, s), 4.094.12 (4H, m), 1.361.32
(6H, m); 31P NMR (162 MHz, CD3COCD3) δ ppm 1.94; 13C NMR (125 MHz, CD3COCD3)
δ (ppm) 64.1, 16.4; MS (ESI ()) calcd for (C4H11O4P  H) 153.0317, found 153.0325.
Diethyl 2(4hydroxy3methoxyphenyl)2oxoethyl phosphate (1.200a)
The general method of Epstein and Garrossian48 was followed some modifications. To a
stirred solution of 2diazo1(4hydroxy3methoxyphenyl)ethanone (1.199a, 250 mg, 1.3
mmol) in benzene (10 mL) was added dropwise diethyl phosphoric acid (401 mg, 2.6 mmol)
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in benzene (5 mL). The resulting mixture was stirred at 60 °C and the progress of the reaction
was monitored by TLC. After 24 h, EtOAc (20 mL) was added to the reaction mixture. The
organic layer was washed sequentially with saturated NaHCO3 (40 mL) and water (20 mL)
and dried over anhydrous MgSO4. The solvent was evaporated to afford the crude product as
a brownyellow solid which was chromatographed on silica gel (with a gradient solvent
system) EtOAc/hexane (1:2), EtOAc/hexane (1:1), and EtOAc/hexane (2:1)) to produce pure
diethyl 2(4hydroxy3methoxyphenyl)2oxoethyl phosphate (1.200a) as yellow plates (323
mg, 78% yield): mp 7578 °C; 1H NMR (400 MHz, CD3COCD3) δ ppm 8.62 (1H, s) 7.58
(1H, s), 7.56 (1H, s), 6.956.93 (2H, d, J = 8 Hz), 5.345.31 (2H, d, J = 10.7 Hz); 4.184.14
(2H, m), 3.93 (3H, s), 1.331.29 (6H, m); 31P NMR (162 MHz, CD3COCD3) δ ppm 0.13; 13C
NMR (125 MHz, CD3COCD3) δ (ppm) 191.7191.6, 153.1, 148.7, 127.6, 123.6, 115.8, 111.5,
69.4, 64.564.4, 56.4, 16.516.4; IR (KBr, cm1) 3115, 30222872, 1688, 1587, 1526, 1400,
1271, 1236, 1034, 879, 748; UV/vis [H2O/CH3CN (1:1)], λmax (ε M1cm1) 310 (4815), 271
(5146); MS(ESI ()) m/z calcd for (C13H19O7P  H) 317.0790, found 317.0786.
3,5Dimethoxy4acetoxybenzoic acid (1.197b)
To a stirred solution of 3,5dimethoxy4hydroxybenzoic acid (1.196a, 1.5 g, 7.6 mmol) in
dry CH2Cl2 (15 mL) under Ar was added triethylamine (2.1 mL, 15.1 mmol) followed by
acetyl chloride (645 µL, 9.1 mmol) dropwise. The reaction mixture was allowed to stir for 30
min at room temperature. At that point ethyl acetate (40 mL) was added to the reaction
mixture, and the organic phase was washed with 10% HCl (25 mL x 3) followed by saturated
NaHCO3 solution (25 mL x 3). The aqueous fractions from NaHCO3 extraction were
combined, acidified with 10% HCl and extracted with EtOAc (25 mL x 3). The EtOAc
fractions were combined, dried over anhydrous MgSO4, filtered, and the supernatant
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concentrated under reduced pressure to afford the 3methoxy4acetoxybenzoic acid (1.197b)
as a brownish white solid (1.085 g, 60%): mp 167170 °C; 1H NMR (400 MHz, CD3COCD3):
δ 7.36 (2H, s), 3.88 (6H, s), 2.26 (3H, s); 13C NMR (125 MHz, CD3COCD3): δ 168.3, 167.1,
153.3, 133.6, 129.4, 107.1, 56.7, 20.3; IR (KBr, cm1) 34582536 (br), 1762, 1686, 1616,
1518, 1470, 1425, 1333, 1123, 943, 904, 764; MS(ESI ()) m/z calcd for (C11H12O6  H)
239.0556, found 239.0544.
2Diazo1(4hydroxy3,5dimethoxyphenyl)ethanone (1.199b)
A flame dried 50 mL round bottomed flask was charged with 3,5dimethoxy4
acetoxybenzoic acid (1.197b, 1.085 g, 4.5 mmol) and freshly distilled SOCl2 (20 mL) was
added under Ar. The resulting mixture was refluxed at 80 °C for 8 h and concentrated under
reduced pressure to afford 3,5dimethoxy4acetoxybenzoyl chloride as a colorless oil. This
acid chloride was used in the next step without any further purification. General method A
was used to generate diazomethane in excess by distillation in dry ether. Then a solution of
acid chloride (1.165 g, 4.5 mmol) in dry ether (10 mL) was added dropwise to the distillate
(diazomethane) with vigorous stirring at 5 °C. The reaction mixture was allowed to come to
0 °C and stirred overnight. The solvent was evaporated, and the dark yellow colored residue
was used in the next step without purification. To a stirred solution of crude 4(2
diazoacetyl)2,6dimethoxyphenyl acetate (690 mg, 2.61 mmol) in aqueous MeOH
(H2O:MeOH, 1:4, 20 mL), NH4OAc (1.61 g, 20.89 mmol) was added. The resulting mixture
was warmed at 50 °C and the progress of the reaction was monitored by TLC. After 8 h, the
reaction mixture was concentrated and the residue was extracted with acetone (10 mL x 5).
The combined organic layers were dried over anhydrous MgSO4 and the solvent was
evaporated to afford 2diazo1(4hydroxy3,5dimethoxyphenyl)ethanone (1.199b) as a
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yellowbrown oil which was further purified on silica gel (hexane:EtOAc, 1:1) to generate
the pure compound as a thick yellow oil (545 mg, 94% yield):

1

CD3COCD3) δ ppm 8.03 (1H, s), 7.20 (2H, s), 3.88 (6H, s);

13

H NMR (400 MHz,

C NMR (125 MHz,

CD3COCD3) δ (ppm) 185.5, 148.6, 128.6, 105.5, 56.8, 53.3; IR (KBr, cm1) 3313, 2115,
1601, 1564, 1518, 1456, 1371, 1194, 1114, 762, 733, 669; MS (ESI ()) m/z calcd for
(C10H10N2O4  H) 221.0562, found 221.0558.
Diethyl 2(4hydroxy3,5dimethoxyphenyl)2oxoethyl phosphate (1.200b)
To a stirred solution of 2diazo1(4hydroxy3,5dimethoxyphenyl)ethanone (1.199b, 500
mg, 2.25 mmol) in benzene (10 mL), diethyl phosphoric acid (694 mg, 4.5 mmol) in benzene
(5 mL) was added dropwise. The resulting mixture was stirred at 60 °C and the progress of
the reaction was monitored by the TLC. After 24 h, EtOAc (20 mL) was added to the
reaction mixture. The organic layer was washed sequentially with saturated NaHCO3 (40 mL)
and water (20 mL) and dried over anhydrous MgSO4. The solvent was evaporated to afford
the crude product as a brownyellow oil which was chromatographed on silica gel with a
gradient solvent system; EtOAc/hexane (1:2), EtOAc/hexane (1:1), EtOAc/hexane (2:1), and
EtOAc/hexane (3:1)) to produce the pure diethyl 2(4hydroxy3methoxyphenyl)2oxoethyl
phosphate (1.200b) as a thick yellow oil (588 mg, 75% yield): 1H NMR (400 MHz,
CD3COCD3) δ ppm 8.26 (1H, s) 7.32 (2H, s), 5.375.34 (2H, d, J = 10.8 Hz); 4.204.13 (2H,
m), 3.91 (3H, s), 1.331.29 (6H, m);

31

P NMR (162 MHz, CD3COCD3) δ ppm 0.12;

13

C

NMR (125 MHz, CD3COCD3) δ (ppm) 191.8191.7, 148.7, 142.6, 106.6, 69.5, 64.564.4,
56.8, 16.50; IR (Teflon film, cm1) 3242, 29822848, 1693, 1605, 1518, 1460, 1327, 1194,
1115, 1045, 802; UV/vis [H2O/CH3CN (1:1)], λmax (ε M1cm1) 305 (1617); MS (ESI ()) m/z
calcd for (C14H21O8P H) 347.0896, found 347.0889.
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3Methoxyphenyl pivalate (1.211a)
The general method of Gorobets et al. 188 was followed with modifications. To a cooled
(0 °C), stirred solution of 3methoxyphenol (1.210a, 2.0 g, 16.1 mmol) in dry CH2Cl2 (10
mL), freshly distilled triethylamine (3.350 mL, 24.2 mmol) and a catalytic amount of 4
dimethylaminopyridine (20 mg, 0.16 mmol) were added under Ar. After 10 min, pivaloyl
chloride (2.98 mL, 24.2 mmol) was added dropwise to the reaction mixture. The reaction
mixture was allowed to stir for 30 min at 0 °C, brought to room temperature and stirred
overnight. At that point, water (10 mL) and ethyl acetate (30 mL) were added to the reaction
mixture, and the organic phase was washed sequentially with 10% HCl (25 mL x 3), water
(25 mL x 2), saturated NaHCO3 solution (25 mL x 3) and brine (25 mL x 2). The organic
phase was separated, dried over anhydrous MgSO4, filtered, and the supernatant concentrated
under reduced pressure to produce 3methoxyphenyl pivalate (1.211a) as a thick yellow oil
(3.335 g, 100%): 1H NMR (500 MHz, CD3COCD3) δ ppm 7.317.28 (1H, t, J = 8.1 Hz),
6.826.82 (1H, d, J = 2.3 Hz), 6.816.80 (1H, d, J = 2.4 Hz), 6.696.66 (1H, m), 3.79 (3H, s),
1.33 (9H, s);

13

C NMR (125 MHz, CD3COCD3) δ (ppm) 177, 161.6, 153.4, 130.6, 114.7,

112.1, 108.7, 55.8, 39.6, 27.4; IR (Teflon film, cm1) 29722837, 1753, 1606, 1593, 1490,
1140, 1115, 1043, 766; MS (ESI (+)) m/z calcd for (C12H16O3 + H)+ 209.1178, found
209.1182. 1H NMR data were similar to the literature values.189
4(2Chloroacetyl)3methoxyphenyl pivalate (1.212a)
The general method of GonzalezGomez190 was followed with modifications. To a cooled
(0 °C), stirred solution of AlCl3 (4.73 g, 35.4 mmol) in chloroacetyl chloride (10 mL) under
Ar was added 3methoxyphenyl pivalate (1.211a, 3.355 g, 16.1 mmol). The reaction mixture
was allowed to stir for 3 h at 0 °C under Ar. Then, water (20 mL) was added cautiously to
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quench the reaction, and the mixture extracted with EtOAc (25 mL x 4). The organic phase
was washed sequentially with saturated NaHCO3 solution (25 mL x 3) and brine (25 mL x 2).
The organic phase was separated, dried over anhydrous MgSO4, filtered, and the supernatant
concentrated under reduced pressure to afford the crude product which was chromatographed
on silica gel (EtOAc/hexane/CH2Cl2, 1:2:2) to give 4(2chloroacetyl)3methoxyphenyl
pivalate (1.212a) as greenwhite crystalline solid (2.32 g, 50%): mp 5861 °C; 1H NMR (500
MHz, CD3COCD3): δ ppm 7.85.7.84 (1H, d, J = 8.6 Hz), 7.017.00 (1H, d, J = 2 Hz), 6.86
6.83 (1H, d, J = 8.6 Hz), 4.90 (2H, s), 4.01 (3H, s), 1.34 (9H, s);

13

C NMR (125 MHz,

CD3COCD3): δ ppm 190.4, 176.7, 161.3, 157.6, 132.6, 123.4, 115.4, 107.2, 56.8, 51.8, 39.8,
27.3; IR (KBr, cm1) 29802854, 1757, 1686, 1606, 1420, 1271, 1186, 1117, 897, 791; MS
(ESI (+)) m/z calcd for (C14H17O4Cl + H+) 285.0894, found 285.0912.
4(2Diethoxyphosphoryloxyacetyl)2methoxyphenyl pivalate (1.214a)
The general methods of Finkelstein191 and Yogh, et al. 192 were utilized with modifications. A
50 mL round bottomed flask was charged with 4(2chloroacetyl)3methoxyphenyl pivalate
(1.212a, 500 mg, 1.8 mmol) and NaBr (1.08 g, 10.5 mmol). Acetone (20 mL) was added and
the resulting mixture was refluxed at 60 °C for 24 h. Then, the reaction mixture was
concentrated and the resulting residue was suspended in ethyl acetate (20 mL) and washed
sequentially with brine (20 mL x 2) and water (20 mL). The ethyl acetate layer was separated,
dried over anhydrous MgSO4, filtered, and the supernatant concentrated under reduced
pressure to afford 4(2bromoacetyl)3methoxyphenyl pivalate (1.213a) as a white solid
(95% conversion to αbromo ketone analog according to 1H NMR). This compound was used
directly in the next step without purification. To a stirred solution of 4(2bromoacetyl)3
methoxyphenyl pivalate (1.213a, 548 mg, 1.66 mmol) in CH3CN (10 mL), diethyl
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phosphoric acid (641 mg, 4.16 mmol) and Ag2 O (772 mg, 3.33 mmol) were added. The
resulting mixture was stirred at 60 °C and the progress of the reaction was monitored by the
TLC. After 16 h, the black colored suspension was filtered through a plug of Celite, the
filtrate concentrated, and EtOAc (20 mL) was added. The organic layer was washed
sequentially with saturated NaHCO3 (40 mL) and water (20 mL) and dried over anhydrous
MgSO4. The solvent was evaporated to afford the crude product as a yellowbrown liquid
which was chromatographed on silica gel using a gradient solvent system [EtOAc/hexane
(1:2), EtOAc/hexane (1:1), EtOAc/hexane (2:1), and EtOAc/hexane (3:1) EtOAc/MeOH
(19:1)] to produce the 4(2(diethoxyphosphoryloxy) acetyl)2methoxyphenyl pivalate
(1.214a) as a yellowbrown solid (468 mg, 76%): mp 8084 °C: 1H NMR (500 MHz,
CD3COCD3) δ ppm 7.937.91 (1H, d, J = 8.6 Hz), 7.01 (1H, d, J = 2 Hz), 6.866.84 (1H, d, J
= 8.5 Hz), 5.185.16 (2H, d, J = 10.8 Hz), 4.184.12 (4H, m), 4.00 (3H, s), 1.34 (9H, s), 1.32
1.29 (6H, m); 31P NMR (162 MHz, CD3COCD3) δ ppm 0.24; 13C NMR (125 MHz, CDCl3)
δ (ppm) 193.0192.9, 176.7, 161.7, 157.7, 132.4, 122.8, 115.4, 107.1, 73.0, 64.464.3, 56.8,
39.8, 27.3, 16.5; IR (KBr) 29822852(br), 1747, 1686, 1605, 1261, 1124, 1028, 854, 798 cm
1

MS (ESI (+)) m/z calcd for (C18H26O8PNa + H)+ 425.1341, found 425.1323.

Diethyl 2(4hydroxy3methoxyphenyl)2oxoethyl phosphate (1.215a)
To a stirred solution of 4(2(diethoxyphosphoryloxy)acetyl)2methoxyphenyl pivalate
(1.214a, 468 mg, 1.16 mmol) in aqueous MeOH (H2O:MeOH, 1:4, 20 mL), NH4OAc (1.435
g, 18.61 mmol) was added. The resulting mixture was warmed at 50 °C and the progress of
the reaction was monitored by TLC. After 36 h, the reaction mixture was concentrated and
the residue was extracted with EtOAc (10 mL x 5). Combined organic layers were dried over
anhydrous MgSO4 and the solvent was evaporated to afford diethyl 2(4hydroxy3
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methoxyphenyl)2oxoethyl phosphate (1.215a) as a dark yellow solid which was further
purified on silica gel using a gradient solvent system [EtOAc/hexane (3:1), and
EtOAc/MeOH (19:1)] to isolate the pure compound as a white crystalline solid (340 mg,
92% yield): mp 9598 °C: 1H NMR (400 MHz, CD3COCD3) δ ppm 9.40 (1H, s) 7.837.7.81
(2H, d, J = 8.8 Hz), 6.56 (2H, m, including a doublet), 5.125.09 (2H, d, J = 11.2 Hz); 4.20
4.13 (4H, m), 3.94 (3H, s), 1.331.29 (6H, m);

31

P NMR (162 MHz, CD3COCD3) δ ppm 

0.37; 13C NMR (125 MHz, CD3COCD3) δ (ppm) 191.5, 164.97, 162.9, 133.4, 117.3, 109.4,
99.7, 73.173.0, 64.4, 56.1, 16.5; IR (KBr, cm1) 3134, 1672, 1602, 1473, 1383, 1337, 1231,
1032, 984, 849; UV/vis [H2O/CH3CN (1:1)], λmax (ε M1cm1) 307 (8498), 278 (9465); MS
(ESI (+)) m/z calcd for (C13H19O7P  H) 317.0790, found 317.0795.
3,5Dimethoxyphenyl pivalate (1.211b)
To a cooled (0 °C), stirred solution of 3,5methoxyphenol (1.210b, 2.0 g, 12.97 mmol) in dry
CH2Cl2 (10 mL), freshly distilled triethylamine (2.70 mL, 19.45 mmol) and a catalytic
amount of 4dimethylaminopyridine (16 mg, 0.13 mmol) were added under Ar. After 10 min,
pivaloyl chloride (2.40 mL, 19.4 mmol) was added dropwise to the reaction mixture. The
reaction mixture was allowed to stir for 30 min at 0 °C, brought to room temperature and
stirred overnight. At that point, water (10 mL) and ethyl acetate (30 mL) were added to the
reaction mixture and the organic phase was washed sequentially with 10% HCl (25 mL x 3),
water (25 mL x 2), saturated NaHCO3 solution (25 mL x 3) and brine (25 mL x 2). The
organic phase was separated, dried over anhydrous MgSO4, filtered, and the supernatant
concentrated under reduced pressure to produce 3,5dimethoxyphenyl pivalate (1.211b) as a
thick yellow colored oil (3.09 g, 100%): 1H NMR (500 MHz, CD3COCD3) δ ppm 6.386.37
(1H, t, J = 2.3 Hz), 6.29 (1H, s), 6.28 (1H, s), 3.77 (6H, s), 1.32 (9H, s); 13C NMR (125 MHz,
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CD3COCD3) δ (ppm) 176.9, 162.2, 154, 101.8, 98.4, 55.9, 39.6, 27.4; IR (Teflon film, cm1)
29682839, 1751, 1618, 1475, 1130, 1063, 895, 835, 681; MS (ESI (+)) m/z calcd for
(C13H18O4 + Na)+ 261.1103, found 261.1100.
4(2Bromoacetyl)3,5dimethoxyphenyl pivalate (1.213b)
To a cooled (0 °C), stirred solution of AlCl3 (3.695 g, 27.70 mmol) in chloroacetyl chloride
(10 mL) under Ar was added 3,5dimethoxyphenyl pivalate (1.211b, 3.0 g, 12.59 mmol)].
The reaction mixture was allowed to stir for 3 h at 0 °C under Ar. Then, water (20 mL) was
added cautiously to quench the reaction and the mixture was extracted with EtOAc (25 mL x
4). The organic phase was washed sequentially with saturated NaHCO3 solution (25 mL x 3)
and brine (25 mL x 2) and then dried over anhydrous MgSO4, filtered, and the supernatant
concentrated under reduced pressure to afford 4(2chloroacetyl)3,5dimethoxyphenyl
pivalate (1.212b) as a yellowwhite solid which was used in the next step without
purification. A 50 mL roundbottomed flask was charged with 4(2chloroacetyl)3,5
dimethoxyphenyl pivalate (1.212b, 3.95 g, 12.54 mmol) and NaBr (7.75 g, 75.29 mmol).
Acetone (25 mL) was added and the resulting mixture was refluxed at 60 °C for 24 h. Then,
the reaction mixture was concentrated and resulted residue was suspended in ethyl acetate
(30 mL) and washed sequentially with brine (25 mL x 2) and water (25 mL). The ethyl
acetate layer was separated, dried over anhydrous MgSO4, filtered, and the supernatant
concentrated under reduced pressure to afford 4(2bromoacetyl)3,5dimethoxyphenyl
pivalate (1.213b) as a yellowwhite solid which was purified using flash chromatography on
silica gel (hexane:CH2Cl2:EtOAc, 2:2:1) to produce a white solid (925 mg, 20%): mp 125
128 °C; 1H NMR (500 MHz, CD3COCD3): δ ppm 6.53 (2H, s), 4.59 (2H, s), 3.81 (6H, s),
1.33 (9H, s);

13

C NMR (125 MHz, CD3COCD3): δ ppm 193.9, 176.8, 158.9, 155.6, 114.9,
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99.7, 56.8, 51, 39.7, 27.4; IR (KBr, cm1) 30182841, 1749, 1732, 1597, 1464, 1412, 1221,
1128, 997, 892; MS (ESI (+)) m/z calcd for (C15H19O5Br + Na+): 381.0314, found 381.0312.

Diethyl 2(4hydroxy2,6dimethoxyphenyl)2oxoethyl phosphate (1.215b)
The general methods of Knopik et al. 193 and Das et al.178 were followed with some
modifications. To a stirred solution of 4(2bromoacetyl)3,5dimethoxyphenyl pivalate
(1.213b, 500 mg, 1.40 mmol) in CH3CN (10 mL), the potassium salt of diethyl phosphoric
acid (535 mg, 2.78 mmol) and dibenzo[18]crown6 (50 mg, 0.14 mmol) were added. The
resulting mixture was stirred at 80 °C, and the progress of the reaction was monitored by
TLC. After 16 h, the reaction mixture was concentrated and EtOAc (20 mL) was added. The
organic layer was washed sequentially with saturated NaHCO3 (40 mL) and water (20 mL)
and dried over anhydrous MgSO4. The solvent was evaporated to afford the crude product as
a yellowwhite solid which was chromatographed on silica gel using a gradient solvent
system; EtOAc/hexane (1:2), EtOAc/hexane (1:1), EtOAc/hexane (2:1), EtOAc/hexane (3:1)
EtOAc/MeOH (19:1) to isolate the crude diethyl 2(4hydroxy2,6dimethoxyphenyl)2
oxoethyl phosphate (1.214b) as a dark yellow thick oil. Several attempts were made to purify
the product on silica gel but they were unsuccessful. Therefore, the crude product was used
in the deprotection step without further purification. To a stirred solution of the crude
phosphate from the previous step (160 mg) in aqueous MeOH (H2O:MeOH, 1:4, 10 mL) was
added NH4OAc (456 mg, 5.92 mmol). The resulting mixture was warmed at 50 °C and the
progress of the reaction monitored by TLC. After 36 h, the reaction mixture was concentrated
and the residue was extracted with EtOAc (10 mL x 5). The combined organic layers were
dried over anhydrous MgSO4 and the solvent was evaporated to afford diethyl 2(4hydroxy
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2,6dimethoxyphenyl)2oxoethyl phosphate (1.215b) as a yellowbrown thick oil which was
further purified by preparative TLC (hexane:isopropanol:chloroform, 1:1:11) to produce the
pure product as a thick yellow oil (10 mg, overall 2%): 1H NMR (400 MHz, CD3COCD3) δ
ppm 9.04 (1H, s), 6.18 (1H, s), 4.814.79 (2H, d, J = 9.3 Hz); 4.134.05 (2H, m), 3.75 (3H, s),
1.301.27 (6H, m);

31

P NMR (162 MHz, CD3COCD3) δ ppm 0.75;

13

C NMR (125 MHz,

CD3COCD3) δ ppm 196, 162.4, 160.2, 108.8, 92.9, 72.2, 64.4, 56.2, 16.5; IR (Teflon film,
cm1) 29592852, 1738, 1593, 1462, 1342, 1261, 1211, 1153, 1028, 800; UV/vis
[H2O/CH3CN (1:1)], λmax (ε M1cm1) 283 (5013); MS(ESI ()) m/z calcd for (C14H21O8P 
H) 347.0896, found 347.0887.
3Acetyl4hydroxybenzoic acid (1.196c)
The general method of Nagano and Matsumura 194 was followed with modifications.
Aluminum chloride (2.96 g, 22.2 mmol) was added into a flame dried 3neck round bottomed
flask containing a solution of 4hydroxybenzoic acid (1.0 g, 5.55 mmol) in nitrobenzene (10
mL) under Ar. The reaction mixture was kept stirring vigorously at 150 °C for 14 h in the 3
neck flask fitted with a CaCl2 tube. On cooling some crushed ice and 10% HCl (50.0 mL)
were added to the rection and the separated nitrobenzene was removed by distillation. The
aqueous phase was extracted with EtOAc (25 mL x 3) and washed with saturated NaHCO3
solution (25 mL x 3). The alkaline aqueous phase was acidified with 10% HCl and extracted
again with EtOAc (25 mL x 3). The combined organic layers were dried over anhydrous
MgSO4, filtered, and the supernatant concentrated under reduced pressure to afford 3acetyl
4hydroxybenzoic acid (1.196c) as a pink solid (980 mg, 98%): mp 227230 °C; 1H NMR
(400 MHz, CD3COCD3): δ 12.71 (1H, s), 8.56 (1H, s), 8.178.15 (1H, s, J = 8 Hz), 7.057.03
(1H, s, J = 8 Hz), 2.77 (3H, s);

13

C NMR (125 MHz, CD3COCD3): δ (ppm) 166.7, 166.6,
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138.1, 134.6, 122.4, 120.2, 119.1, 119, 27; IR (KBr, cm1 ) 3433, 1684, 1643, 1610, 1578,
1420, 1325, 1296, 1215, 1122, 943, 825, 771; MS(ESI ()) m/z calcd for (C9H7O4  H):
179.0344, found 179.0323.
4Acetoxy3acetylbenzoic acid (1.197c)
To a stirred solution of 3acetyl4hydroxybenzoic acid (1.196c, 950 mg, 5.27 mmol) in dry
CH2Cl2 (15 mL) under Ar was added triethylamine (1.465 mL, 10.55 mmol) followed by
dropwise addition of acetyl chloride (564 µL, 7.91 mmol). The reaction mixture was allowed
to stir for 45 min at room temperature. At that point, ethyl acetate (40 mL) was added to the
reaction mixture and the organic phase was washed with 10% HCl (25 mL x 3) followed by
saturated NaHCO3 (25 mL x 3). The aqueous fractions from the NaHCO3 extraction were
combined, acidified with 10% HCl and extracted with EtOAc (25 mL x 3). The EtOAc
fractions were combined, dried over anhydrous MgSO4, filtered, and the supernatant
concentrated under reduced pressure to afford the 4acetoxy3acetylbenzoic acid (1.197c) as
a pink solid (820 mg, 70%): mp 125145 °C (dec.); 1H NMR (400 MHz, CD3COCD3) δ ppm
10.44 (1H, s), 8.48 (1H, d, J = 1.8 Hz), 8.238.21 (1H, d, J = 8.4 Hz), 7.357.33 (1H, d, J =
8.4 Hz), 2.60 (3H, s), 2.33 (3H, s); 13C NMR (125 MHz, CD3COCD3) δ (ppm) 197.3, 169.4,
166.4, 153.5, 138.1, 135.1, 132.3, 129.3, 125.4, 119.1, 27, 21.2; IR (KBr, cm1) 30782552
(br), 1767, 1689, 1647, 1429, 1296, 1192, 918, 735; MS (ESI ()) m/z calcd for (C11H10O5 
H) 221.0450, found 221.0440.
1(3Acetyl4hydroxyphenyl)2diazoethanone (1.199c)
A flame dried 50 mL round bottomed flask was charged with 4acetoxy3acetylbenzoic acid
(1.197c, 830 mg, 3.74 mmol) and freshly distilled SOCl2 (20 mL) was added under Ar. The
resulting mixture was refluxed at 80 °C for 8 h and concentrated under reduced pressure to
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afford 4acetoxy3acetylbenzoyl chloride as colorless oil. This acid chloride was used in
next step without further purification. General method A was used to generate diazomethane
in excess by distillation in dry ether. Then a solution of acid chloride (899 mg, 3.74 mmol) in
dry ether (10 mL) was added dropwise to the distillate (diazomethane) with vigorous stirring
at 5 °C. The reaction mixture was allowed to come to 0 °C and stirred overnight. The
solvent was evaporated, and the dark yellow thick oil was used in the deprotection step
without purification. To a stirred solution of crude 2acetyl4(2diazoacetyl)phenyl acetate
(340 mg, 1.38 mmol) in aqueous MeOH (H2O: MeOH, 1:4, 20 mL) was added NH4OAc (852
mg, 11.05 mmol). The resulting mixture was warmed at 50 °C and the progress of the
reaction was monitored by TLC. After 8 h, the reaction mixture was concentrated and the
residue was extracted with acetone (10 mL x 5). The combined organic layers were dried
over anhydrous MgSO4 and the solvent was evaporated to afford 1(3acetyl4
hydroxyphenyl)2diazoethanone (1.199c) as a dark yellow oil which was further purified on
silica gel (hexane: EtOAc, 1:1) to isolate the pure compound as a yellow oil (254 mg, 21%
overall yield): 1H NMR (400 MHz, CD3COCD3) δ ppm 12.68 (1H, s), 8.40 (1H, d, J = 2.2
Hz), 8.048.01 (1H, d, J = 8.8 Hz), 7.037.01 (1H, d, J = 8.8 Hz), 6.69 (1H, s), 2.76 (3H, s);
13

C NMR (125 MHz, CD3COCD3) δ (ppm) 197.5, 185, 169.5, 153.2, 135.3, 132.2, 129.6,

125.4, 54.9, 21.2; IR (Teflon film, cm1) 3364, 2112, 1761, 1690, 1614, 1418, 1362, 1196,
1150, 1011, 914, 847, 733; MS (ESI ()) m/z calcd for (C10H8N2O3  H) 203.0457, found
203.0452.
2(3Acetyl4hydroxyphenyl)2oxoethyl diethyl phosphate (1.200c)
To a stirred solution of 1(3acetyl4hydroxyphenyl)2diazoethanone (1.199c, 240 mg, 1.18
mmol) in benzene (10 mL) was added dropwise diethyl phosphoric acid (362 mg, 2.35 mmol)
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in benzene (5 mL). The resulting mixture was stirred at 60 °C and the progress of the reaction
was monitored by TLC. After 24 h, EtOAc (20 mL) was added to the reaction mixture. The
organic layer was washed sequentially with saturated NaHCO3 (40 mL) and water (20 mL)
and dried over anhydrous MgSO4. The solvent was evaporated to afford the crude product as
a brownyellow oil which was chromatographed on silica gel using a gradient solvent system
[EtOAc/hexane (1:2), EtOAc/hexane (1:1), EtOAc/hexane (2:1), and EtOAc/hexane (3:1)] to
give 2(3acetyl4hydroxyphenyl)2oxoethyl diethyl phosphate (1.200c) as a thick brown
oil (306 mg, 79% yield): 1H NMR (400 MHz, CD3COCD3) δ ppm 12.81 (1H, s), 8.598.58
(1H, d, J = 2.2 Hz), 8.178.14 (1H, d, J = 8.8 Hz), 7.087.06 (1H, d, J = 8.8 Hz), 5.425.39
(2H, d, J = 10.6 Hz), 4.184.13 (4H, m), 2.79 (3H, s), 1.331.30 (6H, m);
MHz, CD3COCD3) δ ppm 0.14;

13

31

P NMR (162

C NMR (125 MHz, CD3COCD3) δ (ppm) 191.6, 167.2,

136.5, 133.3, 126.8, 120.2, 119.4, 119.3, 69.5, 64.664.6, 27.2, 16.516.4; IR (Teflon film,
cm1) 3443, 29852872, 1703, 1643, 1597, 1369, 1265, 1209, 1153, 1030, 820; UV/vis
[H2O/CH3CN (1:1)], λmax (ε M1cm1) 319 (1143), 274 (2474); MS (ESI ()) m/z calcd for
(C14H19O7P  H) 329.0790, found 329.0772.

4Acetoxy2methoxybenzaldehyde (1.202)
The general method of Wuennemann 195 was followed with modifications. Triethylamine
(956 µL, 6.9 mmol) and a catalytic amount of 4dimethylaminopyridine (56 mg, 0.46 mmol)
were added into a flame dried 50 mL round bottomed flask containing a solution of 4
hydroxy2methoxybenzaldehyde (1.201, 700 mg, 4.6 mmol) in dry CH2Cl2 (10 mL) under
Ar. After 10 min, acetyl chloride (490 µL, 6.9 mmol) was then added dropwise to the
reaction mixture. The reaction mixture was allowed to stir for 30 min, and EtOAc (30 mL)
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was added to the reaction mixture. The organic phase was extracted with 10% HCl (20 mL x
3) and washed with saturated NaHCO3 (20 mL x 3) followed by brine (40 mL) and then dried
over anhydrous MgSO4, filtered, and the supernatant concentrated under reduced pressure to
afford 4acetoxy2methoxybenzaldehyde (1.202) as a white solid (893 mg, 100%): mp 77
80 °C; 1H NMR (500 MHz, CD3COCD3): δ ppm 10.37 (1H, s), 7.797.77 (1H, d, J = 8.4 Hz),
7.00 (1H, d, J = 2 Hz), 6.856.83 (1H, m), 3.97 (3H, s), 2.29 (3H, s);

13

C NMR (125 MHz,

CD3COCD3): δ ppm 188.4, 169.2, 163.9, 158.1, 129.7, 123.5, 115.3, 107.3, 56.7, 21.1; IR
(KBr, cm1) 29842872, 1763, 1684, 1606, 1589, 1497, 1375, 1267, 1213, 901, 810; MS (ESI
()) m/z calcd for (C10H10O4H): 193.0501, found 193.0498.

4Acetoxy2methoxybenzoic acid (1.203)
The method of AdamskiWerner 196 was followed with modifications. A 50 mL round
bottomed flask was charged with 4acetoxy2methoxybenzaldehyde (1.202, 890 mg, 4.6
mmol) and was dissolved in acetone (30 mL). KMnO4 (1.45 g, 9.2 mmol) in water (20 mL)
was added dropwise to the reaction mixture. The reaction mixture was allowed to stir for 4 h
and was concentrated under reduced pressure. The resulted solid was dissolved in a mixture
of EtOAc (20 mL) and warm water (30 mL). The pH of the aqueous layer was adjusted to 2.
Then, the aqueous phase was extracted with EtOAc (20 mL x 3) and the combined organic
layers were extracted with saturated NaHCO3 (20 mL x 3). The combined aqueous layers
were acidified with 10% HCl and reextracted with EtOAc (20 mL x 3). The combined
organic layers were dried over anhydrous MgSO4, filtered, and the supernatant concentrated
under reduced pressure to afford 4acetoxy2methoxybenzoic acid (1.203) as a white solid
(850 mg, 88%): mp 8082 °C; 1H NMR (500 MHz, CD3COCD3): δ ppm 7.947.92 (1H, d, J
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= 8.5 Hz), 7.017.00 (1H, d, J = 2 Hz), 6.876.84 (1H, d, J = 8.5 Hz), 3.99 (3H, s), 2.28 (3H,
s); 13C NMR (125 MHz, CD3COCD3): δ ppm 169.3, 165.9, 160.75, 156.4, 134, 117.8, 115.2,
107.4, 57, 21.1; IR (KBr, cm1) 33212852 (br), 1725, 1700, 1542, 1502, 1460, 1288, 1210,
1104, 1020, 890, 815, 770; MS (ESI ()) m/z calcd for (C10H10O5H): 209.0450, found
209.0444.
4(2Diazoacetyl)3methoxyphenyl acetate (1.204)
A flame dried 50 mL round bottomed flask was charged with 4acetoxy2methoxybenzoic
acid (1.203, 840 mg, 4.0 mmol) and freshly distilled SOCl2 (20 mL) was added under Ar. The
resulting mixture was refluxed at 80 °C for 8 h and concentrated under reduced pressure to
afford 4acetoxy2methoxybenzoyl chloride as a colorless oil. This acid chloride was used
in the next step without further purification. General method A was used to generate
diazomethane in excess by distillation in dry ether. Then a solution of acid chloride (913 mg,
4.0 mmol) in dry ether (10 mL) was added dropwise to the distillate containing the
diazomethane in ether with vigorous stirring at 5 °C. The reaction mixture was allowed to
come to 0 °C and stirred overnight. The solvent was evaporated, and the yellow solid was
purified by flash chromatography on triethylamine saturated silica gel with a gradient solvent
system [EtOAc/hexane (1:4), EtOAc/hexane (1:3), and EtOAc/hexane (1:2)] to afford 4(2
diazoacetyl)3methoxyphenyl acetate (1.204) as a yellow solid (645 mg, 69% yield): mp
8790 °C; 1H NMR (500 MHz, CD3COCD3) δ ppm 7.907.88 (1H, d, J = 7.8 Hz), 6.94 (1H,
d, J = 2 Hz), 6.846.82 (1H, d, J = 8.5), 6.63 (1H, s), 3.95 (3H, s), 2.27 (3H, s);

13

C NMR

(125 MHz, CD3COCD3) δ (ppm) 169.3, 156.1, 131.8, 115, 107.1, 58.1, 56.6, 21.1; IR (KBr,
cm1) 31263032, 2102, 1765, 1618, 1601, 1418, 1358, 1261, 1207, 1016, 962, 906, 690; MS
(ESI (+)) m/z calcd for (C11H10N2O4 + H)+ 235.0719, found 235.0728.
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Characterization of photoproducts:
6Hydroxybenzofuran3(2H)one (1.206)
6Hydroxybenzofuran3(2H)one (1.206) was produced unintentionally by deprotection of 4
(2diazoacetyl)3methoxyphenyl acetate (1.204, 280 mg, 1.47 mmol) with NH4OAc (898
mg, 11.65 mmol) in H2O/MeOH, 1:4 (20 mL) at 50 °C for 8 h. The offwhite compound was
characterized by NMR and mass spectroscopy as 6hydroxybenzofuran3(2H)one [1.206,
(218 mg, 100% yield)]: mp 239 °C (dec.); 1H NMR (500 MHz, CD3COCD3) δ ppm 9.67 (1H,
s, 9.67), 7.487.46 (1H, d, J = 8.4 Hz), 6.656.63 (1H, d, J = 8.4 Hz), 6.546.53 (1H, d, J =
2.0 Hz), 4.61 (2H, s);

13

C NMR (125 MHz, CD3COCD3) δ (ppm) 197.4, 177, 167.3, 125.9,

114.8, 112.4, 99.4, 76.1; IR (KBr, cm1) 30682526 (br), 1662, 1618, 1585, 1460, 1277, 1115,
1007, 870, 768; MSvv(ESI ()) m/z calcd for (C8H6O3  H)149.0239, found 149.0224.
2(4Acetoxy2methoxyphenyl)acetic acid (1.219)
The 2(4Acetoxy2methoxyphenyl)acetic acid (1.219) was produced by photolysis of 4(2
diazoacetyl)3methoxyphenyl acetate (1.204, 40.0 mg, 0.17 mmol) in CH3CN/H2O, 1:1 at
300 nm using 23000 Å lamps at ambient conditions. After 10 min, the photolysis mixture
was concentrated and the resulting residue was chromatographed on silica gel
(EtOAc:hexane (1:3), EtOAc:hexane (1:2), EtOAc:hexane (1:1), and EtOAc:hexane (2:1)) to
afford 2(4acetoxy2methoxyphenyl)acetic acid (1.219) as a yellow solid (10 mg, 0.045
mmol, 26% yield): mp 94104 °C (dec.); 1H NMR (500 MHz, CD3COCD3) δ ppm 7.227.20
(1H, d, J = 8 Hz ), 6.70 (1H, s), 6.616.60 (1H, d, J = 7.2 Hz), 3.75 (3H, s), 3.54 (2H, s), 2.23
(3H, s);

13

C NMR (125 MHz, CD3COCD3) δ (ppm) 169.7, 159.1, 151.8, 132, 117.7, 114.7,

114.1, 105.8, 56.2, 27.4, 21.1; IR (KBr, cm1) 33962554 (br), 1763, 1705, 1608, 1506, 1419,
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1209, 1146, 1016, 960, 899, 804; MS (ESI (+)) m/z calcd for (C11H12O5 + Na)+ 247.0583,
found 247.0575.
3Oxo2,3dihydrobenzofuran6yl acetate (1.222)
Method A; The general method of Wuennemann195 was followed with modifications.
Triethylamine (20 mg, 0.20 mmol) and catalytic amount of 4dimethylaminopyridine (2 mg,
0.46 mmol) were added into a flame dried 50 mL round bottomed flask containing a solution
of 6hydroxybenzofuran3(2H)one (1.206, 20 mg, 0.13 mmol) in dry CH2Cl2 (10 mL) under
Ar. After 10 min, acetyl chloride (11 µL, 0.16 mmol) was added dropwise to the reaction
mixture. The reaction mixture was allowed to stir for 30 min and EtOAc (30 mL) was added
to the reaction mixture. The organic phase was extracted with 10% HCl (20 mL x 3) and
washed with saturated NaHCO3 solution (20 mL x 3) followed by brine (40 mL) and then
dried over anhydrous MgSO4, filtered, and the supernatant concentrated under reduced
pressure to afford 3oxo2,3dihydrobenzofuran6yl acetate (1.222) as a white crystalline
solid (25.3 mg, 0.13 mmol, 100%).
Method B; 3Oxo2,3dihydrobenzofuran6yl acetate (1.222) was also produced by
photolysis of 4(2diazoacetyl)3methoxyphenyl acetate (1.204, 40.0 mg, 0.17 mmol) in
CH3CN/H2O, 1:1 at using 23000 Å lamps under ambient conditions. After 10 min, the
photolysis mixture was concentrated and the resulting residue was chromatographed on silica
gel (EtOAc/hexane (1:3), EtOAc/hexane (1:2), and EtOAc/hexane (1:1)) to afford 3oxo2,3
dihydrobenzofuran6yl acetate (1.222) as white crystalline solid (12 mg, 0.062 mmol, 36%
yield), mp 122124 °C: 1H NMR (500 MHz, CD3COCD3) δ ppm 7.657.64 (1H, d, J = 8.3
Hz), 7.02 (1H, d, J = 1.8 Hz), 6.926.90 (1H, d, J = 8.3 Hz), 4.75 (2H, s), 2.30 (3H, s);

13

C

NMR (125 MHz, CD3COCD3) δ (ppm) 198.6, 175.4, 169.2, 159.5, 125.3, 119.9, 117.4, 108.1,
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76.3, 21.1; IR (KBr, cm1) 31132943, 1759, 1707, 1618, 1454, 1194, 1015, 906, 829, 688;
MS (ESI ()) m/z calcd for (C10H8O4  H) 191.0344, found 191.0359.

Photochemistry:
General methods:
Photolyses were performed in a Rayonet RPR100 photochemical reactor (Southern New
England Ultraviolet Company, Branford, CT) fitted with a merrygoround apparatus and
with 16350 nm (RPR 3500 Å) or 16300 nm (RPR 3000 Å) lamps. The Rayonet reactor was
turned on to warm up the lamps for 15 min prior to irradiation of the sample. Samples were
irradiated in NMR tubes or Pyrex test tubes or quartz test tubes at 40 – 45 °C in the Rayonet
reactor in the presence or absence of oxygen. The tubes were placed in a RPR merrygo
round apparatus and a counter was started at the onset of exposure to record the time of
irradiation. Exposure times were controlled by manual removal of the sample from the
reactor or alternately by turning the lamps on or off. The light output for the quantum yields
were measured by the potassium ferrioxalate method.181 Photolysis samples were analyzed
using 1H NMR and RPHPLC methods. HPLC analyses were performed with a Waters
XTerra MSC18 analytical column (column size: 2.1 x 150 mm, particle size: 5 μm)
connected to a Waters Alliance HT 2795 or a Waters Aquity UPLC. The solvent system for
the separation was 99% CH3CN, 1% H2O, 0.01% formic acid and 99% H2O,1 % CH3CN,
0.01% formic acid. The detection wavelengths were 250 nm and 280 nm. The flow rate was
0.2 mL/min and the injection volume was 5 µL. Each sample was run three times.
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Photolysis of diethyl 2(4hydroxy3methoxyphenyl)2oxoethyl phosphate (1.200a):
photoproduct analysis by 1H NMR
A Pyrex NMR tube was charged with diethyl 2(4hydroxy3methoxyphenyl)2oxoethyl
phosphate (1.200a (8 mg, 0.025 mmol)) dissolved in CD3CN (500 μL) and D2O (500 μL).
DMF (2.0 µL) was added as an internal standard and the contents were mixed thoroughly.
The resulting solution was photolyzed without degassing at 300 or 350 nm with 23000 Å or
163500 Å lamps and the 1H NMR spectra (16 scans) were collected after 0, 2, 4, 6, 8, and 10
min of photolysis at 300 nm. The depletion of diethyl 2(4hydroxy3methoxyphenyl)2
oxoethyl

phosphate

(1.200a)

and

the

appearance

of

released

4hydroxy2

methoxyphenylacetic acid were determined by the integration of the NMR signals at δ 5.07
5.09 ppm and 3.44 ppm, respectively. The photolysis sample was spiked with authentic
samples of 4hydroxy2methoxyphenylacetic acid and diethyl phosphoric acid. The
intensity of the methylene peak at 3.44 ppm (4hydroxy2methoxyphenylacetic acid) and at
3.903.94 ppm (diethyl phosphoric acid) increased dramatically with the addition of the
known acids. In addition, intensities of peaks of 4hydroxy2methoxyphenylacetic acid
within the aromatic region (6.936.95, 6.41 and 6.326.35 ppm) increased. These
observations confirmed the formation of 4hydroxy2methoxyphenylacetic acid and diethyl
phosphoric acid by photolysis.
UV/vis study of diethyl 2(4hydroxy3methoxyphenyl)2oxoethyl phosphate (1.200a)
A 10 mL volumertric flask was charged with 2(4hydroxy3methoxyphenyl)2oxoethyl
phosphate (1.200a, 10.0 mg, 0.031 mmol) dissolved in CH3CN (5.0 mL) and H2O (5.0 mL).
The pH was adjusted by changing the pH of the H2O portion (5.0 mL) before mixing with
CH3CN (5.0 mL). A buffer solution of sodium acetate/acetic acid in water was used to obtain
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the pH value of 4. A buffer solution of tris(hydroxylmethyl)aminomethane /hydrochloric acid
in water was used to achieve the pH 7 and 9 values, respectively. UV/vis scans were
performed under ambient conditions with suitable dilutions at each pH value. The results are
shown in Table 1.17.

Photolysis of diethyl 2(4hydroxy3methoxyphenyl)2oxoethyl phosphate: Quantum
yield determination by RPHPLC
A biphenyl stock solution was prepared by dissolving biphenyl (160 mg, 1.04 mmol) in
HPLC grade CH3CN (90 mL) in a 100 mL volumetric flask and diluted to the mark with
HPLCgrade H2O (10 mL). A quartz tube was charged with diethyl 2(4hydroxy3
methoxyphenyl)2oxoethyl phosphate (1.200a, 10 mg, 0.031 mmol) dissolved in HPLC
grade CH3CN (1.0 mL) and H2O (1.0 mL). Biphenyl (2.0 mL from the stock solution, 3.2 mg,
0.021 mmol) was added to the quartz tube as an internal standard, and the contents were
mixed thoroughly. The sample was irradiated at 300 nm with 23000 Å lamps, and sample
aliquots (100 µL) were collected after 0, 2, 4, 6, and 8 min of photolysis. Each aliquot was
diluted with 950 µL of HPLCgrade CH3CN:H2O (1:1) and analyzed by RPHPLC. A
calibration curve was made for diethyl 2(4hydroxy3methoxyphenyl)2oxoethyl
phosphate (1.200a) under the same reaction conditions. The correction factor (R) for the
compound was calculated. A scatter plot was created by using the number of mmol of 2(4
hydroxy3methoxyphenyl)2oxoethyl phosphate vs. irradiation time. The slope (m) of the
best fit line from the linear regression analysis was determined for each series. The light
output (L) of the 23000 Å lamps in the photoreactor was determined separately using the
potassium ferrioxalate method181 in units of millieinsteins per min. The quantum yield (Φ)
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for the disappearance of diethyl 2(4hydroxy3methoxyphenyl)2oxoethyl phosphate
(1.200a) was then calculated using following equation:
Φ = |m| / L
where m is the slope of the plot (mmol/min) and L is the light output from the lamps
(miliEinstein/min) which were used for both the reaction and the actinometry. The same
procedure was repeated three times. The results are given in Table 1.18.
Photolysis of diethyl 2(4hydroxy3,5dimethoxyphenyl)2oxoethyl phosphate (1.200b):
Quantum yield determination by RPUPLC
The same procedure was repeated as above.
Photolysis of diethyl 2(4hydroxy2methoxyphenyl)2oxoethyl phosphate (1.215a):
Quantum yield determination by RPUPLC
The same procedure was repeated as for diethyl 2(4hydroxy3methoxyphenyl)2oxoethyl
phosphate (1.200a).
Photolysis of diethyl 2(4hydroxy2,6dimethoxyphenyl)2oxoethyl phosphate (1.215b):
Quantum yield determination by 1HNMR
A Pyrex NMR tube was charged with diethyl 2(4hydroxy2,6dimethoxyphenyl)2
oxoethyl phosphate (1.215b, 2 mg, 0.0057 mmol) and dissolved in CD3CN (250 μL) and
D2O (250 μL). DMF (0.50 µL) was added as an internal standard. The contents were mixed
thoroughly. The resulting sample was photolyzed without degassing at 300 nm with 23000
Å lamps, and the 1H NMR spectra (24 scans, 64 scans, and 124 scans) were collected after 0,
20, 60, and 120 s. The depletion of diethyl 2(4hydroxy2,6dimethoxyphenyl)2oxoethyl
phosphate (1.215b) was determined by integration of the 1H NMR signals at δ 5.12 ppm
compared to the DMF peaks which gave the disappearance of starting material. Scatter plots
were created by plotting the number of mmol of 2(4hydroxy2,6dimethoxyphenyl)2
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oxoethyl phosphate (1.215b) vs. irradiation time for each scan. The slope (m) of the best fit
line from the linear regression analysis was determined for each series. The light output (L)
of the 23000 Å lamps in the photoreactor was determined separately using the potassium
ferrioxalate method181 in units of millieinsteins per min. The quantum yield (Φ) for the
disappearance of diethyl 2(4hydroxy2,6dimethoxyphenyl)2oxoethyl phosphate (1.215b)
was then calculated using following equation.
Φ = |m| / L
Where m is the slope of the plot and L is the light output from bulbs which were used in the
actinometry. The results are shown in Table 1.18.
Photolysis of diethyl 2(3acetyl4hydroxyphenyl)2oxoethyl diethyl phosphate
(1.200c): photoproduct analysis by 1H NMR
A Pyrex NMR tube was charged with 2(3acetyl4hydroxyphenyl)2oxoethyl diethyl
phosphate (1.200c, 5 mg, 0.015 mmol) and dissolved in CD3CN (500 μL) and D2O (500 μL).
DMF (2.0 µL) was added as an internal standard and the contents mixed thoroughly. The
resulting sample was photolyzed without degassing at 300 nm with 83000 Å lamps and the
1

H NMR spectra (16 scans) collected after 0, 10, 20, 30, and 40 min. The depletion of 2(3

acetyl4hydroxyphenyl)2oxoethyl diethyl phosphate (1.200c) and the appearance of
released 3acetyl4hydroxyphenylacetic acid were from the 1H NMR signal integrations at
δ 5.335.36 ppm and 3.60 ppm, respectively. The photolysis sample was spiked with
authentic samples of 3acetyl4hydroxyphenylacetic acid and diethyl phosphoric acid. The
intensity of the methylene peak at 3.60 ppm (3acetyl4hydroxyphenylacetic acid) and at
3.853.92 ppm (diethyl phosphoric acid) increased dramatically. In addition, intensities of
peaks for 3acetyl4hydroxyphenylacetic acid within the aromatic region (7.77, 7.417.44
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and 6.906.92 ppm) increased. These observations confirmed the formation of 3acetyl4
hydroxyphenylacetic acid and diethyl phosphoric acid from the photolysis.

Photolysis of 2(3acetyl4hydroxyphenyl)2oxoethyl diethyl phosphate (1.200c):
Quantum yield determination by RPHPLC.
The same procedure was repeated as in diethyl 2(4hydroxy3methoxyphenyl)2oxoethyl
phosphate (1.200a).

Photolysis of 4(2diazoacetyl)2methoxyphenyl acetate (1.198a): photoproduct analysis
by 1H NMR
A pyrex NMR tube was charged with 4(2diazoacetyl)2methoxyphenyl acetate (1.198a, 8
mg, 0.034 mmol) and dissolved in CD3CN (500 μL) and D2O (500 μL). The contents were
mixed thoroughly. The resulting sample mixture was photolyzed without degassing at 300
nm with 23000 Å lamps and 1H NMR spectra (16 scans) were collected after 10 min of
photolysis. Bubbles evolved while the sample was being irradiated due most likely to
nitrogen evolution. The depletion of 4(2diazoacetyl)2methoxyphenyl acetate and the
appearance of released 4acetoxy3methoxyphenyl acetic acid were characterized by the
NMR signals at δ 6.23 and 3.49 ppm, respectively. The photolysis sample was spiked with an
authentic sample of 4acetoxy3methoxyyphenyl acetic acid. The intensity of the methylene
peak at 3.49 ppm increased dramatically. This observation confirmed the formation of 4
acetoxy3methoxyyphenyl acetic acid as the major product from the photolysis.
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Photolysis of 4(2diazoacetyl)3methoxyphenyl acetate (1.204): photoproduct analysis
by 1H NMR
A Pyrex NMR tube was charged with 4(2diazoacetyl)3methoxyphenyl acetate (1.204, 20
mg, 0.085 mmol) and dissolved in CD3CN (500 μL) and D2O (500 μL). The contents were
mixed thoroughly. The resulting sample was photolyzed without degassing at 300 nm with 2
3000 Å and 1H NMR spectra (16 scans) were collected after 10 min. Bubbles evolved during
the irradiation due to nitrogen evolution. The depletion of 4(2diazoacetyl)3
methoxyphenyl acetate (1.204) and the appearance of released 4acetoxy3methoxyphenyl
acetic acid were characterized from the NMR signals at δ 6.50 and 3.52 ppm, respectively.
The photolysis sample was spiked with an authentic sample of 4acetoxy2methoxyphenyl
acetic acid. The intensity of the methylene peak at 3.52 ppm increased dramatically upon the
irradiation. This observation confirmed the formation of 4acetoxy2methoxyphenyl acetic
acid as the major product from the photolysis. However, because of neighboring group (o
OMe) participation, another major photoproduct, 6acetoxy3coumaranone, was formed.
The methylene peak of this compound came under the D2O peak and could not be integrated
in

1

HNMR spectrum. The aromatic region showed the formation of 6acetoxy3

coumaranone which was confirmed by spiking with an authentic sample. The authentic
sample, 6acetoxy3coumaranone, was separately synthesized by acetylation of 6hydroxy
3coumaranone to confirm the formation of the 6acetoxy3coumaranone (see the
Experimental; synthesis of 1.222).
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Photolysis of 4(2diazoacetyl)3methoxyphenyl acetate (1.204): photoproduct analysis
by column chromatography.
A quartz tube was charged with 4(2diazoacetyl)3methoxyphenyl acetate (1.204, 150 mg,
0.64 mmol) and dissolved in CH3CN (2 mL) and H2O (2.0 mL). The contents were mixed
thoroughly before the photolysis. The resulting sample was photolyzed without degassing at
300 nm with 83000 Å lamps to 85% completion as determined by RPHPLC. Two major
products were observed by RPHPLC and TLC (hexane/EtOAc, 1:1) analysis.

The

photolysis was stopped and the sample solution was concentrated to give a yellow residue
that was chromatographed on silica gel (neutralized with triethylamine) with a gradient
solvent system (EtOAc:hexane (1:2), EtOAc:hexane (1:1), EtOAc:hexane (2:1)). The
cyclized product, 6acetoxy3coumaranone, was obtained as a white crystalline solid (mp
122124 °C). The rearranged product, 4acetoxy3methoxyphenyl acetic acid, was generated
as a dark yellow solid: mp. 94104 °C (dec.). The structures of these two compounds were
characterized by comparison with authentic compounds using 1H NMR and MS data.
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Part II
Exploratory Studies of HydroxyquinolineBased Phototriggers
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Introduction
Over the past three decades researchers have successfully used photoremovable
protecting groups, also known as “cage” compounds, to control the spatial and temporal
release of a substrate in studies of fast biological processes.15 It has been said of this
fascinating chemistry that ‘light is a “traceless” reagent’.13,5 Over the past several years
many researches have made a considerable effort to come up with better absorbing
chromophores that could be applied in biological studies without disturbing or destroying the
physiological environment.15 It has been reported that caged compounds have been
employed to examine fast processes in neurobiology. For example, the controlled release of
GABA, deactivated by the pHP chromophore, was used to activate GABA release upon
photolysis in wholecell patch clamp studies in neurons in cortical slices of mice.6 The
biological role of nicotinic acid adenine dinuclotide phosphate (NAADP+) in intact sea
urchin eggs7 was investigated by means of rapid release of caged NAADP+. Caged cAMP
was used to study cAMP dependent cellular processes,8,9 i.e., the function of cAMP in the
relaxation of distal muscle,10 the ATPinduced mechanism of actomyosin in muscle
contraction,11 and the activation of pyrrolizidine alkaloids such as monocrotaline to highly
reactive pyrrole intermediates responsible for DNA crosslinking reactions.12
The substituents on the chromophore can alter the extended conjugation thereby
increasing or decreasing the effective absorption wavelength of the cage. For example,
installation of carboxyl13 and amino14 substituents in the coumaryl chromophore resulted in a
shift of its effective absorption to 405 nm (Equation 2.1). However, the coumaryl
chromophore suffers from several disadvantages. One of the major drawbacks of the
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coumaryl group as a photoremovable protecting group is that the coumaryl group is retained
in the product 2.2 after the irradiation.

In contrast, the phydroxyphenacyl group (pHP), developed by Givens and co
workers,15,16 satisfies several Sheehan17 and Lester18 criteria for a successful photoremovable
protecting group. Among them, increased water solubility, fast release rates, good quantum
yields, and quantitative conversion to products whose chromophores experience a
hypsochromic shift make the pHP group a versatile, wellsuited photoremovable protecting
group for biologically relevant substrates such as phosphates (ATP19,20 and GTP21),
carboxylates (GABA22 and Glu23) including the C terminus of bradykinin24,25 (a nonapeptide),
and thiols (protein kinase A26 and glutathione27). In addition, the pHP group has successfully
been employed as a protecting group in synthesis.28,29 However, the usefulness of the pHP
chromophore could be further enhanced if its effective wavelength range could be
bathochromically shifted into the visible region. Toward this goal, m–methoxy substituents
have been installed on the pHP group, which resulted in extending the ππ* absorption range
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of the chromophore.30 Unfortunately, the mmethoxy substitution diminished the quantum
yield of the photorelease of GABA in aqueous media.
Later, Yousef and Givens31 turned their attention to substituted naphthalenes as
modified pHP chromophores. The photochemical and photophysical properties of a series of
trifluoromethylnaphthol derivatives have been previously studied by Seiler and Wirz32,33
(Equation 2.2).

The authors proposed a photohydrolysis mechanism that proceeds through a
heterolytic CF bond cleavage from the singlet excited state of 2.3, which was confirmed by
quenching and laser flash photolysis (LFP) studies. Recently, Wan, Corrie and coworkers34
investigated the photochemistry of 1naphthol and its alkylated derivatives in aqueous media.
Photolyses performed in acidic or neutral D2O resulted in hydrogen/deuterium exchange at
positions 5 and 8 of the naphthalene ring (Scheme 2.1).

It was postulated that hydrogen

deuterium exchange occurs via a watermediated excited state intramolecular proton transfer
(ESIPT) process via a ketotautomer intermediate 2.6a (Scheme 2.1). According to this
proposal, irradiation of compound 2.5a produces a singlet excited state from which the
molecule can follow three different pathways.
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Scheme 2.1 Wan and Corrie Mechanism for H/D Exchange in 1Naphthol in D2O/CH3CN
(1:1)34

The laser flash photolysis studies (LFP) suggest that the hydrogen/deuterium
exchange occurs at 5position to give the ketotautomer 2.6a whereas the same process at the
8postion of the naphthalene ring occurs to a lesser extent via the nonKekulé intermediate
2.6b. The third pathway leads to the formation of a 2naphthyloxy anion through the excited
state proton transfer (ESPT) from the OH group to solvent H2O, a manifestation of the
enhanced naphthol excited singlet state’s acidity. Interestingly, there was no H/D exchange
observed upon direct irradiation of anionic species 2.5a.
The authors have also investigated photolysis of 1,5disubstituted naphthol 2.7 in
aqueous methanol at 300 nm. It was found that the quantum yield for the dehydration of 2.7
to 2.9 proceeding via a quinone methide intermediate (2.8) was very high (ca. 0.84). The
formation of the photostable phenoxide intermediate 2.10 was also confirmed by LFP
(Scheme 2.2).
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Scheme 2.2 Photodehydration of Alcohol 2.7 in Aqueous Methanol34
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In contrast, no dehydration was observed with 1,4substituted naphthol 2.11. The
photosubstitution reactions of 2.11 arise through the enhanced localized charge transfer from
the naphtholic OH to the 5 and 8 ring positions. No reaction occurred at the 4position of
2.11 confirming the crucial role of this charge transfer intermediate.
Scheme 2.3 Photodehydration of 2.11 in Aqueous Methanol34
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The formation of the phenoxide intermediate 2.13 and the products resulting from the
H/D exchange at the 5 and 8 positions were the only compounds detected in this reaction
(Scheme 2.3). This result indicates that 2.11 reacts via an ESIPT pathway similar to that
observed for 2.5a. Thus, the observed chemistry in Scheme 2.3 was dominated by the
localized charge transfer to the 5 and 8 ring positions despite a potentially reactive
substituent at the 4position. Interestingly, the 1,5substituted acetate ester 2.14 was found to
be inert after prolonged irradiation at 300 nm in 50% aqueous acetonitrile (Equation 2.3).
This observation contrasts with the demonstrated activity of other naphthalene derivatives at
the substituted 5position. It was suggested that the starting material may undergo ESPT or
ESPIT processes but does not result any chemical transformations.

Based on this information, Yousef and Givens31 designed and synthesized a series of
1,4 and 2,6disubstituted naphthalenebased photoremovable protecting groups and explored
their photochemistry (Figure 2.1).
Figure 2.1 Naphthalenebased Photoremovable Protecting Groups
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Extension with an additional aromatic ring on the chromophore helped to
bathochromically shift its absorption wavelength toward the visible region due to extended
conjugation. However, this modification also resulted in decreased aqueous solubility. The
photolysis of 1,4 and 1,6substituted naphthyl esters revealed that the 1,4substitued analogs
(2.18 and 2.19) followed a photoFavorskii rearrangement pathway, similar to the parent pHP
chromophore, producing the rearranged acid 2.21 as a major product. In contrast, 2,6
substituted naphthyl esters (2.152.17) underwent photolysis via the photoreduction pathway,
generating the corresponding acetylnaphthol 2.20 as a major photoproduct (Scheme 2.4).
Scheme 2.4 The Photochemistry of 1,4 and 2,6Substituted Naphthyl Esters

The suggested mechanism for the photolysis of the 2,6substituted naphthyl esters
involves a radical CO bond homolysis to give 2methylnaphthol radicals (Scheme 2.5),
which upon hydrogen atom transfer affords 2acetyl6naphthol.
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Scheme 2.5 Proposed Mechanism for the Photolysis of 2,6Substituted Naphthyl Esters

Table 2.1 The Quantum Yields and Conversions for Substrate Release in the Naphthyl Ester
Series31
compound

λmaxb

% conversionc,d,e

Φdisf (x 102)

2.15 R = CH3, X = GABA
2.16 R = H, X = GABA
2.17 R = H, X = OP(O)(OEt)2
2.18 R = CH3, X = OP(O)(OEt)2
2.19 R = H, X = OP(O)(OEt)2
pHPO(PO)(OEt)2a

317
319
315
319
325
306

56
70
67
40
98
Nd

0.67
0.91
3.10
0.76
2.80
38.0

a

The diammonium salt of the monoester in TRIS buffer at 300 nm; 10% CH3CN was added
to the solvent; bDetermined in H2O for 2.15 and 2.16; in CH3CN for 2.1719; cDetermined by
RPHPLC in 50 mM TRIS buffer with 10% CH3CN, pH 7.3, after 1 h of photolysis at 350
nm for 2.15 and 2.16; dDetermined in 1% aqueous CH3CN after 1 h of photolysis at 350 nm
for 2.17; eDetermined in 1% aqueous MeOH after 1 h of photolysis at 350 nm for 2.18 and
2.19; fDetermined using RPHPLC. Nd = not determined.
The efficiency of the substrate release was found to be one or two orders of
magnitude lower than that for the parent pHP chromophore (Table 2.1). Evidence for a
Favorskiilike rearrangement was observed on photolysis of the 1,4substituted naphthyl
ester series, which proceeded via the triplet excited state. The rate of the photorelease (ca. 106
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s1) was also found to be two to three orders of magnitudes lower than the reported values for
pHPcaged substrates.
Therefore, 5acetyl8hydroxyquinoline (HAQ), which can also be described as a
subtle change of the 1,4substituted naphthyl chromphore, was proposed as an alternative
chromophore that would extend the scope of the biological applications of the pHP
chromophore. The presence of the N atom in the unsubstituted aromatic ring contributes
some unique features to the HAQ chromophore. Among them, enhanced water solubility,
metal chelating ability, and absorption at longer wavelengths bring added advantages those
noted above for the naphthyl ester series. Thus, it is very important to explore the
photochemistry which has been already reported on both the 8hydroxyquinoline derivatives
and related compounds in order to understand the photochemistry of HAQ based esters.
Kuzmin and Nekipelova3537 reported that the photochemical and photophysical
processes of alkyl and alkoxy substituted 1,2dihydroquinolines are very sensitive to the
solvent. The reaction pathway in photolysis of substituted 1,2dihydroquinolines changes
when aprotic nonpolar solvents (hexanes) are replaced by water or methanol. The homolytic
cleavage of the NH bond to generate the corresponding amine radicals has been observed in
aprotic solvents and alcohols other than methanol, and the photoinduced addition of solvent
to the double bond of the heterocycle has been observed in water and methanol. It was
reported that both of these reactions occur from the singlet excited state.
It is well known that transition metals can easily be employed to increase the
intersystem crossing (by a heavy atom effect) of the HAQ esters because of the enhanced
metal chelating ability of 8hydroxyquinline.

3840,4042

However, it was demonstrated that

metal chelation enhanced the fluorescence capabilities of 8hydroxyquinoline and its
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analogs.41,42 Thus, the reported photochemical and photophysical processes of metal chelated
8hydroxyquinoline and its derivatives would be useful to better understand the behavior of
the HAQ chromophore. Soroka and coworkers38 have reported the fluorescence properties of
metal complexes of 8hydroxyquinoline5sulfonic acid (HQSA) in aqueous media (Figure
2.4). In accord with their results, cadmium forms the most fluorescent complex (CdHQSA3),
whereas some other metals such as Mg2+, Zn2+ (Mg or ZnHQSA3), and In3+ (InHQSA3)
produce relatively low fluorescent complexes.
Figure 2.2 Structures of Some Metal Complexes of 8hydroxyquinoline5sulfonic Acid38

In the 1990s, Hopkins et al.42 examined the photo and electroluminescent properties
of aluminum and zinc quinolate complexes 8hydroxy5piperydinyl quinolinesulfonamide
complexes (AlPDQS and ZnPDQS) vs. complexes with 8hydroxyquinoline ((AlQ3 and
ZnQ3) Figure 2.3). The authors demonstrated that the electron withdrawing sulfonamide
group at the 5position of the quinoline ring induced a blueshift of the photo and
electroluminescence of AlPDQS and ZnPDQS compared to AlQ3 and ZnQ3.
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Figure 2.3 Structures of Aluminum and Zinc Complexes of 8Hydroxyquinoline and
8Hydroxy5piperydinylquinolinesulfonamide42
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Heavy atom effect
Generally, aromatic hydrocarbons are considered to have very weak spinorbit
coupling which makes them ideal candidates for spinorbit perturbation studies.40,41 A spin
orbit perturbation is required to observe spinforbidden transitions between states of different
spin multiplicities such as an electronic transition from a singlet to a triplet state in an
aromatic hydrocarbon. The rates of various multiplicityforbidden, photophysical processes
can be increased with an introduction of heavy atoms either within the aromatic structure of a
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hydrocarbon or by the surrounding media (e.g. carbon tetrabromide and halogenated solvents
or a xenon matrix).4042 These two types of heavy atom effects have been termed ‘internal
heavy atom effects,’ where the heavy atom is directly affixed to the molecule. and ‘external
heavy atom effects,’ where the heavy atom is not directly affixed but is in the proximity the
molecule. The heavy atom can either increase the singlettriplet mixing already present in the
molecule or induce new configurations or both through spin perturbation. Likewise, the rate
of the intersystem crossing can be dramatically increased for a particular chromophore with
substitution of heavy atoms such as Br, I, and transition metals.4042 For example, a bromine
atom substituted coumaryl derivatives exhibit the internal heavy atom effect.43
In the course of investigating of various coumaryl derivatives ((BhcX and Bhcdiol
X) Figure 2.4), it was found that a bromine atom substituted at the 8 position (i.e. 8bromo7
hydroxycoumarin) of the coumarin chromophore leads to efficient substrate release via the
onephoton or twophoton excitation.43 A variety of substrates have been released using the
coumaryl photoremovable protecting group, including alcohols,44 ketones and aldehydes,45
cyclic nucleotide monophosphates,46 diols,47 neurotransmitters,1,48 and DNA and RNA.49
Figure 2.4 8Bromo7Hydroxycoumarin Analogs

However, many coumaryl derivatives exhibit low solubility in aqueous solutions and
in buffer solutions of high ionic strength. Furthermore, these cages were not compatible with
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some fluorescent detection techniques (e.g. with a fluorescent indicator) because of high
level of fluorescence of the coumaryl chromophore itself.
To overcome these difficulties, Toscano and coworkers43 discovered the 8bromo7
hydroxyquinolinyl group (BHQ, 2.22) which has good solubility in buffers at physiological
conditions and exhibits low fluorescence. It was also found that bromine help to lower the
pKa of the phenolic proton thereby inducing a shift of the absorption maximum to the visible
region. In addition, the formation of the triplet excited state by intersystem crossing would be
facilitated by the presence of bromine in BHQ derivatives. Thus, BHQ derivatives which
have good sensitivity to twophoton excitation can be used extensively in biological studies.
Scheme 2.6 Single and Two Photon Photolysis of BHQ43 Derivativesa

a

Reagents and conditions; (a) hν, 365 nm (mercury lamp), KMOPS buffer, pH 7.2; (b) hν,
740 nm (a fspulsed and modelocked Ti:sapphire laser), KMOPS buffer, pH 7.2
The

absorption of the chromophore is red shifted and shows good sensitivity toward both

one and twophoton excitations The photolysis of BHQ derivatives 2.22 and 2.25 in aqueous
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media released functional groups illustrated by 2.24 and 2.27 with good quantum yields
(Scheme 2.6, Table 2.2).
Table 2.2 Photochemical and Photophysical Properties of BHQ43 Derivativesa
Compound

λmax

εmax /(M1 cm1)

Qub

δuc / (GM)

τdark/(h)d

BHQOAc

369
368
296
370
375
374

2600
2400
6400
3900
2300
2400

0.29
0.30
0.32
0.31
0.37
0.39

0.59
0.64
0.76
0.43
0.78
0.90

71
100
94
105
79
69

2.22a
2.22b
2.22c
2.25d
2.25e
a

Determined in KMOPS buffer, pH 7.2; bDetermined at 365 nm (mercury lamp; 1photon);
Determined at 740 nm (a fspulsed and modelocked Ti:sapphire laser; two photon), GM =
1050 (cm4 × s)/photon; dTime constant for the hydrolysis in the dark.
c

The onephoton uncaging efficiency for the BHQ derivatives (BHQOAc,
2.22ae) can be determined from the following relationship.
Qu = (Iσt90%)1
Where, I is the irradiation intensity which is determined by potassium ferrioxalate
actinometry, σ is the decadic extinction coefficient (1000ε, the molar extinction coefficient)
at 365 nm, and the t90% is the irradiation time for 90% conversion to product.
The onephoton uncaging efficiency for the BHQ derivatives was found to be in the 0.30
0.39 range (Table 2.2).
The sensitivity of the BHQ derivatives (BHQOAc, 2.22ae) to undergo a photochemical
reaction initiated by twophoton excitation (δu), the twophoton uncaging cross section, is
determined in the GoeppertMayer, GM, unit which is defined as 1050 (cm4 × s)/photon).
This value is related to twophoton absorption crosssection, δa, by δu = Qu × δa. The pulse
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parameters of the laser can be determined by using fluorescein as an external standard. The
twophoton uncaging cross section can be determined from the following relationship.
δu = Np Q

fFδaFCF

/ <F(t)> Cs

Here, QfF is the fluorsecenec quantum yield of fluorescein, δaF is the two
photon absorbance crosssection of fluorescein, <F(t)> is the timeaveraged fluorescence
photon flux (determined from the twophoton excitation of fluorescein in the same setup), Np
is the number of molecules photolyzed (determined from the initial rate of photolysis),

is

the collection efficiency of the detector, and Cs is the concentration of the BHQprotected
substrate. The values for the twophoton uncaging cross section for BHQOAc and 2.22ae
ranged from 0.43 to 0.90 GM (Table 2.2). Interestingly, the quantum yield for the release of
dimethyl phosphoric acid (2.22c) upon twophoton excitation was the lowest among all
substrates, despite being the best leaving group.
These data suggested that BHQ derivatives are wellsuited candidates for the one and
two photon excitations. Mechanistic studies on the reaction mechanism were performed
using SternVolmer quenching, isotope labeling studies, and DFT calculations. The obtained
data supported a solvent assisted photoheterolysis (SN1) reaction mechanism proceeding
from the singlet excited state (Scheme 2.7). Upon irradiation in aqueous media, both BHQ
acetate and BHQ phosphate (2.28) are initially excited to the singlet excited state (2.29).
Subsequent intersystem crossing to the triplet 2.30 followed by decay restores the starting
material 2.28. Either homolytic cleavage of the CO bond followed by single electron
transfer or heterolytic cleavage from singlet excited 2.29 generates the switterionlike
intermediate 2.31. Trapping of the carbocation by water produces alcohol 2.32 and the
corresponding carboxylate or phosphate. The tautomeric zwitterionic intermediate 2.33 has
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been suggested because hydroxyqunolines are amphoteric and are protonated at nitrogen in
the excited state on the picosecond time scale even in 9 to 10 M NaOH.50 However, the
possible role of the protonated intermediate 2.33 is unclear.
Scheme 2.7 Toscano’s Mechanism for the BHQ Photolysis

Toscano’s efforts to develop a hydroxyquinolinylbased photoremovable protecting
groups were successful with the Br substitution at the 8 position. The quantum efficiency for
the photorelease also can potentially be improved by substituting an electronwithdrawing
group (an acetyl group at 5 position) which should facilitate the intersystem crossing like a
heavy atom like Br and also lower the pKa of the phenol. Therefore, we argue that 5acetyl
8hydroxyquinolinebased photoremovable protecting groups may have some added
advantages in biological applications over the BHQ derivatives, because 8hydroxyquinoline
derivatives are well known fungicides and bactericides.51,52 In addition, 8hydroxyquinoline
derivatives have been widely used in extraction of metal ions (i.e. Ca2+, Mg2+, Al3+, Fe3+ etc.)
from aqueous media.38,39,5456 and therefore, these chromophores may be biologically
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important because divalent metal ions are readily available in the physiological environment.
In accord with the pioneering studies on BHQ group by Toscano and coworkers43 the HAQ
chromophore may also be a good candidate for a twophoton excitation. Based on the results
obtained with naphthalenederived phototriggers and taking into account the interesting
biological features and extended conjugation for a bathochromically shifted chromophore of
8hydroxyquinoline, we strove to design a novel series of 5acetyl8hydroxyquinolinebased
photoremovable protecting groups. However, insufficient information is available from
current literature on the photochemistry of 5,8substituted quinoline derivatives, especially 5
acetyl8hydroxyquinolines, to rely on the analogies outlined earlier. Therefore, it is of
interest to design, synthesize and explore the photochemistry of a model 5acetyl8
hydroxyquinoline based photoremovable protecting group.
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Statement of Problem
In recent years, there has been a growing interest in employing of photoremovable
protecting groups, also known as caging groups, in chemistry and biology. There are several
key features that make a photoremovable protecting group a versatile cage, such as facile
synthetic attachment to the substrate, efficient photorelease of the substrate, solubility of the
caged substrate in aqueous media, and generation of stable photoproducts with a
hypsochromic UVvis shift of the photoreactive chromophore. The effective wavelength
range of the chromophore is another crucial factor in biochemical applications of caged
compounds because many biomolecules, including proteins and nucleotides, can absorb light
at shorter wavelengths (< 280 nm), possibly resulting unwanted photoreactions. Therefore,
chromophores that can absorb at longer wavelengths (> 300 nm) to enable efficient release of
a substrate are particularly desirable for use in a physiological environment. The p
hydroxyphenacyl (pHP) photoremovable protecting group developed by Givens and co
workers, possesses several key features requisite of a versatile PPG, such as better solubility
in both organic and aqueous media, fast release of the substrate, good quantum yields, ease of
installation and quantitative conversion to products that are insensitive to radiation. However,
the effective wavelength of the pHP group is a limiting factor for biochemical studies
because the λmax of this chromophore lies in the range of 280  320 nm. Therefore the
possibility of extending the effective wavelength of the pHP chromophore towards the visible
region has been explored. This would help expand the applicability of the pHP chromophore
and its analogs. In 2000, Givens and coworkers introduced methoxy groups as substituents
in the metaposition of the pHP chromophore. However, release of substrates, such as GABA
and glutamate in aqueous media was significantly less efficient when compared to the
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unsubstituted pHP chromophore in spite of a notable enhancement of π  π* absorption of the
chromophore.
Later, Yousef and Givens demonstrated that the 1,4 and 1,6substituted naphthalene
based phototriggers increased the effective wavelength range but were also less efficient at
releasing substrates (i.e., GABA and diethyl phosphoric acid) upon irradiation at 350 nm.
Based on these results, it was proposed that 5acetyl8hydroxyqunoline derivatives may be
better candidates because of their effective wavelength ranges toward the visible region and
their improved water solubility visàvis the pyridine nitrogen. Furthermore, the 8
hydroxyquinoline is known to be an excellent chelating agent for divalent metal cations such
as Ca2+ and Mg2+ which would enhance the rate of intersystem crossing by the heavy atom
effect and would also be beneficial in biological arena. In addition to providing the necessary
bathochromic shift, the added pyridyl ring may also help provide a substitution site for other
functional groups to fine tune the physical and photochemical properties of this modified
pHP chromophore.
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Results and Discussion
A. Synthesis of 2(8hydroxyquinolin5yl)2oxoethyl benzoate
The proposed synthetic route to 2(8hydroxyquinolin5yl)2oxoethyl benzoate
[HAQ benzoate, (2.37)] is shown in Scheme 2.8. The starting material, 8hydroxyquinoline
(2.34), which is readily available and inexpensive, was chosen for the starting point in the
synthesis of HAQ benzoate 2.37. Since it is well known that 8hydroxyquinoline is a strong
chelating agent with various divalent and trivalent metals such as Zn2+, Mg2+, Ca2+, Al3+,
In3+,43,44,5557 care must be taken when working with metallic reagents especially during the
purification processes of the product. We reasoned that an acetyl group can be introduced to
the activated 5 position which is para to the hydroxyl group of the 8hydroxyquinoline using
the FriedelCrafts acylation reaction. Subsequent αbromination would generate bromide
2.36. Finally, the benzoate ester 2.37 would be obtained via an SN2 displacement by treating
of bromide 2.36 with benzoic acid in the presence of a suitable base.
Scheme 2.8 Retrosynthetic Analysis for the Synthesis of HAQ Benzoate

Retrosynthetic pathway: (a) SN2 displacement with benzoic acid; (b) αmonobromination;
(c) FriedelCrafts acylation with acetyl chloride.
Following the synthetic plan described above, the FridelCrafts reaction58 of 8
hydroxyquinoline with acetyl chloride produced 5acetyl8hydroxyquinoline (HAQ), albeit
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in moderate yield (40%). However, all attempts to effect abromination of 2.35 using several
brominating

reagents

failed,

including

bromination

with

copper(II)

bromide

in

CHCl3/EtOAc,59 dioxane dibromide (DDB) in dioxane/diethyl ether,60 bromine in acetic
acid,61,62 bromine in diethyl ether,63 Nbromosuccinimide (NBS) in the presence of catalytic
amounts of ptoluenesulfonic acid in CH3CN,64 NBS with benzoyl peroxide in carbon
tetrachloride (CCl4)65 and benzyltrimethylammonium tribromide in CHCl3/MeOH.66
Accordingly, the FriedelCrafts reaction was modified by replacing acetyl chloride with
bromoacetyl chloride6769 (Scheme 2.9).
Scheme 2.9 Synthesis of 8Hydroxy5Acetylquinoline Benzoates 2.37 and 2.39

Reagents and conditions: (a) BrCH2COCl, AlCl3 , CH2Cl2, 50 °C, 18 h, 45%; (b) NaBr,
CH3COCH3, reflux, 12 h, 79%; (c) PhCOOH, DBU, dioxane/CH2Cl2 (1:1), rt, 12 h, 75%; (d)
PhCH2Br, K2CO3, DMF, rt, 12 h, 100%.
The reaction was carried out in dry CH2Cl2 in the presence of anhydrous AlCl3 and
bromoacetyl chloride to generate a mixture of the αbrominated and αchlorinated 5acetyl8
hydroxyquinolines (formed by halogen exchange) in 45% yield. This mixture was then
treated with an excess sodium bromide in acetone under reflux conditions70 to produce 2
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bromo1(8hydroxyquinolin5yl)ethanone (2.36). The latter was esterified71 with benzoic
acid in the presence of DBU in dioxane/CH2Cl2 (1:1) at room temperature to produce the
benzoate ester 2.37 in 75% yield. Finally, benzyl protection was installed under standard
conditions72 to produce the benzoate ester 2.39 in quantitative yield (Scheme 2.9).

Synthesis of bis[2(8Hydroxyquinolin5yl)2oxoethyl Benzoate] zinc(II) Dihydrate
[(Zn(HAQ)2, 2.40]
The zinc chelated benzoate ester [Zn(HAQ)2] 2.40 was obtained by treating the
benzoate ester with diethyl zinc in THF at room temperature56 (Equation 2.4). The resulting
yellow residue was recrystallized from hot acetone/hexane to generate the desired product.

Synthesis of benzyl protected 8hydroxy5acetylquinoline diethyl phosphate
(BnHAQDEP, 2.44)
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The synthesis of the benzyl protected 8hydroxy5acetylquinoline diethyl phosphate
(Bn HAQDEP, 2.41) from HAQ 2.3558 by protection of the hydroxyl group with benzyl
bromide was followed by installation of ketal protection using iodobenzene diacetate in
strongly alkaline methanol73 to give 2.42. The latter upon treatment with 50% acetic acid
provided αhydroxy ketone 2.43 in 88% overall yield. The αhydroxy ketone 2.43 was
esterified with diethyl phosphoryl chloride in pyridine66 to afford the desired phosphate ester
2.44 in 30% yield (Scheme 2.10).
Scheme 2.10 Synthesis of Benzyl Protected 8Hydroxy5acetylquinoline Diethyl Phosphate,
2.44

Reagents and conditions: (a) CH3COCl, AlCl3, nitrobenzene, 70 °C, 14 h, 40%; (b) PhCH2Br,
K2CO3, DMF, rt, 12 h, 100%; (c) PhI(OAc)2, MeOH, KOH, 0 °C to rt, 14 h, 90%;
(d) 50% CH3COOH, rt, 12 h, 98%; (e) P(O)Cl(OEt)2, pyridine, 5 °C to rt, 24 h, 30%.

Independent Synthesis of Putative Photoproducts
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The synthesis of 2(benzoyloxy)acetic acid (2.46) was accomplished by acylation of
glycolic acid with benzoyl chloride (2.45) (Scheme 2.11).74 The photooxidization product,
quinoline5,8dione (2.47), was generated by iodobenzene diacetate oxidation75 of 8
hydroxyquinoline in aqueous acetonitrile (CH3CN:H2O, 2:1) at 0 °C. The resulting
yellowishorange quinone 2.47 was air sensitive and should be stored under an inert
atmosphere (under argon).
Scheme 2.11 Synthesis of Putative Photoproducts

Reagents and conditions: (a) glycolic acid, anhydrous pyridine, Ar, overnight, rt, 69%;
(b) PhI(OAc)2, CH3CN:H2O (2:1), 0 °C, 3 h, 95%. (c) H2O, NaOH, 3 h, < 30 °C, 30 min,
85%.
Diethyl phosphate76 2.49 was prepared by treatment of the corresponding acid chloride 2.48
with sodium hydroxide (Scheme 2.11).

B. Spectroscopic Studies
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The OHprotected and unprotected 8hydroxyquinoline derivatives have an extended
resonance capability compared to other phydroxyphenacyl derivatives, which shifts their
absorption maxima farther into the visible region. The absorption maximum (λmax) of the
UVvis spectra of protected and unprotected benzoates 2.39 and 2.37 in aqueous acetonitrile
at pH 7 range from 319 nm to 384 nm, respectively. These bands can be assigned to the π π*
transition from the filled orbital localized on the quinoline phenol ring to an antibonding
molecular orbital localized on the pyridyl ring.77
Figure 2.5 The UV/vis Spectra of HAQ Benzoate 2.37 and BnHAQ Benzoate 2.39 in 10%
H2O in Acetonitrile

2.37

2.39

However, their absorption bands tail, which makes it difficult to predict the
absorption maxima. The molar extinction coefficients (ε (M1cm1)) for the ππ* transitions of
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2.37 and 2.39 were found to be 1620 (λmax = 384 nm), and 8010 (λmax = 319 nm), respectively.
HAQbenzoate ester 2.37 is more redshifted due to the presence of a free hydroxyl group,
whereas the benzyl protected analog 2.39 is blue–shifted (Figure 2.5). The pH dependence of
the absorptivity of benzoate ester 2.37 was studied at pH 4, 7, and 10 by recording the
UV/vis spectra in buffer solutions of sodium acetate/acetic acid, tris hydroxylmethyl) amino
methane/hydrochloric acid, and ammonium acetate/ammonia, respectively.
Figure 2.6 The UV/vis Spectra for the pH Dependence of Benzoate Ester 2.37

pH 7

pH 4

b

a

pH 10
c

(a)

Determined

in

sodium acetate/acetic acid

buffer,

(b)

Determined

in tris

(hydroxylmethyl)aminomethane /hydrochloric acid buffer, (c) Determined in ammonium
acetate/ammonia buffer
Scheme 2.12 Charge Distribution of the Conjugate Acid and Conjugate Base of
Hydroxyquinoline 2.37
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The absorption maximum of the 8hydroxyquinoline was blueshifted [λmax ~302 nm
(tailing)] at pH 4, and redshifted [λmax ~ 380 nm (sharp peak)] at pH 10 in accord with the
degree of protonation or deprotonation of the chromophore (Figure 2.6 and Scheme 2.12).
At low pH, hydroxyquinoline 2.37 exists as its conjugate acid and the phenoxide anion
produced upon deprotonation of hydroxyquinoline 2.37 at high pH (conjugate base). At
alkaline pH the energy the difference between HOMO and LUMO of the chromophore is
reduced because of the extended conjugation of the phenoxide anion which lowers the energy
difference between the n, π* and π, π* states at pH 9 (Scheme 2.12).
C. Stability Studies
The stability studies of the 8hydroxyquinoline esters were performed
with samples of the ester dissolved in aqueous acetonitrile and not exposed to the ultraviolet
light. According to 1H NMR and RPHPLC analysis, no significant change was observed
over 48 h. Since it was observed that the temperature inside the photoreactor increases as
high as 4045 oC during the photolysis reactions when performed at 300 nm with 163000 Å
198

lamps, the stability of 8hydroxyquinoline esters was tested under these conditions as well.
Control experiments with samples wrapped in aluminum foil in the merrygoround
photoreactor and illuminated for 2 h under the same conditions showed no significant change
according to 1H NMR and RPHPLC analysis.

Product Studies and General Photochemistry of 8Hydroxyquinoline Derivatives
8Hydroxy and 8Benzyloxy5acetylquinoline Benzoates (HAQ benzoate 2.37 and
BnHAQ benzoate 2.39)
Photolyses of HAQ benzoate 2.37 and BnHAQ benzoate 2.39 in deuterated aqueous
acetonitrile (10% D2O in CD3CN) were carried out in NMR tubes by photolyzing with and
without argon degassing., and the reaction progress monitored by 1H NMR (Equation 2.5 and
Equation 2.6).

Oxygenfree conditions were accomplished by Ar purging the reaction sample in an NMR
tube cooled in an ice bath for 30 min. After purging, the NMR tube was sealed and the
degassed solution of 8hydroxy5acetylquinoline benzoate (2.37) was photolyzed in a
Merrygoround apparatus at 300 nm or 350 nm with 163000 Å or 163500 Å lamps,
respectively. The analyses were performed by 1H NMR.
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Three major products were detected by HPLC. However, neither the release of
benzoic acid nor the expected rearrangement product was observed by NMR analysis. During
the course of the reaction, the color of the photolysis sample change from light yellow to
bright yellow. Efforts were made to identify the photoproducts by comparison of their 1H and
13

C NMR spectra and HPLC retention times with authentic or synthesized samples of several

possible products, but these were unsuccessful. Accordingly, a photolysis experiment was
carried out on a larger scale in order to separate the products by column chromatography and
by acidbase extraction to isolate and further characterize the unknown products. After
photolysis, EtOAc was added and the reaction mixture was first extracted with a saturated
NaHCO3 solution. The aqueous phase (combined NaHCO3 layers) was acidified and
extracted with EtOAc to isolate the acidic products. Surprisingly, instead of the expected
product (benzoic acid), 2(benzoyloxy)acetic acid (2.46) was isolated and identified by its
characteristic 1H NMR (the distinct methylene peak at 4.78 ppm) and confirmed by
independent synthesis (see Experimental Section).

The color change of the photolyzed

sample from light yellow to bright yellow during the course of the reaction was attributed to
the possible formation of quinoline5,8dione (2.47). The 1NMR of quinone 2.47 has two
characteristic doublets which correspond to two olefinic protons in the range of 7.17.2 ppm
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(J = 10.011.0 Hz) which were observed in the crude photolysis mixture. However, all efforts
to isolate quinone 2.47 from the photolysis mixture by column chromatography were
unsuccessful. Therefore, this suspected photoproduct was also independently synthesized
from commercially available starting materials through the route outlined in the
Experimental Section. Analysis of the photolysis mixtures by spiking with the authentic
sample of quinone 2.47 confirmed the formation of quinoline5,8dione in this reaction.
Samples of HAQ benzoate 2.37 were photolyzed using 163500 Å lamps for 3.5 h.
Quantitative analysis of the photoproducts was carried out using 1H NMR (Figure 2.7). The
slopes (m) of the best fit line from the linear regression of the timedependent concentrations
of the reactant and product analyses were determined. The light output (L) of the 163500 Å
lamps in the photoreactor was determined using the potassium ferrioxalate method in units of
millieinsteins per minute. The quantum efficiencies (Φ) for the disappearance of
hydroxyquinoline 2.37 and the appearance of the acid 2.46 were then calculated by Φ = |m| /
L. where m is the slope of the plot and L is the light output from lamps which were used in
the actinometry. The results are shown in Table 2.3. The quantum yield for disappearance of
hydroxyquinoline 2.37 in 10% aqueous acetonitrile was 4.0

(± 0.5) × 104 and the

appearance quantum yield for the acid product 2.46 was found to be 4.0 (± 0.3) × 104 (Table
2.3). The reaction progress was also monitored by 1H NMR. Depletion of hydroxyquinoline
2.37 and the appearance of the acid 2.46 were quantified by integration of the signals at δ
5.63 ppm and 4.78 ppm, respectively, for the methylene peak in each compound.

Figure 2.7 Photolysis of Nondegassed Sample of HAQ Benzoate 2.37 in 10% Aqueous
Acetonitrile at 350 nm
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The photolysis of BnHAQ benzoate 2.39 was also performed as described above, in order to
test the effect of the unprotected hydroxyl group versus a benzyloxy group on the
photochemistry. It was found the that photochemical reaction of BnHAQ benzoate 2.39
proceeded much less efficiently, providing only 25% conversion to the acid 2.46 after 24 h,
whereas conversion of HAQ benzoate 2.37 to the acid 2.46 reached 5153% after 3.5 h
(Table 2.3).
Photolysis of HAQ benzoate 2.37 was also performed in the absence of molecular oxygen to
check its effect on this reaction. Degassed samples of HAQ benzoate 2.37 were inert to
photolysis suggesting that molecular oxygen plays an important role in this photochemical
transformation. The heavy atom effect on the photochemistry of ZnHAQ2 2.40 was explored
by photolyzing the benzoate ester of the zinc chelated dimer 2.40 in aqueous acetonitrile, in
the presence of oxygen and in a degassed solution at both 300 nm and 350 nm. It was found
that in both cases the zinc chelated ester was inert to photolysis.
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Table 2.3 Comparison of the Conversions and Quantum Yields in the Photolysis of Benzoate
Esters (HAQ benzoate 2.37, BnHAQ benzoate 2.39, and Zinc Chelated Quinoline, ZnHAQ2,
2.40) under Ambient and Degassed Conditions

Compound

irradiated
time /h

%
conversiona
degassed

% conversiona
nondegassed

2.37
2.39
2.40

3.5
24
24

5153
0.0
0.0

5153
25
0.0

Φdisb
/ x104

Φdis.c
/ x104

Φapp.c
/ x104

4.0 ± 0.3 4.0 ± 0.5 4.0 ± 0.3
nd
1.2 ± 0.3 1.2 ± 0.2
0.0
0.0
0.0

Photolyses were conducted using 163000 Å or 163500 Å lamps. a) Determined using 1H
NMR in 10% D2O in CD3CN; b) Determined using RPHPLC by the disappearance of the
starting material at 350 nm; c) Determined using 1H NMR at 350 nm

Photochemistry of BnHAQDEP
Photolysis of the benzyl protected 8hydroxy5acetylquinoline diethyl phosphate
2.44 (BnHAQDEP) was carried out with aqueous acetonitrile as the solvent and under
ambient conditions at 300 nm and 350 nm. The products as evident by 1H and

31

P NMR

analysis were diethyl phosphoric acid along with unidentified products (Equation 2.7).
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Photolysis of 2.44 was less efficient compared to that of the corresponding benzyl protected
benzoate ester 2.39. The released diethyl phosphoric acid was identified using

31

P NMR by

spiking the photolysis reaction mixture with an authentic sample.
Interestingly, quinone formation was not observed as was the case in the photolysis of
unprotected 8hydroxy5acetylquinoline benzoate (2.37) and the benzyl protected benzoate
2.39. At this point a detailed study on the photochemistry of HAQ derivatives would be
necessary in order to learn more about the mechanisms for photorelease. However, the
preferential photooxygenation reaction in the presence of air, the slow rates of reaction and
the low quantum yields obtained for the HAQ series discouraged any further exploration of
its photochemistry by our group.
Discussion
There is little known about the photochemistry of hydroxyquinolines. The
photochemistry of acetylhydroxyquinolines themselves had not been investigated previously,
despite parallel studies on 1,4 and 1,6disubstituted naphthyl photoprotecting groups.
Toscano

and

coworkers43

have

explored

the

photochemistry

of

8bromo7

hydroxyquinolinyl group (BHQ) upon one photon and two photon excitations. Toscano
suggested that these naphthyl analogs have ππ* absorption bands that are extended toward
the visible region, suggesting that they may be suitable chromophores for biochemical caging
applications. Indeed, our studies of the 5acetyl8hydroxyquinoline derivatives in aqueous
media support this idea. We found that these derivatives have absorption maxima in the 320
400 nm range in aqueous acetonitrile. In 2001, Cossy and Belotti77 developed an efficient
protocol for generating substituted quinoline5,8quinones from the readily available
substituted 8hydroxyquinolines by photosensitized oxidation (Equation 2.8, Table 2.4).
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These reactions were performed in CH2Cl2 in the presence of mesotetraphenylporphine
(TPP), an effective triplet state photosensitizer for producing singlet oxygen.78,79 The
resulting crude reaction mixture was treated with dry Na2SO4 to generate 2.52.

Table 2.4 Synthesis of 5,8Quinolones 2.52
2.51 derivatives.

Timea (h)

Yield % of 2.52b

2.51a
b
c
d
e
f
g
h
i
j

2.5
2.5
2.0
2.0
8.0
5.5
2.0
2.0
2.5
2.0

82
80
82
72
73
51
81
89
53
50

Reactions were performed in CH2Cl2 on a 2 mmol scale at 20 °C (cooling with water) using
visible light (1500 W xenon arc, filter for radiations > 495 nm) while sparging with oxygen; b
Isolated yields.
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The purpose of using the triplet sensitizer TPP in the reaction was to generate singlet
molecular oxygen, i.e., 1O2 (1Δg). The proposed mechanism for the product formation is
depicted in Scheme 2.13.
Scheme 2.13 Cossy’s Reaction Sequence for the Formation of 2.52

Initially, 8hydroxyquinoline 2.51 reacts with singlet oxygen in the excited state to generate a
nonisolatable, hydroxyendoperoxide intermediate 2.53 via a [4 + 2] cycloaddition reaction.
Intermediate 2.53 undergoes ring opening and dehydration to produce 5,8quinolone 2.52 in
the presence of anhydrous Na2SO4.
Importance of quinoline5,8quinolone moiety
Substituted or unsubstituted 5,8quinolones 2.52 and 2.46 are important synthetic
intermediates en route to azaanthraquinones such as anthracyclines,80 pluramycines,81
antibiotics like dynemicin A and deoxydynemicin A,82 cleistopholine,83,84 and meridine84
(Figure 2.8).
Figure 2.8 Compounds Possessing an Azaanthracenedione Moiety83,84
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In addition, a variety of natural products can be found in which a carbon of the benzene ring
of the anthraquinoline is replaced by nitrogen that also exhibit antibiotic and antitumor
activity such as azabenzisochromanquinones,85 cystodamine,86 lavendamycin,87 and
streptonigrinone,88 (Figure 2.9). Therefore, either substituted or unsubstituted quinoline5,8
quinones 2.46 and 2.52 will be important synthetic intermediates to produce a variety of
biologically active molecules such as azaanthraquinones.
Figure 2.9 Natural Products Bearing an Azaanthraquinoline Moeity87,88

On the basis of prior research on the pHP photoremovable protecting group, Yousef
and Givens31 designed and synthesized a series of novel 1,4 and 1,6substituted naphthyl
based phototriggers and tested them in the release of GABA and diethyl phosphates in
aqueous media. These studies prompted us to design and synthesize the 5acetyl8
hydroxyquinoline photoprotecting groups and to study their photochemistry in aqueous
media (Figure 2.10). The only structural difference for the 8hydroxyquinolinebased
chromphore 2.54 compared to the 1,4substituted naphthalene chromophore is the
replacement of a CH group with a nitrogen atom at the position para to the hydroxyl group in
the unsubstituted aromatic ring.
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Figure 2.10 The 5Acetyl8Hydroxyquinoline (HAQ) Based Phototriggers
X
O

N

R = H, Bn
X = benzoate, diethyl phosphate

OR
2.54

Likewise, the photoproducts 2.46 and 2.47 obtained on photolysis of HAQ benzoates suggest
that the mechanism of photocleavage may arise from the photosensitized oxidation of the
benzoate ester (Scheme 2.14).
Scheme 2.14 Proposed Mechanism for the HAQ Benzoate Photocleavage

A similar mechanism had been proposed by Cossy and Belotti77 in the formation of
substituted quinoline5,8quinones from readily available substituted 8hydroxyquinolines.
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However, a triplet sensitizer (TPP) in CH2Cl2 at > 495 nm was used in those studies.
Although no triplet sensitizer (TPP) was used in our studies as in the studies by Cossy and
Belotti,77 we argue that 8hydroxyquinoline’s excited triplet state can act as a photosensitizer,
generating singlet oxygen 1O2 (1Δg) under nondegassed conditions. The singlet oxygen 1O2
(1Δg) reacts by a [4+2] cycloaddition reaction to generate the hydroxyl5,8endoperoxide
intermediate 2.55. This unstable intermediate fragments into photoproducts 2.46 and 2.47.
However, this mechanism, which models that proposed by Cossy and Belotti, must be refined
in order to account for the quinone product and especially the 2(benzoyloxy)acetic acid
(2.46). Therefore, an alternative mechanism is considered (Scheme 2.15).
Scheme 2.15 Revised Mechanism for the HAQ Benzoate Photocleavage
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The ground state 2.37 can first react with singlet oxygen by the standard [2+2]
cycloaddition to generate hydroxyendoperoxide intermediate 2.55. The intermediate 2.55
rearranges to afford an oxetane, structure 2.56. The unstable oxetane undergoes ring opening
to generate the two observed products, the acid 2.46 and quinone 2.47 as the main
photoproducts. Alternatively, irradiation of BnHAQ 2.39 can lead to 2(benzoyloxy)acetic
acid 2.46, quinoline5,8dione 2.47, and benzyl alcohol 2.50 (Scheme 2.16).
Scheme 2.16 Revised Mechanism for the BnHAQ Benzoate Photocleavage
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This mechanism is similar to that proposed for HAQ benzoate 2.37 except that the
quninone formation is also accompanied by the release of benzyl alcohol 2.50. However, the
efficiency of this photoreaction is low due to a relatively slow formation of oxetane 2.58, as
the benzyl protection makes the oxygen lone pair less available for resonance stabilization or
perhaps nucleophilic attack on 1O2. The low reactivity of the HAQ benzoate 2.37 may also be
due to the hydrogen bonding occurring between the OHproton and the nitrogen atom. The
intramolecular Hbonding diminishes the proton transfer, thereby reducing the acidity of the
hydroxyl group in the excited state.
This explanation may also be advanced to rationalize the decreased likelihood of the
photoFavorskii rearrangement. The triplet excited state proton transfer from the phenolic
hydroxyl group to the aqueous medium is purported to be necessary and occurs with a
concomitant release of the substrate in the photoFavorskii mechanism. This is crucial in the
photoFavorskii rearrangement generation of the triplet biradical that then rearranges to the
produce putative Favorskii intermediate.1,6 Thus, intramolecular Hbonding between the
hydroxyl group and quinoline nitrogen diminishes the reactivity of the HAQ benzoate 2.37
upon irradiation.
Effect of zinc chelation
Employing zinc chelation on the hydroxyquinoline 2.40 nucleus was expected to influence
the photolysis, possibly through a heavy atom effect.4042 It has been shown that a heavy atom
such as zinc is capable of inducing the spin angular momentum changes for the excited state
electron pair, thereby increasing the rate of intersystem crossing (especially for the
transitions of S1 to T1 and T1 to S0). Our experiments demonstrated that the zinc chelated
benzoate ester 2.40 was inert to the photolysis at ambient conditions in aqueous media. The
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possible explanation for this observation may be the fluorescent enhancement of 8
hydroxyquinoline upon chelation with some metal ions89,90 such as Zn2+, Cu2+, Pb2+, and
Hg.2+ 8Hydroxyquinoline, itself, is weakly fluorescent in aqueous media. There are two
explanations for the origin of the strong fluorescent enhancement upon metal chelation. First,
the photoinduced proton transfer from the phenolic hydroxyl to the quinoline nitrogen in the
excited state [an excited state intramolecular proton transfer (ESIPT)] process results in
fluorescent quenching.89,91 Metal chelation interrupts this deprotonation process thereby
deminishing the ESIPT channel.92,93 Second, the lowlying excited state of 8
hydroxyquinoline (an n,π* transition occurs) is nonfluorescent due to rapid intersystem
crossing. The metal complexation modulates the lowlying excited state to a lowest π state,
leading to an π,π* transition. The transition from the π* singlet into its triplet state is not
rapid due to a less favorable spinorbit coupling of two π,π states.

Therefore, the

fluorescence emission channel becomes more probable.94 Hence, the zinc chelation enhances
the fluorescence energy dissipation from the singlet excited state.
HAQ benzoate 2.37 and BnHAQ benzoate 2.39 were inert to photolysis when
degassed under argon saturated conditions even upon extended irradiation. These results are
in accord with the results reported by Corrie and coworkers34 for the 1,4substituted
naphthyl acetate 2.14. Irradiation of HAQ benzoate 2.37 and BnHAQ benzoate 2.39 did not
lead to generate any net chemistry even though ESPT or ESIPT could and probably does
occur.
Photochemistry of BnHAQdiethyl phosphate 2.44
Irradiation of BnHAQdiethyl phosphate 2.44 in 10% aqueous acetonitrile released diethyl
phosphoric acid both in the presence and absence of oxygen. The release of diethyl
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phosphoric acid was not accompanied, however, with any products resulting from
photooxygenation, as was the case with both benzoate 2.37 and benzoate 2.39. This suggests
that the release of diethyl phosphoric acid may proceed by a more traditional route. Either
homolytic cleavage to produce radical species, heterolytic bond cleavage to generate ions, or
alternatively, a photoFavorskii rearrangement by the concerted loss of both the proton and
the leaving group forming the spirodienedione intermediate 2.61 can be envisaged. However,
the low quantum yields discouraged further analysis and identifications of the chromophore
photoproducts. The photolysis of the oxygensaturated aqueous acetonitrile solution of
BnHAQDEP 2.44 did not produce any photooxygenated products. However, oxygen had a
quenching effect on the quantum yield for the photodecomposition of BnHAQDEP 2.44.
This suggests that the triplet excited state of the diethyl phosphate ester 2.44 is involved in
the photorelease of diethyl phosphoric acid, because oxygen is a well known triplet
quencher.41,42 In addition, Bailey and coworkers95 observed shortened phosphorescence
lifetimes (< 0.005 s) of 8hydroxyquinoline in EPA revealing the possible involvement of the
triplet excited state. Thus, a plausible mechanism for the release of diethyl phosphoric acid is
depicted in Scheme 2.17. In accord with the studies by Suzuki et al.44 on the photochemistry
of 2(alphabromoacetyl)naphthalene, the photorelease of diethylphosphoric acid can follow
photohomolysis pathway, whereas the photorelease of diethylphosphoric acid from BnHAQ
DEP 2.44 can also follow both the photohomolyis pathway to the reduction product 2.62 and
a photoFavorskii rearrangement to the rearranged acid 2.63 and naphthyl alcohol 2.60 in
accord with studies by Yousef and Givens31 on the photochemistry of 1,4 substitutued
naphthyl esters.
.
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Scheme 2.17 Plausible Pathway for the Photolysis of 2.44 in Aqueous Acetonitrile

The quantum yield values for the photorelease of benzoic acid and diethyl phosphoric acid
from HAQ benzoate 2.37 and BnHAQDEP 2.44 are three orders of magnitude lower than
that of the corresponding known pHP derivatives and an order of magnitude lower than that
those of the naphthalenebased phototrggers reported by Yousef and Givens.31 There may be
several reasons for the reduction of the quantum yields observed with HAQ derivatives. The
intramolecular Hbonding of the phenolic hydrogen and the pyridine nitrogen in 5acetyl8
hydroxyquinoline (HAQ) noted above may be one of the major factors. Goldman and
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Wehry91 reported that singlettriplet intersystem crossing is really inefficient for 8
hydroxyqunioline in various solvents including water and acetonitrile
The triplet energy of HAQ is similar to that of 1acetylnaphthalene (ca. 57
kcal/mol)96 and thus, even if intersystem crossing occurred, the energy of the resulting triplet
may be too low for bond cleavage to compete with nonproductive energy dispersal from the
triplet state. The triplet energy of naphthalene (ca. 61 kcal/mol) drops by 2 kcal/mol with an
introduction of an acetyl group at the 2position.41 The reported triplet energy of phydroxy
acetophenone is 70.5 kcal/mol.97 Therefore, the pHP group has excess triplet energy of 11.5
kcal/mol more than the 2acetylnaphthalene. A similar trend could be expected for the HAQ
series. In addition, it is known that 8hydroxyquinoilne itself weakly fluoresces in the excited
state due to excited state intramolecular proton transfer (ESIPT).8994 This effect could
contribute to the lower quantum yields. The excess energy can dissipate via either non
radiative pathways or via phosphorescence,95 thereby discouraging efficient bond lysis in the
triplet excited state. These energy wasting exit channels are not as available to the pHP
chromophore which reacts with higher quantum yields.

Future work
The photochemistry of diethyl 2(8hydroxyquinolin5yl)2oxoethyl
phosphate (HAQDEP, 2.44) revealed an effect by the free hydroxyl group on the
photorelease of diethyl phosphoric acid. Timeresolved LFP studies of HAQ derivatives
would be extremely informative in confirming the proposed mechanisms in this discussion.
For example, especially under degassed conditions, the photochemical inertness of benzoate
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esters 2.37 and 2.39 can be explained by examining the energy wasting processes in the
excited state such as ESPT and ESIPT mechanisms.
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Conclusions
The effective excitation wavelength range is an important criterion for selection of the
proper photoremovable protecting group for successful applications in chemistry and biology.
For biological applications, the system under study and the caged biomolecule may absorb
and/or be photochemically activated by readiation in the mid UV range, < 300 nm. Our
attempts to extend the range of the phydroxyphenacyl chromophore have shown that both
substituents on the ring and expansion of the aromatic ring (i.e. naphthalene series) lead to
lower quantum yields. This latest modification substituting 5acetyl8hydroxyquinoline as
the basic chromophore did move the absorption range into the visitble region. A series of
caged derivatives with enhanced ππ* absorption extending into the visible region were the
subject of an exploratory photochemical and photophysical study. Photolysis of the benzoate
series, however, gave unexpected results in aerated aqueous acetonitrile where
photooxygenation of the chromophore was the sole reaction, producing a mixture of 2
(benzoyloxy)acetic acid and quinoline5,8dione. For the phosphate esters, however, release
of diethyl phosphoric acid was realized. The efficiency of photorelease was three orders of
magnitude lower compared to pHPcaged analogs.
8Hydroxy5acetylquinoline as a photoreleasing chromophore is apparently limited
to very good leaving groups (i.e. phosphates). Even with these, the chromophore is
photochemically disintegrated during photorelease yielding a plethora of products. For poor
leaving groups (i.e. benzoates), 5acetyl8hydroxyquinoline self destructs by acting as a
sensitizer of 3O2 to form singlet oxygen. This degrades the chromophore to form a mixture
of the 5,8quinone and the αsubstituted acetic acid of the substrate.
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Experimental Methods
General Methods
All compounds were prepared by literature procedures unless indicated otherwise. All
reagents were purchased from commercial sources (Aldrich, Acros Organics, Alfa Acer and
Fisher) and used without further purification unless otherwise noted. Nitrobenzene and
dichloromethane (DCM) were distilled prior to use. 1H NMR spectra were recorded on a
Bruker 400 MHz instrument unless otherwise noted. IR spectra were recorded on a Shimadzu
FTIR8400S spectrophotometer; results are reported in cm1. UV/vis spectra were recorded
on a Cary 100 spectrophotometer (Varian, Inc., Palo Alto, CA). pH values of solutions were
measured using a Fisher Science pH 510 meter calibrated with certified Fisher buffer
solutions of pH 4, 7, and 10. HPLC analyses were performed with a C18 Econosphere 250 x
4.6 mm analytical column (Altech Associates, Inc., Deerfield, IL) connected to a Rainin dual
pump system. Mass spectrometry was performed on a Sciex API1 Plus quadrupole mass
spectrometer with an electrospray ionization (ESI) source. Thin layer and column
chromatography were performed on precoated silica gel plates (Sorbent Technologies,
Atlanta, GA) and standard grade (3263 μm) silica gel (Sorbent Technologies, Atlanta, GA),
respectively. Melting points were determined on a ThomasHoover melting point apparatus
(Arthur H. Thomas Company, PA) and are uncorrected.
5Acetyl8hydroxyquinoline (2.35)
5Acetyl8hydroxyquinoline (2.35) was prepared according to the method described by
Matsumura58 with some modifications. Acetyl chloride (1.14 g, 14.52 mmol) was added into
a flame dried 3neck round bottomed flask containing solution of 8hydroxyquinoline (2.34,
2.0 g, 13.78 mmol) in nitrobenzene (15.3 mL, 149.4 mmol) under argon. Aluminum chloride
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(11.50 g, 86.0 mmol) was added to the reaction mixture at a time with stirring. The reaction
mixture was kept at 70 °C for 14 h in the 3neck flask fitted with a CaCl2 drying tube. On
cooling, some crushed ice and 10% HCl (60 mL) were added and the nitrobenzene was
removed by distillation. On standing overnight the separated hydrochloride of 5acetyl8
hydroxyquinoline was filtered. The residue was dissolved in water (50 mL) and sodium
acetate (2.0 g) was added. The resulting crude product was recrystallized from hot water to
afford 5acetyl8hydroxyquinoline (2.35) as colorless hairlike needles (1.03 g, 5.51 mmol,
40% yield): mp 111112 °C; 1H NMR (CDCl3) δ ppm 9.619.58 (1H, dd, J = 8.8 Hz, 1.2 Hz),
8.838.82 (1H, dd, J = 4.1 Hz, 1.2 Hz), 8.1.8 (1H, d, J = 8.2 Hz), 7.637.60 (1H, q, J = 4.2
Hz), 7.19 (1H, d, J = 8.2 Hz), 2.72 (3H, s);

13

C NMR (100 MHz, CDCl3) δ (ppm) 199.5,

157.1, 148.6, 138.5, 136.7, 134.4, 127.6, 125.2, 124.6, 108.6, 29.2; IR (KBr, cm1) 3273(br),
1659, 1618, 1570, 1510, 1250, 835; UV/Vis (NH4OAc, pH 7), λmax (ε

Lmol1cm1) 381

(3743), 301 (9345), 263 (15945), 240 (18465), 222 (13637); MS (ESI (+)) m/z calcd for
(C11H10NO2 + H)+ 188.0711, found 188.0703.
2Bromo1(8hydroxyquinolin5yl)ethanone (2.36)
The method described by Babad et al.69 was used with modifications. To a suspension of
AlCl3 (4.56 g, 34.44 mmol) in CH2Cl2 (12 mL) at reflux was added bromoacetyl chloride
(1.34 mL, 16.53 mmol) in CH2Cl2 (3 mL) under an Ar atmosphere. The mixture was refluxed
for 30 min at 50 °C. At this point, 8hydroxyquinoline (2.34, 2.00 g, 3.78 mmol) in CH2Cl2
(5 mL) was added dropwise. The mixture was refluxed for 18 h and then carefully poured
onto ice (50.0 g), water (10 mL), and CH2Cl2 (10 mL) with stirring. A yellow colored
precipitate was obtained. 10% HCl (10 mL) was added to the reaction mixture resulting in a
red colored precipitate that was suction filtered. After 48 h, the filtrate yielded a reddish
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yellow platelike precipitate which was a mixture of 2bromo1(8hydroxyquinolin5
yl)ethanone (2.36) and 2chloro1(8hydroxyquinolin5yl)ethanone (2.38,1.362 g, 45%
overall yield). The crude product (500 mg) was dissolved in acetone (10 mL) and excess
NaBr (1.34 g, 13.57 mmol) was added. The resulting mixture was refluxed for 12 h.98 Water
(10 mL) was added to the reaction mixture, which was then extracted with EtOAc (10 mL x
3), washed with water and brine, and dried over anhydrous MgSO4. The solvent was
evaporated to afford 2bromo1(8hydroxyquinolin5yl)ethanone (2.36) as a yellowish
brown solid (474 mg, 1.78 mmol, 79% yield) ), mp 122125 °C (dec): 1H NMR (400 MHz,
CDCl3) δ ppm 9.539.50 (1H, dd, J = 8.8 Hz, 1.3 Hz), 8.858.84 (1H, J = dd, 4.0 Hz, 1.4 Hz),
8.20 (1H, d, J = 8.2 Hz), 7.637.66 (1H, q, J = 4.2 Hz), 7.19 (1H, d, J = 8.2 Hz), 4.55 (2H, s);
13

C NMR (100 MHz, CDCl3) δ (ppm) 191.9, 157.7, 148.6, 138.3, 136.1, 134.5, 127.9, 124.7,

121.4, 108.5, 32.6; IR (KBr, cm1) 2702(br), 1688, 1624, 1596; UV/Vis (CH3CN), λmax (ε
Lmol1cm1) 328 (9140), 265 (5340), 240 (27700); MS (ESI (+)) m/z calcd for (C11H8BrNO2
+ H)+ 265.9817 (79Br) and 267.9817 (81Br), found 265.9807 (79Br) and 267.9758 (81Br).
2(8Hydroxyquinolin5yl)2oxoethyl benzoate (2.37)
The benzoate ester was generated according to a method based upon a method used by Buu
Hoi et al.71 2Bromo1(8hydroxyquinolin5yl)ethanone (2.36, 474 mg, 1.78 mmol) was
dissolved in mixture of 1,4dioxane (5 mL) and CH2Cl2 (5 mL). Benzoic acid (326 mg, 2.67
mmol) was added, followed by DBU (325 mg, 2.14 mmol). The reaction mixture was stirred
for 12 h. Water (5 mL) was added to the reaction mixture, which was extracted with EtOAc
(10 mL x 5), washed sequentially with NaHCO3 (10 mL x 3), brine (20 mL), and water (30
mL). The organic layer was dried over anhydrous MgSO4 and the solvent was evaporated to
afford 2(8hydroxyquinolin5yl)2oxoethyl benzoate (2.37) as a yellowish brown solid
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(410 mg, 1.33 mmol, 75% yield): mp 176179 °C; 1H NMR (CDCl3) δ ppm 9.549.52 (1H,
dd, J = 8.8 Hz, 1.4 Hz), 8.848.82 (1H, dd, J = 4.2 Hz, 1.4 Hz), 8.188.16 (3H, m), 7.627.59
(2H, m), 7.517.47 (2H, m), 7.21 (1H, d, J = 8.2 Hz), 5.63 (2H, s);

13

C NMR (100 MHz,

CDCl3) δ (ppm) 192.6, 166.4, 157.5, 148.6, 138.3, 136, 133.6, 132.7, 130.2, 129.6, 128.7,
127.6, 124.6, 121.9, 108.5, 67.1; IR (KBr, cm1) 3414(br), 3300, 2924, 1724, 1682, 1566,
1506, 1450; UV/Vis (CH3CN/H2O), λmax (ε Lmol1cm1) 384 (1620), 303 (2250), 264 (4920),
239 (5200); MS (ESI (+)) m/z calcd for (C18H13NO4 + H)+ 308.0923, found 308.0905.
2(Benzoyloxy)acetic acid (2.46)
The general method of Shieh and Kuo74 was followed. Glycolic acid (649 mg, 8.54 mmol)
was dissolved in dry pyridine (5 mL). Benzoyl chloride (1.0 g, 7.11 mmol) was added
dropwise. The reaction mixture was stirred overnight under Ar. Water (10 mL) and EtOAc
(10 mL) were added to the reaction mixture. The EtOAc layer was separated, and the water
layer was extracted with EtOAc (10 mL x 2). The combined organic layers were washed
sequentially with 10% HCl (20 mL x 3), NaHCO3 (20 mL x 3), and water (30 mL). The
organic layer was dried over anhydrous MgSO4. The solvent was evaporated, and the white
residue was purified by flash chromatography with EtOAc/hexane (1:1) to afford 2
(benzoyloxy)acetic acid (2.46) as a white solid (886 mg, 4.92 mmol, 69% yield): mp 109
111 °C; 1H NMR (500 MHz, CDCl3) δ ppm 8.128.09 (2H, m), 7.637.59 (1H, m), 7.507.46
(2H, m), 4.92 (2H, s);

13

C NMR (125 MHz, CDCl3) δ (ppm) 173.1, 166.1, 133.8, 130.2,

129.1, 128.7, 60.8; IR (KBr, cm1) 2952(br), 1720, 1601, 1452, 1435, 905, 721, 708; UV/Vis
(CH3CN/H2O), λmax (ε Lmol1cm1) 273 (976), 229 (11400); MS (ESI ()) m/z calcd for
(C9H8O4  H)+ 179.0344, found 179.0347.
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Quinoline5,8dione (2.47)
The general method of Barret and Dudon75 was applied. Iodobenzenediacetate [PhI(OAc)2]
(446 mg, 1.52 mmol) was dissolved in CH3CN (2 mL) and water (1 mL) at 0 °C. 8
Hydroxyquinoline (2.34, 100 mg, 0.69 mmol), which was dissolved in CH3CN (2 mL) and
water (1 mL), was added dropwise at 0 °C. The reaction mixture was stirred for 3 h at 0 °C.
The resulting yellowish orange color aqueous solution was extracted with EtOAc (8 mL x 5).
The combined organic layers were washed with brine and water, and dried over anhydrous
MgSO4. The solvent was evaporated to afford quinoline5,8dione (2.47) as a yellowish
orange solid (104 mg, 0.66 mmol, 95% yield): mp 95107 °C (dec); 1H NMR (CDCl3) δ ppm
9.099.07 (1H, dd, J = 4.7 Hz, 1.7 Hz), 8.468.44 (1H, dd, J = 7.9 Hz, 1.7 Hz), 7.747.71 (1H,
q, J = 4.7 Hz), 7.197.17 (1H, d, J = 10.4 Hz), 7.107.07 (1H, d, J = 10.4 Hz); 13C NMR (100
MHz, CDCl3) δ (ppm) 184.7, 183.4, 155, 147.6, 139.3, 138.2, 134.8, 129.3, 128.09; IR (KBr,
cm1) 3431(br), 2962, 1670, 1580, 1385, 802; UV/Vis (CH3CN/H2O), λmax (ε Lmol1cm1)
238 (45600); MS (ESI (+)) m/z calcd for (C9H5NO2 + H)+ 160.0398, found 160.0396
2(8Benzyloxy)quinolin5yl)2oxoethyl benzoate (2.39)
The target molecule was synthesized according to the general method used by Iwakuma et
al.72 with some modifications. 2(8Hydroxyquinolin5yl)2oxoethyl benzoate (2.37, 200
mg, 0.65 mmol) was dissolved in DMF (10 mL). K2CO3 (225 mg, 1.63 mmol) was added and
the reaction mixture was stirred for 30 min. Benzyl bromide (78 μL, 1.63 mmol) was slowly
added dropwise. The reaction mixture was stirred for 12 h and concentrated, and water (10
mL) was added. The aqueous mixture was extracted with EtOAc (10 mL x 4), washed with
brine and water, dried over anhydrous MgSO4. The solvent was evaporated, and the residue
was purified by flash chromatography with EtOAc/hexane (1:1) to afford 2(8
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benzyloxy)quinolin5yl)2oxoethyl benzoate (2.39) as a yellowish brown solid (260 mg,
0.65 mmol, 100% yield): mp 120126 °C (dec); 1H NMR (CDCl3) δ ppm 9.439.41 (1H, dd,
J = 8.8 Hz, 1.5 Hz), 9.049.03 (1H, dd, J = 4.0 Hz, 1.5 Hz), 8.168.13 (2H, m), 8.03 (1H, d, J
= 8.3 Hz), 7.637.57 (2H, m), 7.537.46 (4H, m), 7.417.31 (3H, m), 7.05 (1H, d, J = 8.4 Hz),
5.55 (4H, s); 13C NMR (100 MHz, CDCl3) δ (ppm) 193, 166.4, 158.7, 150, 136, 135.3, 135.3,
133.6, 131.2, 130.2, 129.6, 129, 128.7, 128.4, 128.3, 127.3, 124, 123.5, 108.1, 71.3, 67.2; IR
(KBr, cm1) 3433 (br), 2924, 2853, 1720, 1676, 1601, 825, 758; UV/Vis (CH3CN/H2O), λmax
(ε

Lmol1cm1) 319 (8010), 238 (24000), 210 (10200); MS(ESI (+)) m/z calcd for

(C25H19NO4 + H)+ 398.1392, found 398.1392; m/z calcd for (C25H19NO4 + Na)+ 420.1212,
found 420.1213.
1(8(Benzyloxy)quinolin5yl)ethanone (2.41)
The general procedure of Iwakuma et al.72 was utilized. 5Acetyl8hydroxyquinoline (2.35,
100 mg, 0.53 mmol) was dissolved in DMF (5 mL). K2CO3 (185 mg, 1.34 mmol) was added
and the reaction mixture was stirred for 30 min. Benzyl bromide (64 μL, 0.53 mmol) was
slowly added dropwise. The reaction mixture was stirred for 24 h and concentrated, and
water (5 mL) was added. The aqueous mixture was extracted with EtOAc (8 mL x 4), washed
with brine and water, dried over anhydrous MgSO4. The solvent was evaporated, and the
residue was purified by flash chromatography with EtOAc/hexane (1:1) to afford 1(8
(benzyloxy)quinolin5yl)ethanone (2.41) as a yellowish brown solid (300 mg, 1.08 mmol,
100% yield): mp 124127 °C (dec); 1H NMR (CDCl3) δ ppm 9.449.41 (1H, dd, J = 8.8 Hz,
1.5 Hz), 8.968.95 (1H, dd, J = 3.8 Hz, 1.4 Hz), 7.96 (1H, d, J = 8.3 Hz), 7.537.49 (1H, q, J
= 4.1 Hz), 7.47 (1H, d, J = 7.3 Hz), 6.94 (1H, d, J = 8.3 Hz), 5.47 (2H, s), 2.62 (3H, s); 13C
NMR (125 MHz, CDCl3) δ (ppm) 199.3, 158, 149.6, 140.1, 136.2, 135.8, 132.5, 129, 128.3,
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128.1, 127.7, 126.4, 123.7, 71.4, 29.1; IR (KBr, cm1) 3430 (br), 1653, 1560, 1502; UV/Vis
(CH3CN), λmax (ε Lmol1cm1) 315 (6950), 240 (20100), 208 (14500); MS(ESI (+)) m/z calcd
for (C18H15NO2 + H)+ 278.1181, found 278.1177.
2(8Benzyloxy)quinolin5yl)2,2dimethoxyethanol (2.42)
The target compound was synthesized according to the general method of Recuero et al.73 To
a solution of KOH (248 mg, 4.43 mmol) in MeOH (4 mL), a solution of 1(8
(benzyloxy)quinolin5yl)ethanone (2.35, 154 mg, 0.55) in MeOH (4 mL) was slowly added
at 0 °C followed by iodobenzenediacetate (244 mg, 0.83 mmol) in small portions over one
minute. The mixture was allowed to come to room temperature and stirred for 24 h. The
reaction mixture was concentrated, suspended in EtOAc and extracted with water (10 mL x
2). The aqueous layer was extracted with EtOAc (5 mL x 5) and the combined organic layers
were washed with brine and water, and dried over anhydrous MgSO4. The solvent was
evaporated, and the residue was purified by flash chromatography with EtOAc/hexane (1:1)
to afford 2(8benzyloxy)quinolin5yl)2,2dimethoxyethanol (2.42) as a yellowish brown
solid (168 mg, 0.50 mmol, 90% yield): mp 168176 °C (dec); 1H NMR (CDCl3) δ ppm 8.92
8.90 (dd, 1H, 4.1 Hz, 1.1 Hz), 8.868.84 (1H, dd, 8.8 Hz, 1.6 Hz), 7.81 (1H, d, J = 8.3 Hz),
7.53 (2H, d, J = 7.2 Hz), 7.457.42 (1H, q, J = 4.1 Hz), 7.407.31 (3H, m), 6.98 (1H, d, J =
8.4 Hz), 5.42 (2H, s), 3.95 (2H, s), 3.27 (6H, s); 13C NMR (125 MHz, CDCl3) δ (ppm) 154.6,
148.7, 140.4, 136.8, 133.5, 129, 128.8, 128.1, 127.5, 126.9, 125.9, 121.6, 108.7, 102.7, 70.8,
64, 49; IR (KBr, cm1) 3412(br), 3313, 2934, 1508, 1458, 1385, 825; UV/Vis (CH3CN), λmax
(ε Lmol1cm1) 311 (4450), 240 (25000), 202 (32200); MS (ESI (+)) m/z calcd for
(C20H21NO4 + H)+ 340.1549, found 340.1539; calcd for (C20H21NO4 + Na)+ 362.1369, found
362.1383 .
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1(8Benzyloxy)quinolin5yl)2hydroxyethanone (2.43)
2(8Benzyloxy)quinolin5yl)2,2dimethoxyethanol (2.42, 168 mg, 0.49 mmol) was
dissolved in 50% CH3COOH (10 mL). 10% HCl (4 mL) was added. The resulting mixture
was stirred 12 h. The reaction mixture was made basic with solid NaHCO3. The aqueous
layer was extracted with EtOAc (10 mL x 5). The combined organic layers were washed with
brine and water, and dried over anhydrous MgSO4. The solvent was evaporated, and the
residue was purified by flash chromatography with EtOAc/hexane (1:1) to afford 1(8
benzyloxy)quinolin5yl)2hydroxyethanone (2.43) as a yellowish brown solid (142 mg,
0.48 mmol, 98% yield): mp 5355 °C; 1H NMR (CDCl3) δ ppm 9.57 (1H, d, J = 8.6 Hz), 9.06
(1H, d, J = 4.1 Hz), 7.92 (1H, d, J = 8.2 Hz), 7.62 (1H, q, J = 5.9 Hz), 7.50 (1H, d, J = 7.3
Hz), 7.397.29 (3H, m), 7.03 (1H, d, J = 8.2 Hz), 5.53 (2H, s), 4.86 (2H, s); 13C NMR (125
MHz, CDCl3) δ (ppm) 198.5, 159.3, 150.1, 140.4, 135.9, 135.1, 131.6, 129.1, 128.3, 128.2,
127.3, 124.4, 122.3, 108.2, 71.4, 65.8; IR (KBr, cm1) 3431 (br), 3277, 2924, 1670, 1601,
1564, 1506, 1385, 1315, 794; UV/Vis (CH3CN), λmax (ε Lmol1 cm1) 322 (6230), 240 (17100);
MS (ESI (+)) m/z calcd for (C18H15NO3 + H)+ 294.1130, found 294.1130; calcd for
(C18H15NO3 + Na)+ 316.0950, found 316.0952.
2(8(Benzyloxy)quinolin5yl)2oxoethyl diethyl phosphate (2.44)
The general method of Ma et al.66 was followed. Under an Ar atmosphere, 1(8
benzyloxy)quinolin5yl)2hydroxyethanone (2.43, 159 mg, 0.54 mmol) was dissolved in
pyridine (5 mL). Diethyl chlorophosphate (166 μL, 1.15 mmol) was slowly added dropwise
at 5 °C. Reaction mixture was allowed to come to room temperature and stirred for 24 h.
EtOAc (10 mL) and water (10 mL) were added to the reaction mixture. The EtOAc layer was
separated. The aqueous layer was extracted with EtOAc (10 mL x 3) and the combined

225

organic layers were washed with brine and water, and dried over anhydrous MgSO4. The
solvent was evaporated, and the residue was purified by flash chromatography with the
gradient solvent system of 100% hexane, EtOAc/hexane (1:1), EtOAc/hexane (2:1),
EtOAc/hexane (3:1), 100% EtOAc, and 10% MeOH in EtOAc to afford 2(8
(benzyloxy)quinolin5yl)2oxoethyl diethyl phosphate (2.44) as a yellowish brown solid
(70 mg, 0.16 mmol, 30% yield): mp 98101 °C; 1 H NMR (CDCl3) δ ppm 9.37 (1H, d, J = 8.7
Hz), 9.01 (1H, d, J = 3.2 Hz), 7.88 (1H, d, J = 8.3 Hz), 7.587.55 (1H, q, J = 3.7 Hz), 7.48
(2H, d, J = 7.5 Hz), 7.377.29 (3H, m), 6.99 (1H, d, J = 8.3), 5.50 (2H, s), 5.24 (2H, d, J =
10.2), 4.224.15 (4H, m), 1.351.31 (6H, m); 31P NMR (CDCl3) δ ppm 0.13;

13

C NMR (100

MHz, CDCl3) δ (ppm) 193.1, 158.7, 150, 140.4, 135.9, 134.9, 131.2, 129, 128.4, 128.2, 127.2,
124, 123.1, 107.9, 71.2, 69.2, 64.5, 16.316.2; IR (KBr, cm1) 3416(br), 2984, 1686, 1599,
1560, 1502; UV/Vis (CH3CN/H2O), λmax (ε Lmol1cm1) 321 (8370), 240 (20100), 208
(13400); MS (ESI (+)) m/z calcd for (C22H24NO6P + H)+ 430.1419, found 430.1414.
Bis[2(8hydroxyquinolin5yl)2oxoethyl benzoate] zinc(II) dihydrate (2.40)
The target zinc chelated compound was generated according to the method of Sharma et al.55
Under an Ar atmosphere, 2(8hydroxyquinolin5yl)2oxoethyl benzoate (2.37, 62 mg, 0.20
mmol) was dissolved in THF (10 mL). Diethylzinc (180 μL, 0.101 mmol) was added via
syringe. A yellow solution with green fluorescence was visible immediately. The reaction
mixture was stirred at room temperature for 48 h. The solvent was evaporated, and the
yellow residue was recrystallized from hot acetone with the addition of hexanes until the
cloud point was reached to generate bis[2(8hydroxyquinolin5yl)2oxoethyl benzoate]
zinc(II) dihydrate (2.40) as a yellow solid (60 mg, 0.08 mmol, 83% yield), mp 303310 °C
(dec): 1H NMR (DMSO) δ ppm 9.74 (1H, d, J = 8.8 Hz), 8.63 (1H, d, J = 3.1 Hz), 8.32 (1H,
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d, J = 8.8 Hz), 8.078.05 (2H, m), 7.757.70 (2H, m), 7.607.56 (2H, m), 6.74 (1H, d, J = 8.6
Hz), 5.70 (2H, s), 3.34 (H2O, s); 13C NMR (100 MHz, DMSO) δ (ppm) 189.8, 169.3, 165.5,
145.2, 139.6, 137.4, 136.82, 133.4, 129.6, 129.3, 129.1, 128.8, 124.4, 111, 110.9, 66.9; IR
(KBr, cm1) 3436(br), 3101, 2943, 1718, 1691, 1385, 1288. UV/Vis (DMSO), λmax (ε Lmol
1

cm1) 399 (15200), 300 (18700), 262 (32900); MS (ESI (+)) m/z calcd for (C36H28N2O10Zn +

H)+ 713.1113, found 713.1106.
Photochemistry
General methods:
Photolyses were performed in a Rayonet RPR100 photochemical reactor (Southern New
England Ultraviolet Company, Branford, CT) fitted with a merrygoround apparatus and
with 16 x 350 nm (RPR 3500 Å) or 16 x 300 nm (RPR 3000 Å) lamps. The Rayonet reactor
was turned on to warm up the lamps for 15 minutes prior to irradiation of the sample.
Samples were irradiated in NMR tubes or Pyrex test tubes at 40 – 45 °C in the Rayonet
reactor in the presence or absence of oxygen. The tubes were placed in a RPR merrygo
round apparatus and a counter was started at the onset of exposure to record the time of
irradiation. Exposure times were controlled by manual removal of the sample from the
reactor or alternately by turning the lamps on or off. The light output for the determination of
quantum efficiencies was measured by using the potassium ferrioxalate method.99 Photolysis
samples were analyzed using 1H NMR and RPHPLC methods. Dimethylformamide (DMF,
2 μL, 2.58 x 102 mmol) was used as an internal standard in 1H NMR analyses. HPLC
analyses were performed with a C18 Econosphere 250 x 4.6 mm analytical column (Altech
Associates, Inc., Deerfield, IL) connected to a Rainin dual pump system. The solvent system

227

for the separation was 70% CH3CN and 30% H2O with 0.1% H3PO4. The detection
wavelength was 238 nm and flow rate was 1.0 mL/min. Each sample was run three times.

Photolysis of 2(8hydroxyquinolin5yl)2oxoethyl benzoate (2.37)
An NMR tube was charged with 2(8hydroxyquinolin5yl)2oxoethyl benzoate (3.0 mg,
0.01 mmol) dissolved in CD3CN (900 μL), D2O (100 μL), and DMF (2 μL, 2.58 x 102 mmol)
and the contents mixed thoroughly. The resulted sample was photolyzed without degassing at
300 or 350 nm with 16 x 3000 Å or 16 x 3500 Å lamps and 1H NMR spectra (16 scans) were
collected after 0, 30, 60, 90, and 120 min of photolysis. The depletion of 2(8
hydroxyquinolin5yl)2oxoethyl

benzoate

(and

the

appearance

of

released

2

(benzoyloxy)acetic acid (2.46) were quantified from the NMR integrations of the methylene
signals at δ 5.63 and 4.78 ppm, respectively. The results are shown in Table 2.3.

Photolysis of 2(8benzyloxy)quinolin5yl)2oxoethyl benzoate (2.39)
An NMR tube was charged with 2(8benzyloxy)quinolin5yl)2oxoethyl benzoate (4.0 mg,
0.01 mmol) dissolved in CD3CN (900 μL), D2O (100 μL), and DMF (2 μL, 2.58 x 102 mmol)
and the contents mixed thoroughly. The sample was photolyzed without degassing at 300 or
350 nm with 16 x 3000 Å or 16 x 3500 Å lamps and 1H NMR spectra (16 scans) were
collected after 0, 30, 60, 90, and 120 min of photolysis. The depletion of 2(8
benzyloxy)quinolin5yl)2oxoethyl

benzoate and

the

appearance

of released

2

(benzoyloxy)acetic acid (2.46) were quantified from the integrations of the methylene signals
at δ 5.63 and 4.78 ppm, respectively. The results are shown in Table 2.3.
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Photolysis of 2(8(benzyloxy)quinolin5yl)2oxoethyl diethyl phosphate (2.44)
An NMR tube was charged with 2(8(benzyloxy)quinolin5yl)2oxoethyl diethyl
phosphate (5.0 mg, 0.01 mmol) dissolved in CD3CN (900 μL), D2O (100 μL), and DMF (2
μL, 2.58 x 102 mmol). The sample was photolyzed at 300 or 350 nm without degassing with
16 x 3000 Å or 16 x 3500 Å lamps and 1H NMR spectra (16 scans) were collected after 0, 30,
60, 90, 120 min of photolysis. The depletion of 2(8(benzyloxy)quinolin5yl)2oxoethyl
diethyl phosphate (2.44) and the appearance of released diethyl phosphate were quantified
from the integrations of the methylene signals at δ 5.295.31 ppm and 3.863.92 ppm,
respectively.
Photolysis of 2.37, 2.39, 2.40, and 2.44 under degas conditions
The above mentioned general procedures were repeated in degassed conditions. In these
experiments, photolysis samples were purged with argon for 30 min before running the
photolysis. The results are shown in Table 2.3.
Photolysis

of

2(8hydroxyquinolin5yl)2oxoethyl

benzoate

(2.37);

Quantum

Efficiency Determination by RPHPLC
A biphenyl stock solution (internal standard) was prepared by dissolving biphenyl (160 mg,
1.04 mmol) in HPLC grade CH3CN (90 mL) in a 100 mL volumetric flask and diluted to the
mark with HPLC grade H2O (10 mL). A quartz tube was charged with 2(8hydroxyquinolin
5yl)2oxoethyl benzoate (10 mg, 0.03 mmol) could was dissolved in HPLC grade CH3CN
(1.8 mL) and H2O (0.2 mL). Biphenyl (2.0 mL from the stock solution, 3.2 mg, 0.02 mmol)
was added to the quartz tube as an internal standard and the contents were mixed thoroughly.
The sample was irradiated at 350 nm with 16 x 3500 Å lamps and sample aliquots (50 µL)
were collected after 0, 20, 30, 40, and 50 min of photolysis. Each sample aliquot was diluted
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with 150 µL of HPLC grade CH3CN/H2O, 9:1, and analyzed by RPHPLC. The depletion of
the starting material was quantified using average peak areas from three injections of each
aliquot corresponding to the average peak areas of the internal standard. A scatter plot was
created by using mmol of 2(8hydroxyquinolin5yl)2oxoethyl benzoate (2.37) vs,
irradiation time. The slope (m) of the best fit line from the linear regression analysis was
determined. The light output (L) of the 16 x 3500 Å lamps in the photoreactor was
determined using the potassium ferrioxalate method99 in units of millieinsteins per minute.
The quantum yield (Φ) in milliinsteins (mE)/mM for the disappearance of 2(8
hydroxyquinolin5yl)2oxoethyl benzoate was then calculated as follows.
Φ = |m| / L
Where m is the slope of the plot and L is the light output from lamps which were used in the
actinometry. Results are shown in Table 2.3.

Photolysis of 2(8hydroxyquinolin5yl)2oxoethyl benzoate (2.37): Photoproduct
analysis by HPLC
A quartz tube was charged with 2(8hydroxyquinolin5yl)2oxoethyl benzoate (40 mg,
0.12 mmol) which was dissolved in HPLC grade CH3CN (3.6 mL) and H2O (0.4 mL). The
sample was irradiated at 350 nm with 16 x 3500 Å lamps and sample aliquots (50 µL) were
collected after 0, 30, 60, 90, and 120 min of photolysis. Each sample aliquot was diluted with
450 µL of HPLC grade CH3CN/H2O, 9:1, and was analyzed by RPHPLC. After 120 min,
the photolysis sample became yellowish orange in color. This sample was concentrated and
dissolved in EtOAc (30 mL). The organic layer was extracted with saturated NaHCO3 (20
mL x 3). The organic layer was concentrated to produce a yellow solid. This residue was
chromatographed on silica gel (hexane/EtOAc, 1:1) to separate the compounds. All attempts
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to isolate products from the column were unsuccessful. The combined aqueous layers
(NaHCO3 aliquots) were acidified with 10% HCl solution. The aqueous phase was extracted
with EtOAc (25 mL x 3) and the organic phase was washed with brine and water, and dried
over anhydrous MgSO4. The solvent was evaporated, and the yellow residue purified by flash
chromatography with EtOAc/hexane (1:1) to afford a white solid which was characterized by
NMR and MS spectroscopy: 1H NMR (500 MHz, CDCl3) δ ppm 8.128.09 (2H, m), 7.63
7.59 (1H, m), 7.507.46 (2H, m), 4.92 (2H, s); 13C NMR (125 MHz, CDCl3) δ (ppm) 173.1,
166.1, 133.8, 130.2, 129.1, 128.7, 60.8; MS (ESI ()) m/z calcd for (C9H8O4  H)+ 179.0344,
found 179.0347. The resulting acid 2.46 was dissolved in CH3CN/H2O, 9:1, and analyzed by
RPHPLC using the same conditions described above. This compound gave the same
retention time as one of the photoproducts. Coinjection with the photolysis mixture
produced a peak with the same retention time as the synthetic derivative. The 1H NMR
spectrum of this compound in CDCl3 gave a characteristic methylene singlet at 4.92 ppm.
The analysis of photoproducts by 1H NMR of 2(8hydroxyquinolin5yl)2oxoethyl
benzoate 2.37 gave the same peak. TLC analysis with EtOAc of the photolyzed sample also
indicated the presence of this new compound. The generation of 2(benzoyloxy)acetic acid
upon the photolysis of 2(8hydroxyquinolin5yl)2oxoethyl benzoate 2.39 with air, was
confirmed by NMR and mass spectroscopy. Hence, the other major photoproduct which
contributes to the developing orange color in the course of the photolysis is quinoline5,8
dione (2.47). This photoproduct was synthesized separately as described above and dissolved
in CH3CN/H2O, 9:1, and analyzed by HPLC using the same conditions described above. It
gave a very sharp peak which has the same retention time with one of the photoproducts. Co
injection with the photolysis sample confirmed the generation of quinoline5,8dione (2.47)
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as one of the photoproducts from the reaction. The same experiment was repeated with 2(8
benzyloxy)quinolin5yl)2oxoethyl benzoate (2.39).
Photolysis of 2(8hydroxyquinolin5yl)2oxoethyl benzoate (2.37): Photoproduct
Analysis by 1H NMR
An NMR tube was charged with 2(8hydroxyquinolin5yl)2oxoethyl benzoate (2.37, 10
mg, 0.03 mmol) and dissolved in CD3CN (900 μL) and D2O (100 μL). The contents were
mixed thoroughly. The resulted sample was photolyzed with air at 300 or 350 nm with 16 x
3000 Å or 16 x 3500 Å lamps and 1H NMR spectra (16 scans) were collected after 60 min of
photolysis. The depletion of 2(8hydroxyquinolin5yl)2oxoethyl benzoate (2.37) and the
appearance of released 2(benzoyloxy)acetic acid (2.46) were characterized from the NMR
signals (methylene hydrogens) at δ 5.63 and 4.78 ppm, respectively. The photolysis sample
was divided into two fractions (500 µL each). One fraction was spiked with an authentic
sample of 2(benzoyloxy)acetic acid (2.46) which was synthesized as described in the
Experimental section. A dramatic increase in the intensity of the methylene peak at 4.78 ppm
confirmed the formation of 2(benzoyloxy)acetic acid (2.46) during the photolysis. The other
major photoproduct, the one which explains the color change in the photolysis solution,
should be quinoline5,8dione (2.47). This photoproduct was synthesized separately as
described above and used to spike the photolyzed sample which was analyzed by 1H NMR.
A dramatic increase of the intensity of two characteristic new peaks (at 7.20 and 7.22 ppm) in
the NMR spectrum that belonged to the two olefinic hydrogens of quinoline5,8dione (2.47)
confirmed the formation of this quinoline.
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Photolysis of 2(8benzyloxy)quinolin5yl)2oxoethyl benzoate (2.39): Photoproduct
Analysis by 1H NMR
The same experiment was repeated with 2(8benzyloxy)quinolin5yl)2oxoethyl benzoate
(2.39).
Photolysis of bis[2(8hydroxyquinolin5yl)2oxoethyl benzoate] zinc(II) dihydrate
(2.40)
An NMR tube was charged with bis[2(8hydroxyquinolin5yl)2oxoethyl benzoate]
zinc(II) dihydrate (4.0 mg, 0.01 mmol) dissolved in CD3CN (900 μL), D2O (100 μL), and
DMF (2 μL, 2.58 x 102 mmol). The sample was photolyzed without degassing at 300 or 350
nm with 16 x 3000 Å or 16 x 3500 Å lamps and 1H NMR spectra (16 scans) were collected
after 0, 30, 60, 90, 120 min and 5 h of photolysis. The depletion of bis[2(8
hydroxyquinolin5yl)2oxoethyl benzoate] zinc(II) dihydrate and the appearance of
released 2(benzoyloxy)acetic acid (2.46) were quantified from the integrations of the signals
at δ 5.63 and 4.78 ppm, respectively. The results are shown in Table 2.3.
Photolysis of 2(8(benzyloxy)quinolin5yl)2oxoethyl diethyl phosphate (2.44):
Photoproduct Analysis by 1H NMR
An NMR tube was charged with 2(8(benzyloxy)quinolin5yl)2oxoethyl diethyl
phosphate (10 mg, 0.02 mmol) which was dissolved in CD3CN (900 μL) and D2O (100 μL).
The contents were mixed thoroughly and the resulting sample was photolyzed with air or
under Ar purged conditions at 300 or 350 nm with 16 x 3000 Å or 16 or 3500 Å lamps. The
1

H NMR spectra (16 scans) were collected after 60 min of photolysis and used to calculate

the percent conversion. The depletion of 2(8(benzyloxy)quinolin5yl)2oxoethyl diethyl
phosphate and the appearance of released diethyl phosphoric acid were determined from the
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NMR signals (methylene hydrogen for the phosphate ester 2.44 and methylene hydrogens of
diethyl phosphoric acid) at δ 5.295.31 ppm and 3.873.90 ppm, respectively. The photolysis
sample was spiked with the authentic sample of diethyl phosphoric acid which was
synthesized separately from commercially available diethyl chlorophosphate.76 A dramatic
increase in the intensities of the new methylene peak at 3.873.90 ppm and the new methyl
peak at 1.161.22 ppm confirmed the formation of diethyl phosphoric acid.
Control Experiments with the 2(8hydroxyquinolin5yl)2oxoethyl benzoate series
2.37 and 2.39; Dark Reaction
An NMR tube was charged with 2(8hydroxyquinolin5yl)2oxoethyl benzoate (2.37, 5.0
mg, 0.02 mmol) dissolved in CD3CN (900 μL) and D2O (100 μL). The contents were mixed
thoroughly and warmed in a water bath at 40 °C in the dark for 2 h. 1H NMR spectra were
recorded before and after heating. There was no significant change before and after the
heating. The sample was kept another 48 h in the dark and the 1H NMR spectrum was
recorded. No significant difference was observed.
Control Experiments with 2(8(benzyloxy)quinolin5yl)2oxoethyl diethyl phosphate
(2.44); Dark Reaction
An NMR tube was charged with 2(8(benzyloxy)quinolin5yl)2oxoethyl diethyl
phosphate (10.0 mg, 0.02 mmol) and dissolved in CD3CN (900 μL) and D2O (100 μL). The
contents were mixed thoroughly and warmed in a water bath at 40 °C in the dark for 2 h. 1H
NMR spectra were recorded before and after the heating. There was no significant change
after the heating. The sample was kept another 48 h in the dark and the 1H NMR spectrum
was recorded. No significant difference was observed.
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