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Abstract

The aqueous photochemistry of 4-hydroxy-3,5-dimeybenzoic acid (syringic
acid) has been studied as a model humic substanceder to better understand the
reactions that compounds of this type undergo enniitural environment. Syringic acid
was chosen since it has been identified as a coempoof humic substances in the
environment and bears many of chemical moietiesdoin structures of this type. In
addition, there has been speculation that humistanbes are responsible for some of the
production of halomethanes that are released Ir@oehvironment. Photolysis of these
compounds in marine and estuarine waters may bgomeible for the release of
halomethanes which are known stratospheric ozompéewes. Photochemical product

studies of syringic acid and related compounds galith UV-Vis spectrometry, laser



flash photolysis and membrane introduction masstepmetry were carried out in
agueous solutions to study its photochemical tansditions.

Syringic acid was found to form methanol at a Odiantum vyield upon its
photolysis in basic solution. Other major photajrcts included 3-methoxygallic acid
and 3,5-dimethoxybenzoic acid. Chloromethane waeastified as a minor photoproduct
in chloride enriched solution by following its praetion via membrane introduction mass
spectrometry. The proposed mechanism for the foomaof these photoproducts
involves an initial photoprotonation of the benzeimg, resulting in a carbocation that
can facilitate the nucleophilic attack by water darloride, to produce methanol or
chloromethane, respectively. The formation of @raethoxybenzoic acid is via a novel
pathway that involves the loss of the hydroxy grdugn the aromatic ring after the

photoprotonation.
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Chapter 1

Introduction

1.1 Overview of Environmental Photochemistry

While ground state chemistry is concerned mainth Wwond cleavages where the
input of energy (if needed) is heat, photochemisimyolves the absorption of
electromagnetic energy in the form of photons tduce chemical changes. The
absorption of a photon by a molecular species des/the necessary energy to promote
an electron from a bonding or non-bonding orbitéb ian antibonding orbital (example;
T - mJor n - 1), giving rise to an electronically excited state fraunich reaction can
oceur?

Environmental photochemistry is a sub-disciplingpbbtochemistry that focuses
on the phototransformation of materials at the lEsrsurface (or in the atmosphere)
where the incident solar radiation is predominaitlyhe range of 290 - 600 nm. This
type of photochemistry can either be described iasctdor indirect, where direct
photolysis involves a chromophore absorbing a phatoreach the excited state while
indirect photolysis refers to the creation of amied state via energy transferBoth
direct and indirect photolysis can induce chemicatsformations which are considered
either deleterious or beneficial to the environnmeadording to the human perspective.

An example that is considered detrimental is polydnated biphenyls (PCBS),
which are anthropogenic molecules that bioaccurmuktd are known to act as

carcinogens. When photolysed in aqueous media,emB&€Bs dechlorinate with



substitution of the chlorine by an OH group (fromvater; photosolvolysis), yielding
chlorohydroxybiphenyls as major (or exclusive) prog?°> Machalaetal.’ have shown
that the toxicity of these chlorohydroxybiphenyls iesponsible for some tumour
development in biological organisms. In contrdbgre are many kinds of natural
photochemical reactions where the end product baslmerse effect on the environment.
In fact, many of these reactions are essentiahd¢oftinctioning of natural systems. A
prime example is photosynthesis which is essetutikfie.

One important area of environmental photochemistryolves the photo-
transformation of humic substances. This topibriefly outlined in this introduction,
with emphasis on the photoreactivity of specifindtional groups relevant to the body of

work presented in the following chapters.

1.2 Humic Substances and Chloromethane Formation

Dissolved organic matter (DOM) is a class of natorganic materials containing
molecules derived from detritus or organisms inégheironment. Humic substances are
the largest component of DOM, and include a large assemblage of complex chémica
structures characterized by the presence of pohglbecarboxyls, methoxyls, quinones,
carbohydrate and peptide functionaliti&®? The structural features of humic substances
are known to depend on the nature of various telaésind aquatic inputs as well as a
variety of conditions and natural processing. &areple of a structural representation of
a humic substance meant to convey the elemenisfstes and functionalities consistent

with the observed composition and properties isvwhy structurel.*®



Humic substances are ubiquitous and play very itaporoles in the functioning
of natural systems by interacting with inorganic organic species in aquatic
environments. In this manner, they are known flu@mce the distribution and transport
of various chemicals, some of which are considérdse pollutants by human standatds.
Furthermore, Rook has demonstrated that chloreetéd natural waters containing
humic substances can produce chloroform and otkifection by-products’

In addition, humic substances can strongly absorattenuate sunlight, thereby
photoinducing the transformation of non-absorbinggaaic species or reacting via direct
photolysis” ' An example is found in the work done by Forestal.! where they
studied catechin 2f and hydroxybenzhydrols as models for the enviroriaien
photochemistry of tannins and lignins (humic substamodels). They found that

underwent a reversible photoisomerization to epdah (), representing a



photochemical reaction that enab®® act as a natural sunscreen without producing by

products (Equation 1.1).

OH
HO 0 m@i
OH

‘”"”“}‘0 H h v

hv

OH

Through their ability to absorb sunlight, humic stamces are also known to act

as sensitizers or precursors for the productiomydfoxyl radical®’, singlet oxygen'Q,)

15-17

solvated electrons (g)*®*, 0, ~?* %3 CO**® and hydrogen peroxid® Laser

flash photolysis (LFP) studies have shown that lsusnbstances from soils and natural
waters produce gy upon absorption of near UV radiatiGn.”® * In addition,

% and carboxylic acidd are also known to

polyhydroxy aromatic compounts
photoproduce gq. The importance of the g is that they are highly reactive and
strongly reducing speci&sthat react with a variety of inorganic or orgamiectron
acceptors such as,@nd H or molecules that contain electronegative atonmiBhese

reactions can lead to the formation of other reacsipecies (such as hydrogen peroxide

or hydroxyl radicals) (Scheme 1.%).



E"{aq} + CICH,CH;,O0H — CIF + 'CHECH::,DH

+
€(aq) + 202 — 207

HxO2 + O

€(ag) * 2H*——= 2H- HyOz + O5

Scheme 1.1

Besides the formation of the reactive species dsatl above, humic substances are
also known to release methanol into the environrifenivlethanol is the second most
abundant organic gas in the atmosphere after metiveith emissions equaling roughly
6% of the identified terrestrial biogenic organiartwon found in the mid to upper
tropospheré® The predominant sources of this chemical in ttreoaphere are from
plant growth and decay, and biomass burning, waitaospheric oxidation of CH
vehicles and industrial activities play a much derable®” The lifetime of methanol in
the surface boundary layer (i.e. the region of tiloposphere up to the region where
weather patterns exist) is approximately 3 to 6sdapere the lifetime due to reaction
with gaseous hydroxyl radicals (HO) alone is roygh® days® Methanol is a
significant atmospheric source of formaldehyde tlgio its reaction with HO, where
hydrogen radicals and ozone are also formed to allemmextent. Photochemically,
methanol can also be a source of formic &titf.

Humic substances are also active in photochemeeaitions where halomethanes
(CHal, CHsBr and CHCI) are formed in seawatét. These reactions are presumed to
involve the aromatic methoxy groups on DOM lignmegursors where halo-radicals and

methyl radicals from humic substances may be resplen for the production of



halomethané! Studies of humic substances in lake wéfemad in coastal seawater
show that there are detectable fluxes of methylaedyl radicals. Other mechanisms of
formation of these halomethanes from humic subswace presently unknown although
there is growing interest in the togit.

The global significance of humic substances inftltmation of halomethanes is
that these volatile compounds are capable of taguh the net transfer of halogens from
surface marine waters into the lower and upper spmere’® With a tropospheric
lifetime of roughly 1.5 years, Gl is long lived enough to migrate into the stratoere,
whereupon it is exposed to high energy photonshiapaf homolytically cleaving the
carbon-halogen bond. The chlorine radicals thuséal participate in a catalytic cycle

resulting in net ozone loss (Scheme 1%2y

CH3Cl + hy ——= +CH5 + «Cl Initiation

*Cl + 04 — ClO* + Oy
Catalytic Cycle

ClOs + O* ——<C| + Oy

203 — 303 Net Overall Reaction

Scheme 1. 2

Among CHil, CHzBr and CHCI, the latter is the most abundant halomethane in
the atmosphere due to its higher volatility and themical reactivity (compared to GH
and CHBr). When compared to other chlorine containing pouonds, CHCI is
responsible for approximately 16% of the chlorimgatysed ozone destruction in the

stratospheré® 4’



Despite their significant health and deleteriougimmmental effects, all three of
the above mentioned halomethanes are used in pduSH;Br and CHI are both used
as soil and space fumigants to control fungi, nedes and weed&>' Additionally,
both chemicals are used in various chemical matwiag processes, such as
methylating agent®: °® °2 CHsCl is used in the production of methylated silicomaad in
the production of agricultural chemicals, methylildese, quaternary amines and butyl

rubber, and was at one time used as a refrigerditituvas replaced with Freoff.>®

OZONE LAYER

Natural Sources:

~99%

* Biomass burning ?%

*Wood-rotting fungi 7%

* Coastal salt marshes 7%

*Tropical vegetation 7%

* Decomposition of organic matter 7%
* Photochemical reactions 2%

* Nucleophilic Substitutions 7%

Anthropogenic Sources
~1%

Figure 1.1 Relative proportion of the natural and anthropogeni
sources of chloromethane that cause ozone depletion



As the destructive nature of GEl was revealed, large reductions were mandated
under the Montreal Protocland as such, the amount of anthropogenigGTieaching
the atmosphere has dropped to 1 % of the totaOCHux to the ozone layer (

Figure 1.1). As a result, natural sources of £LHin the atmosphere now play a
proportionately larger role in global stratospherione depletiof® For this reason it is
important to gain a better understanding of theimrahisources and methods of formation
of compounds such as GEl.

Natural sources of C#€l include both biotic and abiotic contributioffs. The
most important biotic sources include biomass meHi®% wood-rotting fungi’, coastal
salt marshe$, tropical vegetatioll and the decomposition of organic mdftewhere
total ocean sources account for 9 - £1%Although a number of sources of & have
been identified, the exact proportion of each israntly unknown. The abiotic
transformation of both C#i and CHBr by nucleophilic substitution reactions with
chloride ion in marine environments is responsibteadditional CHCI production®® It
has been estimated that in the Pacific Oceangl®€ldnd CHBr*® could account for
approximately 15% and 20% of the &H flux to the atmosphere, respectively. In
addition to the relatively large amounts of ££lind CHBr released from their industrial
and agricultural uses, both Gtand CHBr have been shown to be produced from micro
and macroalgal sourcBs

Despite a fairly thorough knowledge of where ;CHoccurs naturally, many of
the processes for its production are poorly undetst As mentioned previously, one
specific source of halomethane is from the photslygg humic substances in natural

waters™ ** Due to the ubiquitous nature of humic substantbesr reactivity in forming



CH3Cl may be very important in the overall flux of shbzone depleter into the
atmosphere. As a result, a thorough understarafitigs process gains importance in the

overall understanding of the sources of;CH

1.3 Photochemistry of Syringic Acid and Syringyl Moietes

COOH

H4CO OCH,
OH

4

Syringic acid 4) has been identified as a component in the prasluctf humic
substances in the s&iland is known to be released during wood degradatjowhite-rot
fungi®® It originates from syringylpropane, a componehamgiosperm lignitf*®® with
syringyl residues found in humic substances formedler deciduous hardwood
vegetation’ Due to its structural similarity to the chemigabieties found in humic
substancest is a useful model for their reactivity in the emviment. Previous work by
Moore® has identified4 as an important molecule and model humic substéorcthe
photochemical release of halomethanes into the sggtheye and eventual input into the
stratosphere. However, the mechanism for thisstommation is unknown. In order to
gain an understanding of the photochemistr¢ ahd other compounds with the syringyl
moiety (i.e. 1,3-dimethoxy-2-hydroxy-substitutechbenes), this section includes a brief

overview of some of the known photochemistry o§thuite of compounds. For brevity,
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only those compounds deemed relevant to this wakehbeen included in this
discussion.

By using purge and trap GC/MS techniques, M&tdemonstrated that whdris
photolysed at 254 nm in either seawater or wat@plsunented with Cl CHsCl is
formed. In addition, Moore demonstrated that thethyl group of the CkCI comes
from 4 by using isotope labeling studies. Specificalihen deuterated (4-d) was

photolysed, there was a detectable production ofiCBy GC/MS (Equation 1.2}

COOH
hv cDsCl (1.2)
seawater or CI
D5CO 0CD; supplemented river water
4-d OH

Other important work on 4 was done by Stadinal,®’

where they studied the

photophysics of 4 in various solvents and pHs.n@diuorometric studies to observe the
shifts in the maximum absorption compared to simil@mpounds, the authors showed
that 4 exhibits intramolecular hydrogen bondingwsein the phenol hydrogen and an
adjacent methoxy group (Scheme 1. 3). When thHecefvas analyzed at different pH
values, the authors were able to show that theiatiamolecular hydrogen bonding

present up to pH 9, at which point the phenol diprates (corresponding with the value

of pKa for 4). Shown in Table 1. 1, are the gad pk (for the singlet excited state)

values as determined by the authors using fluomiertittation ®’
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n
OH 5 5
Il | C“) = 0:.;{__&0
C—OH C—OH c—0 C
-H* -H* +H*
+H* +H* OHT
H;CO OCH;3 H;CO OCH; H3CO 'OCH3 H4CO OCHj4
o“\ J’ o [t, o 11 -
H ~H ~H (o}
pH<3.5 pH 4-7 pH 7- 8.5 pH>9
Scheme 1. 3

Table 1. 1 Acid dissociation constants fdrin the ground and excited states. (adapted
from Stalin)®’

Equilibria pK 4 pKa
neutral monoanion (pKg 4.30 6.90
monoanion—— dianion (pKa) 8.90 8.60

Another important paper in syringyl moiety photochs&try involves the
substituted stilbend3-O-4-aryl ether lignins, where photochemical degradation leads to
the formation of aro-quinone6 (Equation 1.3§2 The reaction is believed to involve a
photoinduced redox degradation, where the aerobiclyction of phenoxyl radical
intermediates can further react to form txguinones. Thed-quinone produckb is
thought to be responsible for the photoyellowingttloccurs in lignin-based paper

products®
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hv
/ . 7/ __CHa 7 (1.3)
H;CO ! OCH,4 *0 ! OCH;, o) ' OCH3
OH + *CH; OH 0
5 6

Lanzalungaet al®

studied a suite of lignin model compounds inclgdgmnapyl
alcohol 7 and trans4-hydroxy-3,3’,4’,5-tetramethoxystilbene8)( both of which
incorporate aspects of the syringyl moiety. Thgppae of their study was to review the

mechanistic aspects of the photochemistry of ligmadel compounds in relation to

lignin degradation and colour reversion (photoyeiim) of lignin based paper products.

OCHs

CH;0H ‘ OCH3

V4

OCH;

H;CO OCH;
OH
7 8
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Photolysis of7 in CH,CI, andtBuOMe solutions (300 nm) (Scheme 1.4) led to a
series of products including those from the isomaion of the alkene (path) and
demethoxylation of7 (path b). The demethoxylation pathway was attributed e t
formation of a phenoxyl radicaB) which was able to initiate the loss of the methox
group, leading to the catechol proddét The authors also believed that the phenoxyl

radical is responsible for the formation of oxidizmonomeric and oligomeric products.

CH,0H CH,0H CH,0H

OCH; OCHj3 OH
OH o-* OH
7 9 10
a
/ CH,0H
Scheme 1. 4
OCH;
OH

For8, the dominant photochemistry involvegt2 2m] cycloaddition between an
excited and ground state molecule to form a sesfeetraphenylcyclobutanes. Other

photochemistry 08 led to the formation of a stilberequinonell (Scheme 1. 5). Itis
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proposed that the formation of this quinone is uiglo an electron transfer process
between an excited and ground state form a radical aniofi2 and radical catiod3. It

is then postulated that3 loses a hydrogen atom from the phenol to formpihenoxyl
radical cationl4. Through resonance, this phenoxyl radical can Hiiate the cation on
the aromatic ring, at which point water can attaukcleophilically to eventually

demethoxylate and forrl.

R R R
g @ 0
—_—
8 +
H,CO OCH; HsCO OCH3  H;CO OCH3
OH OH OH
8 13 12

E

R R
OCH;
OCH;
R= H20 - CH30H
— OH —=
H3CO OCH3 H3CO OCH; H;CO 0
/ o- o}

14 11

Scheme 1.5

Another compound with the syringyl moiety found tine literature was 2-
hydroxy-1,3-dimethoxybenzenés). Gadosyet al’® have shown that5 rapidly loses a
hydrogen atom in water to form phenoxyl radical3his is a fairly well known

photochemical reaction in which phenols will ragidbrm phenoxyl radicals, often
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through a radical cation intermediate resultingrfran electron transfer. This topic is

discussed in more depth in Section 1.5.

H4C CH;

OH

15

1.4 Photochemistry of Methoxy-Substituted Aromatic Compunds

Much of the known photochemistry of methoxy-subigtitl aromatics involves
the excited stateortho/meta activating characteristics of the methoxy group in
photochemical nucleophilic substitutions (Sectiod.1)!* Another important area of
aromatic photochemistry involves photoprotonatidntree aromatic ring and will be

presented in Section 1.4.2.

1.4.1 Photosubstitution

Photosubstitution reactions involve substituted meaic moieties (generally
benzene) in the excited state, where a leavingpgrieureplaced with an incoming
nucleophile. This mechanism is in contrast totfpe normally observed in the ground
state, where electrophilic aromatic substitutioreipminate’?

When electron donating substituents such as ©OH NH, are present,

mechanisms involving an Ortho-Meta Effé¢t intermediate are often observed.



16

Zimmermari®”® defined the Ortho-Meta Effect as transmission lefcteon density
betweenmetasubstituents on benzenoid compounds in the sieyeited state. This is
in contrast to the electron density distributiorpitally observed in ground state
molecules. For instance, in the ground staterrtéinoxy group is aartho/paradirector,

but in the excited state that tendency change$abthe activation is to thertho and
metasites’® In particular, Zimmermdf found that cationic intermediates are selectively
stabilized bymetamethoxy groups as comparedpara-methoxy substituents, while the
correspondingnetasubstituted radicals are at a higher energy tharcomparablpara-

substituted analogs.

OCH; B ' o
hv OCH;
+0OH —— S + CH40H
H,0
NO; N+ NO; (1.4)
_O/ '\.0_

18

An example of this is fometa(18) andpara (19) nitroanisoles (Equation 1.4 and
Equation 1.5)/" ’® In Equation 1.4, the nitro group is acting ametadirector, thereby
allowing nucleophilic substitution to occur at theetamethoxy group. When the nitro
group is lacking anetasubstituent, the yield of the reaction is drad#fifceeduced since
there is nothing to allow activation of the nitritesfrom the re-distribution of electron
density. In the case of Equation 1.5, there isughcelectron donation from the methoxy
substituent to allow substitution of the nitro goptut in general this is not a very high

yielding reaction (in comparison to itsetacounterpart). Of particular interest in these
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reactions is that the nucleophile in each is hydi®xon, not water. In general, the
neutral nucleophiles ethanol, acetic acid, acatateand water are unreactive towards
photoexcited anisole as the nucleophilicities avé great enough to allow reaction to

occur!’®

OCH3 OCH3;
hw
@ _..© © s
1 4
19

A good example of excited statetho/metaselectivity is the conversion of 1,2-
dimethoxy-4-nitrobenzene2Q) to 2-hydroxy-4-nitroanisole 2q) via an Ortho-Meta
Effect photosubstitution with hydroxide ion. TreBows that the methoxyetato the
nitro group is more activated towards nucleophslibstitution than the methoxy in the

para position (Equation 1.6).

OCH; OCHj3
QOCH3 OH
o hv
+ T —
H,O (1.6)
NO, NO,

20 21
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Another type of aromatic photosubstitution mechanis known as the (Sy1Ar
reaction, where the excited state compound loseslesiron to either the solution or
another molecule thus producing a radical catidgerinediate (e.g22) (Scheme 1.6¥
This intermediate facilitates the attack of a noplale onto the aromatic ring, resulting
in the formation of a neutral-complex23. Loss of the leaving group produces a second
radical catior24, which may gain an electron from a ground stabssate (ArL) to yield

the substituted producf: ®

EDG
Nu L. Nu
SN ArL
| \
EDG EDG
23

Scheme 1. 6

The photosubstitution op-dimethoxybenzene2p) and p-haloanisole26 with
CN are examples of reactions that have been showvadve the K:n1Ar mechanism

as described in Scheme 1.6 (Scheme £.7pen Heijeret al’® state that while the
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formation of a radical cation is normally a two pit process, this type of
photosubstitution proceeds via single photon aligorp evidenced by the lack of

dependence of the quantum yield on the intensith@incident radiation.

OCH; 3 OCH4 | OCH, OCH;,
hy ISC H,O CN-
—_—— —— —_— R
- ©'(aq)
NC X
X X X
25 X=0CHs X
26 x= halogen
OCH3 OCH3
——
CN CN

Scheme 1.7

1.4.2 Photoprotonation

Electrophilic aromatic substitution reactions aegywwell known reactions. One
fundamental reaction of this type is hydrogen erdeaon the aromatic ring where there
is electrophilic attack by a protdh. In general, this can be viewed as an acid-base
reaction, where the aromatic ring is acting ashthge. Due to the low basicity of the

aromatic ring in the ground state, this reaction loa difficult to observe. In the singlet
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excited state however, there is often an increaghd basicity of the ring which makes

this reaction more favourabié.

OCH,4 OCH3
OCH;
OCH3 OCH3
OCH3
27 28 29

Wan and co-workef$ studied the photoprotonation of 1,2-dimethoxybeeze
(27), 1,4-dimethoxybenzen@§) and 1,3-dimethoxybenzeng9j. All three compounds
showed photoprotonation in acid (pH < 2) as dematesd by isotope labeling studies
which revealed exchange of ring protons in the tieacproduct (Equation 1.7). In
addition,27 exhibited ipso substitution of the methoxy groypwater (Equation 1.8) as

shown by product studies afD labeling experiments.

OCH; OCH, OCH,

D
H D
hv D* H (l . 7)
S, —_—
OCH OCH3 OCH;
29

3
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D
hy
—_—
aq D2504 - CH3CN
OCH; OH
27 31-d

The proposed mechanism (Equation 1.9) for the mxgthexchange by water
involves an initial photoprotonation step as shokn fluorescence quenching and
catalysis of the reaction by acid. This initiabpdprotonation led to the cyclohexadienyl
cation intermediate30) which facilitated ipso attack by water to yieléuferated 2-
methoxyphenol 31-d). Neither28 nor 29 showed any product from the ipso attack by
water even though this was not suspected to odtwas proposed that a longer reaction
time was needed for those compounds to accumulatgs$o substituted product, and as
such they were not observed in the time scale efetkperiment. Compoun@?7 was
found to have an order of magnitude higher reagtifor the photoprotonation which
could have led to more efficient detection3df-d In addition, it was proposed that the
ortho methoxy groups had an influence on the basicityhef photoprotonation site,

making it more basic and thus more highly readtvehe photoprotonation.

D
D H
OCH; OCH3 OCH; OCH3
h CH oD
( HY) OCH;
OCH3 OCH e
30 1d

(1.9)
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1.5 Photochemistry of Phenols: Phenoxyl Radicals

The photochemistry of phenols is varied and immgehsg one topic of phenol
photochemistry that is relevant to humic substamedise formation of phenoxyl radicals
in aqueous media. In the presence of water, peatai photochemically form radical
cations that can easily decay via deprotonatiothéophenoxyl radicdf The phenol
radical cation is typically not observed due tovigsy low pk; (< 0) in water (Equation

1.10)®

OH OH o*
hv -H*
_FHQO > (1. 10)

-2~

Konya and Scaian§ have shown thairtho-methoxyphenols can lead ¢otho-
guinones via a two-photon process. One specifictien involves 2-methoxyphend@d)
in which a phenoxyl radical is formed upon diregtitation or hydrogen abstraction.
The absorption of a second photon then causesagjeayf the methoxy carbon — oxygen
bond, allowing formation of the 1,2-benzoquino88)(Equation 1.11). This mechanism
was elucidated using laser techniques to obseesgdnsient species. Of note is that this

reaction was only observed fortho phenol — methoxy substituents.
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(1.11)

30 32

1.6 Proposed Research

As previously discussed, Modféhas identified CHCI as a photoproduct wheh
is irradiated in aqueous media in the presencélofide ions, however, the mechanism
is unknown. Since compountlis a simple model for humic substances, it pravide
good compound to investigate the natural productérCHCl. As a known ozone
depleter, it is important to understand howsCHs released via photolysis 4f

Chapter 2 discusses a series of product studiesthed experiments designed to
elucidate the aqueous photochemistrytofThe photochemistry of was studied over a
pH range of 2 — 10 to investigate the affect of grHproduct distribution and probe the
importance of the differing electron withdrawingpaailities of the carboxylate group in
the protonated and deprotonated forms. To investitiee mechanism and probe the role
of various substituents oA, a number of structurally similar compounds welso a
studied. In particular, 4-hydroxy-3,5-dimethoxyagdenone 33) and methyl syringate
(34) were investigated to determine the effect of #edint withdrawing group as a
replacement for the acid group id. To elucidate whether the acid group4irwas
required for the observed photochemistry, 1,2/8dthoxybenzene30) and 2-hydroxy-

1,3-dimethoxybenzend%) were also photolysed. These compounds were ohsiree
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the H in the site normally occupied by COOHdinvas neither electron withdrawing nor

donating (i.e., by definition, the Hammett substiticonstant for H is 0.00).

R
H3CO OCH3  HscO OCH;
OH R
4 R =COOH 15 R=H
33 R=COCH; 35 R = OCHj3

34 R=COOCH,;

It was also important to determine if the combioatiof methoxy-hydroxy-
methoxy groups was necessary for the photochemetzdse of CkDH. To investigate
this, 3,4-dihydroxy-5-methoxybenzoic aci@6] and 3,4,5-trimethoxybenzoic aci@7)
were photolysed under the same conditiond. a&inally, to determine if three donating
groups on the ring were importamiyanisic acid 88) and 3,5-dimethoxybenzoic acid

(39) were studied.

COOH

R; OCH;

36 Rl, R2 =0H
37 Ri.R;=0CH;
38 er Rz =H

39 R1=H;R2=DCH3
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The identification of the aromatic photoproductssvehieved by using bofi
NMR and Electrospray lonization Mass SpectromeEpIKMS) in the negative ion
mode. TheH NMR of isolated photoproducts and reaction mieguwere compared to
authentic sample whenever possible. ESI-MS inwblieect injection of the photolysis
mixtures to identify specific reaction productatticular m/z ratios. In addition to the
above mentioned product studies, LFP was also tsadentify short-lived reaction
transients to support the mechanisms for the py&bf4 and similar compounds.

Because CECI is a volatile product, it is rapidly lost fromhgtolysis solutions.
The production of CkCl was thus continuously monitored in-situ using nhbgane
Introduction Mass Spectrometry (MIMS). The voktphotoproducts were circulated
over a semi-permeable membrane, where they perrtfeatemembrane and travel to an
ion trap mass spectrometer. This work involved samadytical method development and

is described in Section 2.3.
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Chapter 2

Syringic Acid Photochemistry

2.1 Product Studies

2.1.1 Photolysis of Syringic Acid (4) in Aqueous Solutioin the Presence of
Cl',I"and CN

The initial objective for this project was to deduthe mechanism of GBI
formation during the photolysis @f, as observed by Moore, by carrying out detailed
mechanistic studies using techniques developeténWan laborator§? Preliminary
experiments involved photolysingin aqueous solutions in the presence of .5CI
under 300 nm irradiation (Note that the 85CI was in all cases added as NaCl). Even
though the maximum region of absorption fowas around 254 nm, 300 nm irradiation
was chosen instead to better approximate the sadéation that compounds likewould
experience in the natural environment. The phstdywere performed in deuterated
solvents (DO and CRCN) so that NMR spectra could be taken of the reaanixture
without workup, in an attempt to directly observelatile photoproducts (referred to
herein as “NMR scale photolysis”). The €IN was used as a co-solvent to overcome

the low solubility of the starting material in nd30.

COOH

H4CO OCH,
OH
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In an attempt to reproduce and confirm Moore’s Itssfusing NMR instead of
GC/MS for analysis)4 was photolysed in argon purged 0A5CI solution using NMR
scale photolysis (5:1 H-CDCN, pD 7, 1 M, 300 nm lamps, argon purged before
photolysis, < 15°C, up to 10 hours with analysis at defined intes)al In addition,
photolysis of4 was conducted in aerated.® for 4.5 hours (same conditions as
previously but with air purge prior to photolysisyhe results of both of these
experiments showed formation of a compound withnglst atd 3.36 ppm with very
little change in the rest of thel NMR spectrum. Although this was initially thougb
be the methyl protons of GHI, a literature search revealed that the signalCibl:Cl
should actually be arourtl3.05 ppm. The appearance of the new singldt3aB86 ppm
was subsequently assigned tofOH and confirmed by the addition of authenticJOH
added to the reaction solution. With no NMR evderof CHCI, this led to three
conjectures; either G§&l is not formed in sufficient quantities under thenditions
employed to be detected by NMR, &H is not formed at all or C¥€l is lost from
solution due to its high volatility and relativelgw water solubility. In this case, the
CHsCl could have been lost from the system entirelpatitioned into the headspace of
the reaction vessel.

High volatility as a possible explanation for thaldre to detect CECl has
validity since this compound is a gas at room tenatjpee and is known to have very high
volatility and low patrtitioning into the aqueousgsie as measured by its vapour pressure
(588 kPa at 25C)" and Henry's Law constant (R= 0.98 kPa mmol* at 298.15K}®
To overcome this, photolysis dfusing the conditions described above was conducted

a closed system with a syringe used to transferehetion mixture directly into an NMR
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tube using septa. However, this method also didshow formation of ChkCI upon
photolysis o#.

If CH3CI was formed in the photolysis df but the technique described above
suffered from material loss of GAI, then quantifying the amount dfreacted and the
amount of CHOH formed could help quantify if any imbalance e amount of reactant
and product was present after photolysis. Thiddcbe accomplished by measuring the
decrease in the methoxy signal integration4oat & 3.89 ppm and the increase in
integration of the signal for G®H atd 3.36 ppm by*H NMR relative to an internal
standard. If the entirety of the decrease in titegration of the methoxy signal df
could be attributed to the formation of €BH, then it would be unlikely that GBI was
formed during the photolysis. Conversely, missmass might indicate that GBI was
forming, but was lost during the work-up.

To determine if there was a mass balance for thagton of CHOH, 4 was
photolysed in 0.3 CI in non-aerated solution. When tfté NMR integrations of the
methoxy signal fod atd 3.89 ppm and the signal for the &)H atd 3.36 ppm from this
photolysis were analysed, there was a measurableas®e in the relative amount 4f
with an increase in the amount of ¢BH over time. The results shown in Figure 2.1
depict a lack of mass balance for the photolysié. oBesides the loss of GBI due to its
high volatility, the missing mass could be from {H that evaporated out of the

reaction vessel or NMR tube or other productsweat not yet identified by NMR.
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Figure 2. 1: Relative yields of syringic acid4) and methanol production in the
photolysis of4 in 0.5M CI" at pD 7 as measured by NMR integration o at & 3.89
ppm (OCH) and methanol & 3.36 ppm (relative to acetone internal standard).

Based on the results of the experiments describedea detection of C¥C| by
NMR was not possible under the conditions usedteb, it was postulated that'ifdas
used instead of Glformation of CHI could be easily analyzed B NMR since CHl is
relatively non-volatile (Table 2.1). Whehwas photolysed in 0.8 I" (added as Nal in
all cases) (10:1 ED-CDCN, pD 7, 10 M, 300 nm lamps, argon purged before

photolysis, < 15°C, 3 hours) only CkDH was observed, with no evidence of {LH

formation (which would be expected to appedy 2t2 ppm).
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Table 2. 1 Selected physical constants of £&# CHsl, CH:CN and CHOH 2

Compound Vapour Pressure Henry’s Law Constant
at 25°C at 25°C
! kPa / kPa m* mol*
CHsCI 588 0.98
CHasl 53.9 0.54
CH3;CN 11.9 -
CH30OH 16.9 0.46

At this point we were unsure whether @hd I were strong enough nucleophiles
to allow the formation of the halomethanes underdbnditions employed. Instead, CN
was chosen as it has higher nucleophilicity than|Gbr water (Table 2.2). In addition,
the by-product of nucleophilic attack of Chould be CHCN if the reaction followed a
similar pathway as for production of GE, with the CHCN readily observable biH
NMR (atd 2.0 ppm, miscible with water). Whdnwas photolysed in 0.81 CN (added
as KCN in all cases) (9:1,0-CDsCN, pD 11, 1G¢ M, 300 nm lamps, argon purged
before photolysis, < 1%C, 3 hours), only CEDH was observed with no detectable yield

of CHsCN.

Table 2. 2 Nucleophilicities of C| I, CN, OH and HO relative to water based on
reaction with bromomethank.

Compound n
H20 0.00
Cr 3.0
OH 4.2

I 5.0

CN 5.1
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Since CN is more nucleophilic than water, but did not fo@rsCN, the CN
could have attacked the benzene ring instead,rlgddithe formation of C¥DH. If this
were the case, it should be possible to obsengpication of CN onto the benzene ring
of the photoproducts. Since the aromatic photapetsdwere difficult to analyze using
NMR scale photolysis (due to the small scale reacthese aromatic products were
below the detection limit of the NMR), another typeexperiment had to be designed.
This involved photolysing a larger amount #ffor a longer period of time, witld
dissolved in a relatively larger volume of neaOHthe lower concentration df meant
that CHCN was not needed since solubility was not an jssuifter photolysis, the
photomixture was extracted with @El; and dried with MgS@ followed by analysis
using NMR or Electrospray lonization Mass SpectroynéESI-MS; negative ion mode)
to identify the products (this method is referrea herein as “preparatory scale
photolysis”).

To identify the photoproducts for the photolysisdafith CN', 4 was photolysed
in 0.5M CN in a preparative scale photolysis,(4 pH 11, 1d M, 300 nm lamps, argon
purged before photolysis, < 18C, 3 hours). This revealed an assortment of
photoproducts as identified Bt NMR and ESI-MS (negative ion mode) (Equation 2.1)
The major masses identified were at 197, 183, 18&,and 191 g/mol corresponding to
compoundgl, 36, 39 and CN adductd0 and41, respectively, the latter being off by one
mass unit, presumably due to the loss of a hydragem (phenol OH) in the mass

spectrometer.
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CO0 ™ COo0 "~ COoO0 "~
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Figure 2. 2: 300 MHz'H NMR spectrum (aromatic region) in DMSQ@-tr the 300 nm
photolysis of4 in 5:1 DO — CDyCN at pD 11 in 0.3V CN. PeaksA (Hy) andB (Hp)
correspond to compourtD; C to 4; D (Hy) andF (Hp) to 39 andE (Hp) andG (H,) to
compound4l, for the aromatic protons of each compound. Nuod¢ the aromatic signal
for 36 was overlapped by the aromatic signal4gpeakC).
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There was also evidence By NMR to suggest the formation of the CN addufis
and41 by the identity of their masses by ESI-MS and plastd NMR shifts (Figure 2.
2). The signals a 7.37 ppm an@ 7.35 ppm can be assigned to the aromatic protons of
40 (H, and H, respectively), while the signals @t7.01 ppm (H) and 6.65 ppm (H)
can be assigned to the aromatic protonélofThe identity of the signal &t6.88 ppm is
unknown. The relative yields are 8 %, 6 % and 7Ta¥%compounds39, 40 and 41,
respectively (after 1 hour photolysis at 300 nDue to the overlapping of signals #r
and36, it was not possible to determine the yiel86f

Based on the above studies, it was concluded thaR Minalysis would not be
useful for the detection of GBI or analogs. As will be discussed in Section, 22
CHsCl formation from the photolysis o4 was eventually detected using Membrane
Introduction Mass Spectrometry (MIMS). Howevenca the formation of C¥OH from
the photolysis o#4 was in itself a significant finding, the condit®mecessary for its
formation (and other photoproducts) was studiedhé&rr using NMR (as described

below).

2.1.2 Photochemical Formation of CHOH from Syringic Acid (4)

To further investigate the formation of @BH in the photolysis o4, experiments
were conducted in neutral agueous conditions witlaolded C] I' or CN. NMR scale
photolysis of4 (5:1 DO-CDsCN, pD 7, 1¢ M, 300 nm lamps, argon purged before
photolysis, < 15C, 3 hours) gave CI®H (yield of ~ 12% for 1 hour photolysis) i
NMR as measured by the signal at approximade®y36 ppm (Figure 2. 3). As was the

case for the photolysis dfin the presence of Clthe CHOH was identified by spiking
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with neat CHOH and showing that signals were overlapped 286 ppm (the signal for

CH3OH varied in some reactions due to the differetivseof D,O-CDsCN).
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Figure 2. 3:300 MHz*H NMR spectra in BO for the 300 nm aqueous photolysisiait
pD 7. A: Unirradiated4; B: 4 irradiated for 3 hours. Signa (aromatic protons)
corresponds td, b is NMR solventc (methoxy protons) is from andd corresponds to
CH3OH.

The quantum efficiency for the formation of g®H was found to be dependant
on water, requiring greater than 10% water forréraction to be detectable By NMR
(Figure 2. 4). Once the percentage of water rehepproximately 40%, there was no
further detectable increase in the yield of sOH. This data is consistent with the

requirement of water in the reaction, with the wéitely acting as a nucleophile in the
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formation of the CHOH. As such, it needs to be in sufficiently higimncentration to
allow reaction to occur. The data was obtainedr®asuring aliquots of the reaction
mixture after 1 hour photolysis at 300 nm (non-te=th for six different water
concentrations ranging from 10 — 70 %@ Acetone was spiked into each aliquot
before analysis byH NMR to act as an internal standard. The intégmadf the CH
protons of the CkOH (at ~d 3.4 ppm) was quantified relative to the integnatad the
acetone signal a 2.1 ppm. This ratio gave the relative {LHH production with 70 %

D,0 normalized to 100% relative production for thetaltysis of4.

100 A

80 o

60 A

40 A

Relative CH3;OH production /%

20 A

5 15 25 35 45 55 65 75
D;0 (in CD3CN) /%

Figure 2. 4: Water dependence on the yield of £LH in the photolysis oé in D,O
(CDsCN co-solvent), 300 MHZH NMR. Relative CHOH production corresponds to the
integration of CHOH relative to acetone as an internal standard evtrex production of
CH3OH at 70 % DO was set to 100% relative production from the plysts of4.
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In order to determine the nature of the other pctslderived from4, a
preparative scale photolysis 4fwas conducted. The products for the photolysigd of
(H,0, pH 7, 1¢* M, 300 nm lamps, argon purged before and duringabysis, < 15°C,

2 hours; Equation 2.2) were identified by takingHaNMR spectrum after extraction of
the photomixture with CpCl, and analyzing this crude mixture by ESI-MS. Itsweot
possible to use preparative scale thin layer chtognaphy (TLC) with silica gel to

separate the photoproducts due to the carboxyiicracieties present on the molecules.

[ofo]o I coo~ coo "~
Ha Hb Ha Ha
hv, D;0
e o
pH 7,300 nm
H3CO OCH4 H5CO

2.2)

The ESI-MS analysis of this reaction mixture in atdge ion mode (in CEDH)
revealed the mass fdrat 196.9 g/mol with smaller intensity mass sigral481.1, 182.9
and 349.3 g/mol for compound®, 36 and 42, respectively. ThéH NMR spectrum
(Figure 2. 5) complimented the ESI-MS, showing salveew signals in the aromatic

region, with signals ab 7.05 and 6.73 ppm corresponding to the aromatitops 0f39
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(Ha and H, respectively), identified by comparison to autieesample. The methoxy

signal for39was also visible ai 3.77 ppm.

B & & 88 & RRR
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Figure 2. 5:300 MHz'H NMR spectrum in DMSO-lof the crude photolysis mixture of
4 photolysed at pH 7. Signafs (Hz) andB (Hp) correspond to biphenyl2; C (aromatic
protons) andF (methoxy protons) o#t; D (H,) andE (H,) andH (methoxy protons)
correspond t&9, while G (methoxy protons) i86.

The signals ad 7.89 and 7.33 ppm correspond to the aromatic psotd the
biphenyl product42 (H, and H, respectively), while the signal &t6.82 ppm is an

unknown photoproduct (note that this appears tdheesame unknown photoproduct



38

observed for the photolysis dfin CN). In addition,36 was also formed, but was not
visible in the aromatic region due to the overlaghe signal of the aromatic protonsf
Instead,36 was identified from the corresponding mass foumESI-MS and théH
NMR signal for the methoxy group which was clearisible atd 3.78 ppm. The yields
of the reaction (as determined by NMR) were 8%,at¥ 5% for compound36, 39 and
42, respectively.

The positive identification of36 provides the aromatic counterpart to the
detection of CHOH from the photolysis o#, since36 is identical to4 except for one
missing methoxy group (replaced with a hydroxy goult was unknown, however if
this was technically a demethylation or a demetladion (i.e. cleavage occurring at the
Ar-OCHg; or the ArO-CH bond). In order to distinguish between these passibilities,
photolysis of4 was conducted in®O-labeled water. If demethylation were occurring,
then there would be no incorporation of tH® into product36. If however, the
mechanism involved demethoxylation, then the m&s36avould increase by two units
(as measured by ESI-MS) from the incorporatiorhef'fO from the nucleophilic attack

by the labeled water onto the benzene ring (Eqn&is).

NG O O
e (2.3)
Hzoiﬂ
H3CO OCH; H3CO 0184
OH OH

4 36
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Photolysis of4 in 26.4 atom %°0 labeled water (pH 8, FOM, 300 nm lamps,
argon purged before photolysis, < A5, 1 hour) led to a 10% increase in the size of the
M+2 for 36 compared to a control experiment (measured byNESin CHOH, negative
ion mode). This suggests that an Ar-O¥dnd in4 was breaking and thus leading to
CH3OH as a photoproduct. Complimentary evidence &nethoxylation as opposed to
demethylation was for photolysis a@f in 1:1 D,O-CDsOD, where there was no
observable change in th#l NMR after photolysis. This experiment presumkeat t
CDs0OD would be acting as a nucleophile by attackinbezithe methoxy group carbon
or the aromatic carbon. If demethylation were ogng, then there should have been
CD30CH; observed in the NMR, but there was none. If heawethe CROD was
attacking the aromatic carbon (as in a demetharylptthen 4 would have been
regenerated with one OGIgroup showing up as M + 3 in ESI-MS. Mavith an M + 3
was visible, but this may have been because oWayleld of reaction and as such does
not discount the demethoxylation mechanism. Asudised previously (Section 2.1.1),
the photolysis ot in CN also led to CHOH formation with incorporation of the CN on
the aromatic ring of the photoproduct. This agreedl with the results of thé®O-
labeled experiment, showing that the mechanismiwedbdemethoxylation as opposed to
demethylation.

The other photoproducts for the photolysis4o{39 and 42) were clearly not
related to the formation of GB®H, as both of the methoxy groups were still presen
these photoproducts. The formation of the dehygated producB9 appears to occur in
any photolysis oft or 37 (discussed later). A preparative scale photolys& revealed

some important mechanistic details in the formavd39, namely that the proton that
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replaced the hydroxy group i4 came from the water. This was determined by
photolysing4 in neat DO (D;O, pD 9, 1¢ M, 300 nm lamps, argon purged during
photolysis, < 15C, 3 hours).'H NMR of the photoproducts revealed a collapsehef t
coupling for the aromatic protons f88, with only a singlet ad 7.05 ppm for the two
remaining aromatic protons as opposed to the doab&7.05 ppm and triplet & 6.74
ppm which was observed for the photolysis40in H,O. This was indicative of

replacement of the hydroxy group by a proton fros®HKor D from DO) (Equation 2.4).

COOH COOH COOH
hy
— + 2.4)
D,0
H1CO OCH;> H3CO OCH3 H5CO OH
OH D OH
4 39 36

The formation of the substituted biphenyP could have arisen from the
decarboxylation ot and recombination with another moleculedoh the ground state
(Scheme 2.1). While this mechanism was not stuidieltail, there was evidence for the

concurrent formation of COneasured by MIMS for the photolysisd{Section 2.2).
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UV-Vis spectrophotometry was used to observe thangh in the absorption

characteristics o upon conversion to photoproduct. The spectra wbtained in HO

with photolysis at 300 nm for defined intervalstmhe at which point a spectrum was

measured. pD was chosen as the solvent so as to model theahptocess as closely as

possible. Figure 2. 6 shows that after one hoyrhaoftolysis there was not a significant

difference in the absorption spectra as the reaafal proceeded in D (purged with

Ar). There was a small blue shift for the absomptad 215 nm and only slight changes to

other areas of the spectrum. This was not sungyiiecause the products for the

photolysis of4 would have very similar UV-Vis spectra since theochophore is not

changed significantly in the reaction. For thiasen, UV-Vis was not deemed to be

particularly diagnostic for the elucidation of thechanisms for the photolysis4f
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Figure 2. 6: UV-Vis absorption spectra dfphotolysed in KO at pH 7 for 4 — 70 min at
300 nm.

For many kinds of photochemical reactions, impdrtaachanistic details can be
ascertained by performing the photolysis reactioagrated solvent. For instance, if the
intermediate that is responsible for the photopctslof interest is a triplet, then often the
presence of @will quench the reaction. Unfortunately, €an also lead to other reaction
pathways (oxygenation or oxidation) that may ndphe determining the mechanism.
For the elucidation of the mechanism for the phaidpction of CHOH from 4, it was
desirable to perform the photolysisdbin aerated water to more closely approximate the

reactions that may occur in the environment.
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Figure 2. 7:300 MHz'H NMR spectrum in BO for the photolysis o4 at pD 7, aerated.
SignalA (methoxy protons) anB (aromatic protons) corresponds4oB, C andD are
unknown photoproducts artelis CH;OH. (Inset: Aromatic region of the corresponding
H NMR spectrum).

When photolysis ot was conducted in the presence of @0:1 DO-CDsCN,
pD 7, 10* M, 300 nm lamps, air purged before photolysis, €54.5 hours), there was
still formation of CHOH, but also the formation of other unidentifialpleotoproducts
with signals a® 3.92, 3.83 and 7.46 ppm (Figure 2. 7). FReNMR clearly shows
formation of the CHOH atd 3.42 ppm, with no indication of the other photahrots
seen previously when the reaction was conductdiaeirabsence of O It is possible that
the @ was allowing an alternate reaction pathway thab déd to the formation of
CH3OH while quenching the formation 89 and42. The photolysis mixture in the
aerated sample was a bright yellow colour as ogpts¢éhe darker brown colour seen in

the photolysis without @present, also indicating that other reaction pagfsvwere

occurring. Due to the ambiguity of the identificat of the reaction mixture upon
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photolysis in aerated solvent, no conclusions weade on its effect. Using Laser Flash
Photolysis (LFP) did however provide some clueshisTdiscussion can be found in

Section 2.3.

Abs.

200 220 240 260 280 300 320 340 360 380
Wavelength /nm

Figure 2. 8: UV-Vis absorption spectra d@f photolysed at 300 nm in aeratedCHat pH
7 for 1 — 5 min.

The UV-Vis spectrum (Figure 2. 8) for the photidysf 4 in aerated water
showed significant changes after 5 minutes, witmveosion to the aromatic
photoproducts. Of particular interest in the U\&\Bpectra (Figure 2. 8) is that the
photolysis for4 in aerated KO had very efficient conversion in only 5 minutesereas
the photolysis o#d in Ar purged HO (Figure 2. 6) did not have nearly the degree of

reaction in the 70 minutes of photolysis time (asasured by UV-Vis). Based on these
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findings, and the complexity of the reaction migwpon photolysis o# in aerated
water, further photolysis studies in the preserfd@,avere halted even though the results
would have increased the environmental relevantkeifmechanism was elucidated in
aerated solution. However, it should be noted @idtOH is still formed when ©is
present. Due to the complexity of natural systeihsis often necessary to study
environmental reactions in simpler solvent systérafre elucidating mechanisms that

may be taking place in the environment. This ie@ample of such a circumstance.

2.1.3 pH Trends

Since the presence of the carboxylic acid moiety inhanges the chemical
characteristics of the molecule when it is protedatersus deprotonated, the pH effects
for the demethoxylation reaction were investigatélhen4 was photolysed in various
pHs (9:1 BO-CDsCN, pD 2-10, 16 M, 300 nm lamps, argon purged before photolysis,
< 15°C, 1 hour) using NMR scale photolysis, an interestiend revealed itself where
the yield of CHOH is highest under basic conditions. This trenas wbserved by
photolysing4 and measuring thé4 NMR integration of the CEDH signal ad 3.36 ppm
relative to an acetone internal standard, wherhbyiritegration ratio was representative
of the relative amount of GJ®H present at each pH. Under acidic conditiontotheH
4) there was no detectable yield of £CHH, while under basic conditions (pH > 8), the

yield of demethoxylation reached a maximum (Figur@).
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Figure 2. 9: Yield of CH;OH on the photolysis af in D,O vs. pH (pD) (as measured by
the integration of the 300 MHH NMR signal for CHOH at3 3.36 ppm, relative to an
acetone internal standard).

This trend, where the demethoxylation occurs atp# corresponds well to the
pKay of 4 at 4.34%" This shows that the demethoxylation reaction seenwcur only
when4 is in the carboxylate form, while the protonatedif exhibits no detectable yield
of CH;OH. When the concentration of Oldcreases above pH 8, there does not seem to
be a further increase in the @BH production, suggesting that the form of the
nucleophile (i.e. KD versus OF was not important for the demethoxylation. Iheat

words, the observed pH effect is not due to diffeess between water catalysis and

specific base catalysis (e.gpls << kg).
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Using preparative scale photolysis, the identityhe products for the photolysis
of 4 in basic conditions was determined;(H pH 9, 1G M, 300 nm lamps, argon purged
before and during photolysis, < 16, 3 hours). The products observed for the phsisly
of 4 in basic conditions were the same as for neutkbl(ipe. 36, 39 and 42). This

suggests that the same mechanism is operativadtegaiof the pH once the pH is > 4.

5 8 3 2 g 3
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Figure 2. 10: 300 MHz'H NMR spectrum in BO for the aqueous photolysis 4ft pD
4 and 300 nm. Signala (methoxy protons) an& (aromatic protons) correspond to
compound4; B, C (methoxy protons) anB® (aromatic proton) t@l3 andF to CHOH.
(Inset: Aromatic region of the correspondityNMR spectrum).

The photolysis oft (H;0, pH 3, 10° M, 300 nm lamps, argon purged before and
during photolysis, < 15C, 3 hours) at pH < 4 revealed the formation of ean
photoproduct. Upon closer inspection, this new poamd was identified as the same

photoproduct formed whedA was photolysed in the presence of Bigure 2. 7 and

Figure 2. 10). The identity of the unknown photuhrct was proposed to be 2,4-
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dihydroxy-3,5-dimethoxybenzoic acid3) based on théH NMR signals ad 3.96 and
3.86 ppm corresponding to the methoxy protons, evhile signal a® 7.50 ppm
corresponds well to the aromatic proton. There lagever, no confirmation of product
43 by ESI-MS. Instead, the main observable photoprbdo ESI-MS had an m/z of 185
(negative ion mode), but the identity of the commbuwvith this mass is unknown. The

mechanism of formation fet3 is also unknown.

2.1.4 Photolysis of 3,5-Dimethoxy-4-hydroxyacetophenone38) and Methyl
Syringate (34) inAqueous Solution

COCH; COOCH;
H5;CO i OCH; H4CO i OCH,

OH OH

33 34

To further investigate the mechanism for the demsetlation of4, structurally
similar compoundswere studied to determine what chemical moieties4owere
important in the formation of CGJOH. To investigate whether the acid groupdiwas
important for the demethoxylation mechanism, 3/aeathoxy-4-hydroxyacetophenone
(33) was photolysed (NMR scale photolysis; 7:40BCD:CN, pD 7, 1¢ M, 300 nm
lamps, argon purged before photolysis, <@5up to 4 hours). AH NMR was obtained
after each hour of photolysis, illustrating thewtio of the CHOH atd 3.69 ppm (Figure
2. 11). The CHOH was identified by adding neat @bH and observing the relative

intensity increase of the signal®8.69 ppm ortH NMR.
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Figure 2. 11:300 MHz'H NMR spectra in BO for the 300 nm aqueous photolysi38f
at pD 7.A: 1 hour photolysisB: irradiated for 2 hoursC: irradiated for 4 hours. Signal
(aromatic protons) (methoxy protons) and (acetophenone GHprotons) correspond to
33, whiled corresponds to CiOH.

The photolysis of keton83 was also used to see how changing the withdrawing
or donating characteristics of the substituenha X-positiongarato the hydroxy group
in 4) would affect the outcome of the demethoxylatiom. tHe case 083, this change
from an acid group to a ketone led to an increlagkd withdrawing characteristics of the
substituent in the 1-position. When the yield di;OH (in terms of conversion from

starting material) for the demethoxylationdb¥ersus33 was quantified, the results show

that for4 at pD 7, the conversion was 13.8% while the cagivarfor33 was only 1.8%
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(for 1 hour photolysis at 300 nm). Comparativéthe yield of CHOH for the photolysis
of 4 in the protonated form (in acidic conditions) wadlyo0.7%. In this case, the
protonated form of the carboxylic acid was morersgity donating than the deprotonated
form at pD 7. This clearly shows that by changitigg donating/withdrawing
characteristics of that substituent, the yield afmeéthoxylation can be altered
significantly. If we correlate these results witte Hammett substituent constants for the
meta position @), a trend is evident (Table 2.3) where there wageater yield of
CH3OH when the substituent in the 1-position was dagafas in4, carboxylate form)
compared t@3 and4 (protonated) where there was a withdrawing effédearly though
there is more involved since the Hammett constfamt83 and4 in pD 4 are similar yet
their conversion to C#DH was different.

Table 2. 3: Correlation between Hammett constants and@HHconversion fod (in pD
7 and 4) an@3 after 1 hour photolysis at 300 rith.

CH3OH conversion /% Om
4(pD7) 13.8 -0.1
4 (pD 4) 0.7 0.37
33(pD 7) 1.8 0.38
34 (pD 7) 0.5 0.37

Methyl syringate 34) was photolysed to further investigate how thessituents
in the site normally occupied by the acid groupdiraffects the yield of CEDOH
production. The ester B4 is also a withdrawing group, so it was expectet tor the
agueous photolysis &4 there would be little to no GJOH formed since there was little
demethoxylation occurring for the photolysis3# (which also contains a withdrawing

group). Wher4 was photolysed using NMR scale photolysis (4:082D:CN, pD 7,
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102 M, 300 nm lamps, argon purged before photolysiss &1 up to 3 hours) there was
only a small yield of CEDH detected. In terms of conversion to {OH, the amount

formed was 0.5% foB4 compared to the 13.8% fdrat pD 7. This result agrees well
with the discussion for ketor83 and4 in acidic conditions where withdrawing groups in

the 1-position drastically lower the yield of dem®tylation.

0\“\“(: /OCHg
hv .
——» 0.5% conversion to CH;0H
D,0
H;CO OCH3;
OH
34

2.1.5 Photolysis of 2,6-Dimethoxyphenol (15) and 1,2,3dmethoxybenzene
(35) in Aqueous Solution

Since withdrawing groups in the 1-position seemeddécrease the yield of
demethoxylation, it was deemed important to ingadé what the outcome would be if
there was only a hydrogen in that position. Teestigate this, 2,6-dimethoxyphenabf
was photolysed. Since the jphra to the hydroxy group is neither withdrawing nor
donating, it was postulated that the amount of;@H formed from15 should fall
between the yield of (carboxylate form) an83 (13.8% and 1.8%, respectively; for a 1
hour photolysis).

When15 was photolysed by NMR scale photolysis (920BCD:CN, pD 7, 10
M, 300 nm lamps, argon purged before photolysis5<d, 3 hours) no CkOH was

detected. This indicated that while the withdrayior donating effects of the
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substituents in the positigpara to the hydroxy group seem important (as evidenged b
photolysis o#, 33 and34), there were other factors involved, otherwisedhgould have

been a detectable yield of @BH for the photolysis of5.

H;CO OCH; H;CO OCH;
OH OCH3

15 35

To further confirm this, 1,2,3-trimethoxybenzeng5)( was also photolysed.
While the three donating substituents (methoxy gsdwon this compound differ from
those ot (two methoxy and one hydroxy group), the donashijties of these moieties
are similar. Originally, it was postulated tt88 would also have a detectable yield of
CH3;OH between that o#t (carboxylate form) and33, but after the results of the
photolysis ofl5, it was predicted that there would be nosOH measured bjH NMR.
When35 was photolysed using an NMR scale photolysis [%®-CD:CN, pD 7, 1¢°
M, 300 nm lamps, argon purged before photolysis5 €C1 3 hours), as predicted, there
was no detectable yield of GEIH.

The results of these experiments and those diesdusseviously for33 and 34
revealed that withdrawing substituents in the 1ipws in 4 decrease the yield of
CH3OH. But sincel5 and35 both had no detectable @BIH formation despite a lack of
withdrawing substituents in the 1-position, cleanyore was involved in the

demethoxylation mechanism. One possible explamasahat because the carboxylate



53

group on4 in basic conditions is slightly donating, it cowdthbilize the intermediate in
the reaction mechanism.

The following sections outline the next set of prod studies that were
undertaken to determine what other substituent were important in the formation of
CH3OH. Specifically, it was determined whether theeéhdonating groups on the ring

were important in the demethoxylation mechanism.

2.1.6 Photolysis of 3Methoxygallic Acid (36) in Neutral Aqueous Solution

0{\\\ 0
C
L 13.8% conversion to CH,0H
D,0
H3CO OCH3
4 OH
0\\\ 0
C
L 13.5% conversion to CH,0OH
D,0
H3CO OH
36 OoH

The methoxy and hydroxy substituents4have similar donating abilities, so it
was suspected that changing the identity of thesepg would have little to no effect on
the degree of demethoxylation. To test this hypsith 3-methoxygallic acid36) was
photolysed. While this compound still containsethrdonating groups, one of the

methoxy groups od has been exchanged with a hydroxy group.
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When 36 was photolysed using NMR scale photolysis (4:082D;CN, pD 7,
102 M, 300 nm lamps, argon purged before photolysis5€Cl, up to 3 hours), thtH
NMR signal for the CHOH atd 3.6 ppm increased in size as the photolysis time
increased. The % conversion to £LHH for a 1 hour photolysis &6 was 13.5%, which

was within experimental error of the yield of ¢gH for4 at 13.8%.

2.1.7 Photolysis of 3,4,5Trimethoxybenzoic Acid (37)in Neutral Aqueous
Solution

To determine if the phenol group was important ke tdemethoxylation
mechanism, 3,4,5-trimethoxybenzoic acBV)(was photolysed since it is lacking the
hydroxy moiety. For the NMR scale photolysis33f (5:1 DO-CD:CN, pD 7, 10° M,
300 nm lamps, argon purged before photolysis, €CL5ip to 3 hours), C¥DH was still
formed, but with a conversion of only 4.0% (1 hphotolysis). This revealed that while
demethoxylation was occurring without a hydroxy ugyp the yield was significantly
smaller than that fo4 at pD 7 (13.8%) and6 (13.5%).

To further investigate the photochemistry 34, a preparative scale photolysis
was conducted #D, pH 8, 10 M, 300 nm lamps, argon purged before photolysiss < 1
°C, 3 hours). ThéH NMR of the extracted photoproducts revealed thahd39 were
formed in a 2 % and 44 % yield, respectively (Feg@r 12). ThéH NMR signal atd
7.23 corresponded to the aromatic proton3/@fwhile the signals a 3.82 and 3.73 ppm
were from the methoxy protons {ldnd H, respectively). The signals @f7.05 and 6.73
ppm corresponded to the aromatic proton8®fHa. and H, respectively), with the signal

at 6 3.78 ppm was from the methoxy protonSurprisingly, the small signals at7.20
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and 3.80 ppm were attributed the aromatic and mgtpootons o4, respectively.This
shows that when there are three methoxy groupshenring, the preference is to
demethoxylate the central methoxy group (4-posjtasopposed to one on the sides, but
with a lower yield of reaction compared4o The loss of this central methoxy group was
in contrast to the demethoxylation exhibited inhbétand 36, indicating that there was
possibly a different mechanism involved. The meda for demethoxylation is likely
the same foB7, 4 and 36, but 37 has a more stabilized intermediate when the central

methoxy group is cleaved. This may be due stéfects within the molecule.
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Figure 2. 12:300 MHz'H NMR spectrum in DMSO+lof the extracted photoproducts
for the 300 nm aqueous photolysis3dtfat pD 8. The signals &t (aromatic protonsk
(Ha) and H (Hy) correspond to compoun87; B (aromatic protons) an& (methoxy
protons) to4 andC (Ha), D (Hp) andG (methoxy protons) t89. (Inset: Aromatic region
for the correspondintH NMR).
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2.1.8 Photolysis ofm-Anisic Acid (38) and 3,5-Dimethoxybenzoic Acid (39)
in Neutral Aqueous Solution

To determine if three donating groups on the aranratg are necessary for the
demethoxylationm-anisic acid 88) was photolysed. The NMR scale photolysis (9:2
D,O-CDsCN, pD 7, 10° M, 300 nm lamps, argon purged before photolysis5 £Cl up
to 3 hours) of38 revealed no detectable yield of @bH or any other product biH
NMR (Equation 2.5). This suggested that it is 3seey to have three donating
substituents on the ring in order for the demethatign to occur at a level that is
detectable byH NMR. The most plausible explanation for thisthst three donating
substituents are required to stabilize the interatedin the demethoxylation. To
corroborate this finding, an NMR scale photolydi8 &-dimethoxybenzoic acid9) was
conducted (7:3 BD-CD:CN, pD 7, 1¢¢ M, 300 nm lamps, argon purged before
photolysis, < 15°C, up to 6 hours). The results of this experimgidt not show any
detectable CEOH formation (or any other photoproducts) as deteeohby the lack of a

signal ad 3.4 to 3.6 ppm on thtd NMR (Equation 2.6).
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2.1.9 Quantum and Relative Yields of CHOH Formation

The quantum vyield for the demethoxylation oBnd 37 was determined using
Equation 2.7 as a method of quantifying the phatadbal efficiency of the reaction.
This was accomplished by measuring the relativevemmon to CHOH compared to the
absolute conversion of 1,2-dimethoxybenze?d (o 2-methoxyphenol under identical
conditions of photon flux usintH NMR integration of the CEDH signal atd 3.4 ppm

relative to the integration of acetone as an irgkestandard.

®; = moles product formed (2.7)
moles photons absorbed

The quantum yield fo27 (®, = 0.016 at pD 1.3, 254nm) for the photoprotonation
leading to the demethoxylated product was measbiyewan and co-workefS. Since

this reaction also formed GBH, it was possible to quantify the yield using NNM&ale
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photolysis as conducted previously. The reactiat/avas therefore used as a secondary
actinometric standard to determine tig for the demethoxylation o4 (Table 2.4).
Specifically for4, the quantum yield was determined todpe= 0.010, which means that
1% of the photons absorbed result in the produaiomethanol. While this efficiency is
quite small in comparison to many photochemicaktieas, this could contribute a
significant load of CHOH to the environment, given the widespread ocaaeef humic
substances in marine and terrestrial surface watéfisile the measure@, for 4 is for a
model compound in a laboratory setting, it can usedstimate the natural fluxes in the
environment where compounds likeare present and may undergo demethoxylation with

a similar yield.

Table 2. 4: Quantum yields®,) for thedemethoxylation reaction dfand37in 1:1
D-O — CIxCN relative to theb, for 27 in DO at 254nm.

Compound d,
27 0.016
4 0.01C
37 0.0058

& Calculated usingb, for photoprotonation o027 as a secondary standard by measuring
for the amount of CKOH produced at 254 nfil.

The measured quantum yield f87 agrees well with the % vyield that was
calculated previously for its demethoxylation. Tyield of demethoxylation foB7
(4.0%) was calculated to be roughly a half to omedtof that for the formation of
CH3OH from the photolysis of (deprotonated, 13.8 %). As shown in Table 2.4, the
guantum vyield for37 is also approximately half of the quantum vyieldr fthe

demethoxylation of compourtl
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The relative conversions to GBIH for the photolysis of the various compounds
studied sheds some light on the structural chaiatits in this suite of compounds that
are important for demethoxylation to occur. Tabl& outlines the percent conversion
(for 1 hour photolysis) to C¥DH for the compounds of interest as measured byHhe
NMR integration of the CEDH signal ad 3.4 to 3.6 ppm relative to an acetone internal
standard. The lack of reactivity exhibited by caupds38 and 39 reveals that it was
essential to have three donating groups on the aonring in order for the
demethoxylation reaction to occur. This was coaetl since both of these compounds
are missing the three electron donating groupseahdited no detectable GBH under
the reaction conditions.

The order of percent conversion #(pH 7),33, 4 (pH 4) and34 shows the effect
of the substituent in the positiggrara to the hydroxy group id. This reveals that it is
important that this group is not withdrawing (asatified by Hammett constants for the
substituent in the 1 position fdr(pH 7),33, 4 (pH 4) and34, o, = -0.1, 0.37, 0.38 and
0.37, respectively® Since compoundd (pH 4), 33 and 34 did not form the same
amount of CHOH despite similao,, values there may be other factors involved for the
demethoxylation mechanism, or modified substitwemistants are appropriate to reflect
the electronic factors in photochemical reactiomshsas those being investigated here.
There also does not appear to be a necessityhgd@xyl group, sinc&7 was still able

to form CHOH (albeit in a smaller yield).
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Table 2. 5: Yield of CHOH for the aqueous photolysis of the various compsiat 300
nm in pD 7, quantified by 300 MHH NMR integration of the CkDH signal relative to
acetone as an internal standard.

Compound CHzOH Conversion /%

4, pH7 13.8
36 13.5
37 4.0
33 1.8

4, pH 4 0.7
34 0.5
35 0.0
15 0.0
38 0.0
39 0.0

2.2

MIMS and CH 3Cl Formation

2.2.1 Membrane Introduction Mass Spectrometry (MIMS) Overview

Membrane Introduction Mass Spectrometry (MIRFS)®! is an analytical

technigue that uses a semi-permeable membraneaslah online sample introduction

platform to directly monitor analyte concentratiomihout the need for sample clean up

or pre-concentration. Some benefits of this tegtmaiinclude the real-time analysis of

the data collection and the ability to acquire ireetics for the system. While quantum

yields can be measured using a ‘one point in tian@lytical measurement technique

such as purge-trap GC/MS, MIMS can measure thistlamdinetics of complex systems

that would be difficult using a standard GC/MS iinstent.
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Figure 2. 13: MIMS schematic showing the circulating loop of tlieaction mixture with
the volatile CHCI traveling through the membrane interface in®itm trap MS?

Volatile and semi-volatile analytes are entrainadai helium sweep gas and
continuously introduced to an ion-trap mass spewtter for real-time quantification.
The MS provides both a sensitive and selective cliete system (tandem MS/MS
technigues can be used to deal with isobaric itenfces). This technique is well suited
to the rapid trace analysis of volatile organic poomds (VOCs) and semi-volatile
organic compounds (SVOCs) in complex matfitesd the continuous monitoring of
dynamic chemical system$. In the current study we employed an interfacavirich
components of the reaction were continuously floweder the outside of a
polydimethylsiloxane (PDMS) capillary hollow fibrenembrane in a closed loop

configuration (Figure 2.13 and 2.14).
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Figure 2. 14: MIMS schematic and membrane cross-section. (addmtedNelson)*

2.2.2 Method Development for the Analysis of CHCI using MIMS

As mentioned previously, it was necessary to abatide search for C4€1 by *H
NMR analysis due to difficulties in its detectioft. was postulated that the @Bl was
either too volatile for analysis or was formed utls small amounts as to be below the
detection limits provided by NMR. Moore has alrgademonstrated that GBI
produced from the photoreaction4is detectable by purge and trap GC/fi®ut in this

study, MIMS was explored as an in-situ reaction nasimg technique to follow the
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formation of CHCI directly during the photolysis. Furthermore, MBMechniques lend
themselves to the study of @Bl production in complex natural water without theed
for time consuming and laborious sample work-up.

For the MIMS trials, aqueous solutions bfvere photolysed in a closed quartz
reaction vessel while being re-circulated over thembrane interface via a peristaltic
pump. Selected ion monitoring (SIM) were employ@anonitor target analytes, such as
CHsCl, CH;OH and CQ (recall that there was speculation that a decathtzn
reaction was responsible for the production oftiplenyl42). Tandem MS/MS and full
scans (m/z = 40 — 250) were also explored for thesdytes, but these techniques did not
offer any advantages in their detection. The dufputhe MIMS analysis is an ion
chromatogram, which displays an analytical sigpabgortional to concentration) as a
function of time. The total ion chromatogram (TI@hd several SIM channels are
followed simultaneously, with the intensity of th&IM signals converted to
concentrations using standard calibration techrsigud more than one analyte was of
interest, all of the signals could be collectedatorently. In the MIMS analysis, non-
volatile components such asand Cl do not permeate the membrane interface and
interfere with the MS analysis (note thaiGHvapour does permeate the membrane to a
certain degree, but not enough to interfere). Whithreaction attached to the MIMS in a
closed loop, all volatile compounds produced cdddsimultaneously measured in real-

time, provided that the corresponding mass speoui& be resolved.
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Figure 2. 15: Schematic of the MIMS set-up for the analysis of sCHin the
photoreaction od. (Inset: Typical MIMS output while monitoring m&0, 52 for CHCI,
indicating the time at which the UV lamps were adron.)

Since MIMS has not been previously reported for tieal-time detection of
CHsCl, optimization of a number of system and instraotparameters was required.
This included developing an on-line injection stgat for calibration spikes for analytes
with a high vapour pressure, selecting appropsatation and membrane temperatures,
and MS collection parameters. Since MIMS can berated by flowing either condensed
or gas phase samples over the membrane interfammparison was made to assess the
sensitivity of re-circulating aqueous @& solutions as opposed to the headspace in

equilibrium with CHCI solutions. In addition, a series of control exments were
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preformed to assess both the thermal and photochémstability of CHCI under the
reaction conditions and pH ranges investigated.

For the handling and development of the injectitrategy, the high vapour
pressure of CECl combined with a relatively low water solubilifyesulting in a low
Henry’s law constant) posed challenges. To oveectimase challenges, @E solutions
in CH;OH were used for the standard solutions with atigis syringe used to inject the
solution into the reaction vessel via Teflon backepta.

To ensure that the signal collected for#€CHwas maximized, the MS collection
parameters were optimized. The MS lenses weredtenea mass of 51, which was
deemed appropriate for the collection of £8I1" (m/z = 50) and Ck{’CI* (m/z = 52)
based on comparison to the NIST mass spectturm selected ion mode (SIM), the
width of the mass range collection window was aflsweased to encompass the widest
mass range possible without suffering isobaricrfatence. This adjustment can be
likened to increasing the slit width when usingtinsients such as atomic absorption,
where the increase in slit width allows more intgndom the range measured, but
decreases the resolution of the signal from thdyema The ion collection time for the
measurement was also increased in order to trape mmlecular ions in the MS.
Attempts to use negative ion mode and chemicataiun using Chl failed to improve
the detection of CECI.

Due to its relatively high Henry’'s law constant{KCH;CI will readily partition
out of aqueous solutions into any available headsp&herefore, a series of ¢gH
analysis trials were carried out on standard sahstiCHCI in CH;OH) to compare re-

circulating the solution phase as opposed to tisephase in closed loop configurations.
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Initially, the reservoir holding the reaction mirguand the re-circulation tubes were
completely filled with water so as to minimize theadspace. Hypothetically, this meant
that all of the CHCI would be in the aqueous solution. When thisitsmh was drawn
through the MIMS interface, the GEI could partition out of the water and into the
PDMS membrane and through to the MS, but na@Hvas detected by this method.
The explanation for this could be that the pantitig of the CHCI from water into the
PDMS membrane was not favourable or there was atitycof unknown headspace in
the set-up that accumulated the LH Conversely, when this analysis was conducted
with the sample reservoir half filled with solutiand plumbed so that the headspace was
being re-circulated over the membrane, it was pdssd measure a signal for GEl.
The conclusion to these experiments was that therbhethod of detection for GBI was

by analysis of the headspace.

Once it was ascertained that headspace analysisl wowide the best results for
the detection of CECl in the photoreaction of, a calibration curve was obtained and
method detection limits (MDL) were estimated. Gadtions were preformed by
injecting methanolic standard solutions of {LHinto the aqueous phase of a closed
reaction vessel and allowing the equilibration lo¢ tCHCI with the headspace (at a
constant temperature), using the same volume dractof headspace to reaction vessel
(note that thejb.go rise is approximately 60 seconds). The aqueoaseboncentration
was plotted against the MIMS signal (SIM; m/z = BP2) generated from the re-
circulated headspace collected over the MIMS iats&f Since the proportion of GEl
in the headspace and solution is constant, the mmoti CHCl measured in the

headspace is representative of the concentrati@olution. In this experiment, other
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volumes of CHCI were also injected to obtain a calibration cusleowing the excellent

linear response for the signal of @ by MIMS based on the%f 0.999 (Figure 2.16).
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Figure 2. 16: MIMS calibration curve for CECl in solution (headspace measurement,
SIM; m/z = 50, 52).

Detection limits for CHCI were obtained by measuring multiple injectionshe
same volume of C¥Cl standard to obtain a standard deviation of figaad response
from the MIMS. The estimated detection limit foH¢CI under these experimental
conditions is 2 x 18 M based on S/N = 3.

Before the actual photolysis dfwas performed, a series of control experiments
were run. These included determining whether #rmaperature had an effect on the
intensity of the signal measured for the LLHand whether there were any thermal

reactions by whick produced CHCI. To accomplish this, a solution of 18 4 and 0.5
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M CI was added to the quartz reaction vessel with geel$pace re-circulated over the
MIMS interface. A covering was put over the reactso as to limit its exposure to
ambient light, while the solution was maintainedaatonstant 22C. The signal for
CHsCl was then monitored, with no formation of ¢ observed over a 1.5 hour period,
showing that no dark reactions were occurring. tNEk:Cl was injected into 400 mL of
water to obtain a concentration of 2 x Bl (in solution). The temperature of the
solution was maintained at 2€ until the signal for CkCl was stabilized. The solution
temperature was then ramped up tdGver a period of 1 hour. The signal for £CH
was stable over the time period of the analysigatthg that the signal intensity on the
MIMS was not temperature dependant.

It was also deemed important to determine if thes@Hvas photochemically
labile under our reaction conditions. This wasoagglished by photolysing a 5 x T
solution of CHCI at 300 nm for 1.5 hours and monitoring the MIMgnal in the
headspace during the photolysis time. No changdeedrsignal for CECI was observed,
indicating that the CECl was not photolabile over the time frame of #mperiment.

Since the analysis for the demethoxylatiootvealed that its mechanism was
pH dependant, it was possible that the formatio@C| was pH dependant as well. To
test this, the detection of GEl produced by photolysetiwould be measured in varying
pHs, necessitating a determination of the pH stgbaf CH3Cl. Since specific base
catalysis for the hydrolysis of GBI is knowni? controls were run to monitor the
stability of CHCl in pH 7 to pH 11. To accomplish this, a 5 X*\ solution of CHCI
at pH 7 was introduced to the reservoir, with teadspace re-circulated over the MIMS

interface. Once the signal for @&l stabilized, the pH of the solution was adjudte@dH
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11 using IM NaOH. No observable change was detected in gmalsfor CHCIl when

the pH was adjusted to 11. Therefore, for the tisnale of this experiment, the
concentration of OHdoes not affect the signal measured fosClHbver a range of pH 7
to 11. Similar experiments at pH < 7 were not aaed since no acid catalyzed

hydrolysis is observed for Gal.

2.2.3 Photochemical Production of CHCI from Syringic Acid (4) as
Measured using MIMS

Preliminary MIMS reaction monitoring for the photsis of4 at 254 nm revealed
that CHCI, CH;OH and CQ were readily detectable in Ginriched aqueous solutiéh.
Consequently, subsequent MIMS photolysis experimevgre set up to monitor for
CHsCl, CH;OH and CQ concurrently using multiple SIM experiments. Tietolysis
of 4 (H,O, pH 5, 10" M, 300 nm lamps, Npurged before photolysis, < 2G) shows the
simultaneous production of these three VOCs inarsp to UV light (Figure 2.17).
Note that the raw signal intensities in this figul@ not represent concentrations as the
response factors for each VOC can vary widely dmerefore require independent
calibrations.  Calibration curves were only catrieut for CHCI, with the relative

changes in the Cand CHOH concentrations being monitored by MIMS.
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Figure 2. 17: MIMS output for the 300 nm photolysis 4in 0.5M CI' (measured in the
headspace) where the signal intensity has not t@eected for the concentration of the
analytes. Curves, B andC correspond to CESIM; m/z = 44), CHCI (SIM; m/z = 50,
52) and CHOH (SIM; m/z = 32), respectively.

The CHOH in the reaction was not quantified since MIMSadhgpace analysis
proved inefficient due to the longer equilibratibmes and poor reproducibility of the
CH3OH signal. This was likely because the OH readily dissolved in the water with
very little material to measure in the headspdues teading to very inconsistent results.

In addition, the m/z for C¥DH is isobaric with @, which was not accounted for since

we were not directly interested in the §HH production using this method.
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Figure 2. 18: MIMS measurement of GJ&I for the 300 nm photolysis &fin pH 2, 6
and 11 with 0.9M CI" (compared to the dark control experiment) witruhssquantified
i;z';(.arms of molarity as calculated from the calilama curve for CHCI (SIM; m/z = 50,
To investigate whether the photochemical formabdérCHs;C| from 4 was pH
dependant, MIMS was used to monitor VOC productiopH 2, 6 and 11 (#D, varied
pH, 10° M, 300 nm lamps, Npurged before photolysis, < AL). The MIMS
experiments did not show there to be a signifidifierence in CHCI formation rates
over a pH range of 2 — 11, ranging from ~70 to ™® hr® (Figure 2.18). This
observation is in contrast to preliminary work by®fe®, but it should be noted that the

concentrations of C¥CIl being produced are in the nM range. As sucls, fifot possible

to say with certainty whether there is a pH effiectthe formation of ChKCI from the
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photolysis of4. Therefore, this experiment should be repeatedhigiter substrate

concentrations and/or higher photon fluxes to diather conclusions.
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Figure 2. 19:MIMS measurement of C4&€| for the 300 nm photolysis @fin pH 6 and
0.5M CI purged with N and air (compared to the dark control experimeiitt) results
guantified in terms of molarity as calculated freime calibration curve for C4&€l (SIM;
m/z = 50, 52).

As was the case for the formation of £HH from 4 measured withH NMR, the
MIMS photolysis experiment was conducted in aeravater (Figure 2.19). This shows
that there was little difference in the rate ofgurotion of CHCI between N saturated
and air saturated solution (~70 nM*hr Since @ is a known triplet quencher and
electron scavenger, this result suggests thatetspland free electrons are not

intermediates on the pathway to form chloromethafleere was also speculation that a

methyl radical might be involved in the mechanishioomation of the CHCI, since the
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photochemical formation of G3Hfrom molecules similar td has been shown to involve
these intermediaté$. The formation of Chl is known to involve the addition of a
methyl radical to an iodine atom, where the methglical is formed in the photolysis of
humic substances. The presence giOknown to quench these radicals though, so it
seems that methyl radicals are also not involvatierformation of ChCI from 4.

Using the CHCI production from the MIMS experiment as a guittee upper
limit for % conversion to CECl was estimated to be no greater than 0.002 %gGhwisi
much smaller than that of GBH (13.8% at pH > 7). Because the yield ofsCHwas so
small, it was not possible to measure an accunadmtgm yield. Based on the relative
conversions to CkCl and CHOH however, the quantum yield should be on theroofle

10 to 10°.

2.2.4 Photochemical Production of CHCI from 3,4,5-Trimethoxybenzoic
acid (37) and 1,2,3-Trimethoxybenzene (35) as Measd using MIMS

Compounds37 and 35 were also analysed for their photochemical prodactf
CHsCl using MIMS detection. The experiments were getthe same way as the
photolysis of4, where solutions 087 or 35 with 0.5 M CI" were photolysed with
measurement of the headspace forCIHCH;OH and CQ (H20, pH 7, 1¢' M, 300 nm
lamps, N purged before photolysis, < AT). For both37 and 35, no CHCI was
detected. This indicates that either CHwas not formed or it was below the detection
limit of the MIMS.

MIMS experiments provided direct evidence for plb@mical formation of

CH3CI from 4. These studies suggest that pH and the presdrog lmave little to no
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affect on the rate of CGJ€l production. It should be noted however that the
concentrations of C#Cl observed were close to the detection limit af MIMS and
therefore further system optimization may be nemgsdo draw firm mechanistic
conclusions. Section 2.4 includes a proposed nmsimaconsistent with the information

obtained in these studies.

2.3 Laser Flash Photolysis

Laser Flash Photolysis (LFP) transient absorptpetsa were recorded fdrand
37 in a variety of purging gases and pHs. The imentvas to possibly identify
intermediates responsible for the demethoxylatiah dehydroxylation mechanisms. In
all cases, the absorption spectra were obtained hmughly 300 nm (or when self-
absorption ended) up to 700 nm. The lifetimeshef main transient absorptions were
also determined.

Shown in Figure 2. 20 are transient absorption tspdor the photolysis of in
H.O at pH 10 with the solution purged with; Idrior to laser photolysis. Besides the
small absorptions at 350 and 430 nm, the main igahsn the spectra exhibits a very
broad absorption from roughly 480 nm to the maximmueasured wavelength of 740 nm.
The lifetime (single exponential decay) of thimseent was measured to be Rs§ while
the smaller transient at 350 nm had a lifetime gfiss Due to the many reaction
pathways exhibited for the photolysis4fit was not possible to identify the transients at
350 and 430 nm. In addition, this region of thectpum is a prime location for many

varying transients in organic photochemistry anduash makes the identification of these



75

difficult. The broad transient from 480 nm onwawvever, was much easier to identify
by purging the solution of in HO with NO instead of N prior to photolysis (Figure 2.
21). The NO is a well-known and efficient electron scavenger] was able to very
effectively quench this transient, thereby allowits) identification to be made as the

solvated electron {gg).
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Figure 2. 20: Transient absorption spectradin pH 10 HO purged with ¥ time after
laser pulse:«) = 0.63us, @) = 3.2us, (A) = 6.3us, @) = 13ys. (Inset: transient decay
taken at 2.0 x I0ns intervals ak = 350 nmy = 5ps).

Figure 2. 21 also shows the comparison of the LdtRfin acid, Q, N;O and

base. As observed, thg,gis only visible for the laser photolysis in baskhis leads to

several possibilities for the source or mechandi@ils of the @q. Since there were no
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€(g) N the LFP for4 in acid, it is possible that the g were important in the
demethoxylation since the photolysisdoih acid does not yield GJOH. The §,q) could
also be responsible for another reaction pathwaymvolving the demethoxylation. For
instance, the formation of the biphenyl prodé& did not occur in acid and the
mechanism for its formation could possibly involiree loss of an electron from the
starting materia4t. This would account for the fact that thg.gwas visible in base and
not in acid. Additionally, it is possible that tkgq) was still formed in the acid, but was

not visible in the time scale of the laser pulse.
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Figure 2. 21: Comparison of the transient absorption spectrd fo H,O at pH 4 and 10
in various purging gases at approximatejys Jafter laser pulse. (Transient lifetimes in
windows A, B and CA = pH 10 (N), pH 10 (NO), pH 10 (Q) and pH 4 (N) at 38us,
5us, 0.3us and 4us, respectivelyB = pH 10 (N) and pH 10 (NO) at 8.%us and 6.8s,
respectively (no transient for pH 10r pH 4 (N); C = Solvated electron present in
only the pH 10 (B sample with a lifetime of 3|5).
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The LFP for4 in the presence of JgFigure 2. 21) shows that the, Qrastically
affected the absorptions in comparison to the tesuts observed fo4 in base (purged
with Ny). Specifically, the lifetime of the transient380 nm in base was 3& while the
corresponding transient in the presence efwvias only 0.2ps. This represents a
guenching of that transient by the &d may indicate that that transient was a tripliet
addition, the &q was absent in the presence of OThis indicates that the reaction

leading to the ‘gq) was possibly a triplet or thg£) was quenched by the,O
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Figure 2. 22: Transient absorption spectrum 3# in pH 8 HO purged with N time
after laser pulsee) = 0.9us, @) = 3.6 us, (A) = 9.4pus, @) = 23us. (Inset: transient
decay taken at 2.0 x Ts intervals ak = 320 nmy = 4 s).
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Figure 2. 23: Comparison of the transient absorption spectrdr37in pH 8 HO
purged with N (m) and Q (e) (time after laser pulse = 0.98 and 0.23us, respectively).
Since 37 undergoes similar photochemistry 40(i.e. both demethoxylation and
dehydroxylation), the LFP fa37 was obtained. The LFP 8 (Figure 2. 22) shows a
blue shift of the main absorption comparedttwith an absence of thgs. The main
transient for37 at 320 nm (4us) had a very similar lifetime to the transientdcdt 350
nm (5 pus) (Figure 2.24). Also, when the LFP &7 was conducted in £ a similar
guenching of the transient (comparedjat 320 nm was observed (Figure 2. 23). Due
to the similar wavelength of absorption, quenchamgl lifetime, it is likely that this

transient has the same identity for both molecubes, again, that specific identity is
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unknown. The lack of ‘gq was however more diagnostic in the reactivity loése

molecules.
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Figure 2. 24: Comparison of the transient absorption spectréish im pH 10 purged
with N, (m) and NO (A) and37in pH 8 HO purged with N(e) (time after laser pulse
= 0.63ps, 1.1us and 0.93s, respectively).

The only observed reaction under the given conultithat37 does not undergo
that4 does, is the formation of bipherd2. As mentioned previously (Scheme 2.1), it
was possible that the mechanism of formation of hiphenyl involves the loss of an
electron from the carboxylic acid group4followed by decarboxylation. Since the only
structural difference betweehand37 is the presence of a phenol hydroxy grouptoit

is also possible that in basic solutighexists in the di-anion form at which point the
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phenoxide group can lose an electron. Througheesce, the phenoxyl radical can lead

to the decarboxylation observed and the formatidd@, and bipheny#2 (Scheme 2.2).
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42
Scheme 2. 2

Since37is lacking the phenol hydroxy group, it would net&ble to undergo this
mechanism, thus accounting for the absence of thgaed biphenyl2. Compound37
may also be forming ag), but its decay was faster than the laser pulsetlaafore
was not detectable in the scope of this LFP expmartm Due to the ambiguous nature of

the results it was not possible to ascertain folag®e where the ‘gq came from.

2.4 Mechanisms of Reaction

Using the product study data in conjunction withPLEand MIMS results,

mechanisms were proposed for the formation of ;@H CHCI and 3,5-



81

dihydroxybenzoic acid 39) from 4 photochemically. The mechanism for the
demethoxylation was initially proposed to occur sewveral different pathways, while
only one mechanism was proposed to exist for theydlexylation and production of
CHsCl. Due to the high complexity of the LFP specttayas not possible to identify
specific transients involved in the mechanismsstdad, the product studies and pH
effect for the demethoxylation were the main sosirokBdata for elucidating a possible
mechanism. The MIMS studies provide some additiamfarmation on the extent of

formation of CHCI.
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Scheme 2. 3

Since the demethoxylation can be described as #@ogllostitution (methoxy
group exchanged for water), two mechanisms wergqsed that involve typical

photosubstitution intermediates. The first proglseechanism involves the Ortho-Meta
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Effect, explained in Section 1.4.1. For this metsia to occur, the intermediadd is a
diradical with a cation that can allow nucleophiéttack by the water (Scheme 2.3).
After the nucleophilic attack, the methoxy groupsags the leaving group, wi86 as the
final product.

This mechanism agrees well with a demethoxylaticas (opposed to
demethylation) that is pH dependant, where theopiatted acid group (pH < 4) could be
withdrawing enough to destabilize the intermediated thus quench the reaction.
Additionally, this mechanism could be applied toe trother compounds that
demethoxylated37, 36, 33, 34), while the compounds that did not form §&MHH do not

have the requisite donating groups to stabilizaritermediate 38, 39, 35, 15).
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Scheme 2. 4
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Another type of photosubstitution that could beoived is that which utilizes a
different radical cation intermediate (Scheme 2#his mechanism involves the loss of
an electron fromd, producing the radical cation intermedidfea which can allow the
nucleophilic attack by the water onto the ring. c®rthe methoxy group leaves, the
compound returns to a radical cation intermedidteb) In order to reach a neutral
product however, the compound must acquire an releclikely from water (i.e. a
solvated electron {gy)). The fact that the LFP showed agfor the photolysis of in
base was a promising finding for this mechanismt kince 37, which also
demethoxylates, did not produce aq¢ it seemed more likely that this electron was
involved in a different mechanism such as the fdioneof biphenyl42 from 4.

As was the case for the Ortho-Meta Effect mechaniime radical cation
mechanism was also indicative of a demethoxylati®mpposed to demethylation. This
mechanism also agrees well with the observed petefinced in the protonated form
would likely have a destabilized intermediate dodhte withdrawing effect of the acid
moiety. This mechanism also agrees well with thedpct studies in that all of the
compounds that were found to demethoxylate havweaat three donating groups on the
ring (methoxy and hydroxy groups) which would begartant in the stabilization of the
radical cation intermediate. Comparatively, thasenpounds that did not have three
donating groups (such 88 and39) did not exhibit CHOH formation.

However, one confounding piece of evidence to ssigtfeat the radical cation
mechanism was not likely is that phenol radicaliorest very easily form phenoxyl
radicals in water due to the extremely low,aH the hydroxy group in aqueous medtfia.

Based on this, it would be virtually impossible #bto demethoxylate since the radical
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cation would instead turn into a phenoxyl radicial.addition, it is well known that water
is typically not a strong enough nucleophile toowll photosubstitution to occur on
anisole derivatives. Even though this mechanisshkddogical as written in Scheme 2.4,
it was discounted based on the phenoxyl radicalamdole arguments. The fact that
water is not typically a strong enough nucleoplfole this type of compound can also
help to dispute the Ortho-Meta Effect mechanism.
DR\C/D_
H
H OH

0. O
e
hy  (H9) 50
HaCO OCH3 H;CO OCH3
4 OH 46
o%c,o- oi,“c,o-
H3CO OH H3CO OCH3
H OH
36 OH

Scheme 2.5

A third mechanistic possibility that does not inwla photosubstitution is
photoprotonation. This mechanism would involve ghetonation of the aromatic ring,
thus forming a cation that could facilitate the leophilic attack by water and loss of the
methoxy group (Scheme 2.5). In order for this¢ous however, the aromatic ring must

be basic enough to allow the protonation. In galnaromatic carbons are not considered
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very basic, however photochemical reactions inv@gving protonations are known and
were discussed previously in Section 1%.2.

The most important piece of evidence to suggest thais undergoing
photoprotonation was in the formation38 where the hydroxy group #hwas replaced
by a proton from water. This mechanism involvesgiotonation of the carbon in the 4-
position of 4 with a formal loss of OH(Scheme 2.6). The driving force for this
mechanism must be the creation of a lower energgisp, likely as a result of the
decreased sterics when the hydroxy group is replmea proton. The OHwould likely
be consumed quite readily by the electron rithin the ground state). Another
possibility is that the hydroxy group was lost feamation of hydrogen peroxide, but all

attempts to identify hydrogen peroxide in the rescimixture failed.

0““(:"0_
hy [H{DJI
H3CO ocH; 2
3
L : H3CO OCH3 H3CO OCH3
(D)H OH H(D)
4
39
Scheme 2. 6

Like the other proposed mechanisms, the photopatitom mechanism agrees
well with the photolysis of the related compoundsl ahe observed pH effect. The
explanation for the pH effect again lies in thehditawing characteristics of the acid

group of4 when it is in the protonated form. Since the ppodtonation must be a result
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of increased basicity of the aromatic ring, a dmgasubstituent would be required. It
seems that the carboxylate form of the acid is tlog@nough to increase the basicity of
the ring to allow the protonation to occur. In didd, the presence of the one hydroxy
and two methoxy groups ehwould assist in increasing the basicity since thsyalso
donating substituents. The influence of their dioigaability was evidenced by the lack
of reactivity exhibited irB8 and39. These compounds were lacking the full assortment
of donating groups, therefore resulting in insuéit basicity of the ring and no
demethoxylation. The three donating groupstamould also be important in stabilizing
the carbocation that formed after the protonatmoktplace and sinc&8 and 39 were
lacking all three donating groups, the intermediatay not have been effectively
stabilized.

For both ketone83 and esteB4, the yield of CHOH was significantly smaller
than in4. This indicates that even though the withdrawgngups (ketone and ester)
seemed to be limiting the photoprotonation, thems vanother factor that was still
allowing the protonation to occur. It may be thia three donating groups on these
compounds have enough capacity to increase theityasi the ring to allow the reaction
to occur to some extent.

It would seem that any of the aromatic carbonlkgjothan position 1; substituted
with carboxylic acid) could be protonated during thhotolysis of4. If either of the
aromatic carbons substituted with a methoxy grogpewprotonated however, it should
have been possible to isolate starting materigh \&itdeuterated hydroxy group (if the
reaction was performed in,D). In addition, if either of the unsubstitutedgicarbons

were protonated, then it still would have been fisdo form CHOH via the loss of one
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of the methoxy groups, but the protonated ring @artyould have retained a deuterium
in the final product (also for reaction in,@). Because neither of these deuterated
compounds were observed By NMR or ESI-MS, it seems that only the aromatiogri
carbon substituted with the hydroxy group was prated in the photolysis. The most
likely explanation for this is that thgara donation of the carboxylate group aodho
donation of the methoxy groups (in the excitedegtatlowed for the highest basicity on
the 4-position. The other ring carbons may stdvé increased in basicity, but not
enough to allow the protonation to occur, or thestgnated in a small enough yield to be

undetectable.

OQ;\C/O O%C/O
hy (H+)
bl H
H;CO OCH3 HiCO OCHj
OCH; H,0 OCH;
37
O%C/o 0"“‘\“0/0_
-CH30H H
H3CO OCH3 H3CO OCH;
OH HO OCH;
4 Scheme 2. 7

As discussed previously for the photolysis33t instead of demethoxylating at
the 3 or 5 position, the central methoxy groupddson) on37 was lost instead. In order
for this to occur via a photoprotonation mechangsseen fod, the 3 or 5 carbon would

have been protonated. This is in contrast to dite of protonation seen for the
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photolysis of 4 leading to demethoxylation. Therefore, the mecdhanifor the
demethoxylation 087 had to be slightly different than that for the fpotonation o#
(Scheme 2.7). The most plausible explanationH@ observation was that protonation
on one of the outer methoxy groups (carbon 3 awds favoured sterically. This would
have resulted in a lower energy intermediate, i central methoxy acting as the

leaving group.

Oxe® LN Oxe©
hv [HI* _
o R — cb
‘\.\+
H5CO OCH3 H3CO OCHj H5CO 05-CHj
OH H OH H OH
4 46 47
-CH3Cl
0. _O-
0 0O NS¢
C
H-I-
H;CO OH HCO o
s L H OH
HQDJ
Scheme 2. 8

Conveniently, a photoprotonation mechanism cao als used to explain the
formation of CHCI from 4. Some caution must be made in interpreting tréshanism
though, since more work is needed on the MIMS. Igyht is possible to write a
mechanism for the formation of GEI using the radical cation intermedidtg diradical

intermediate44 or methyl radical, these were discounted as lilsggnarios. For this
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reason, the proposed mechanism is that which algavies photoprotonation (Scheme
2.8). This mechanism again involves the protomaté the hydroxy ring carbon (4-
position), producing the carbocatiat6. Through resonance, this cation is partially
situated on the oxygen of one of the methoxy gro{3 which would initiate the
nucleophilic attack by chloride onto the methyl gpoof the methoxy, thus yielding the
CHsCL.

In photochemistry it is often useful to use theigedtcalculations to approximate
the electronic changes on going from the grounelxtted state. Since the excited state
is formally formed when an electron is promotedatdigher energy orbital, HOMO-
LUMO calculations are a good way of illustrating telectron migration between the
ground and excited states (where the HOMO is tigadst occupied molecular orbital
and the LUMO is the lowest unoccupied moleculantath When a compound in the
ground state (i.e. when the HOMO is occupied)riadiiated, an electron is promoted to
the LUMO, which often results in a charge migrationthe molecule. This charge
migration can be viewed using the HOMO-LUMO cal¢wlas and can be useful in
explaining mechanisms that have been proposed Hotophemical reactions. In this
study, HOMO-LUMOs were calculated using AM1 approations in ChemDraw 3D.

Figure 2.25 shows the HOMO-LUMOSs fdrin the protonated and deprotonated
states (of the carboxyl group). This shows that4oin acidic media, there was a
migration of electrons from the benzene ring to #o&dd group upon excitation. In
contrast4 in carboxylate form has most of the electron dgrstuated on the carboxylic
acid group in the HOMO, but upon excitation, alkloit charge was re-positioned around

the benzene ring. This difference in electron atign between protonated and
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deprotonated! nicely explains the observed reactivity differeraea function of pH.
The electron migration to the benzene ring in thMO for 4 deprotonated indicates an
increase in basicity of the ring carbons. Thisreéase in basicity could allow more

efficient protonation and subsequent demethoxytatio

HOMO LUMO

4 Acidic

LY

4 Basic

Figure 2. 25: HOMO-LUMO calculations o#t in acid and base (AM1 approximation).
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A comparison was also made between deprotorbedi33 and34, where4 and
34 exhibit electron migration from the HOMO to LUMOofm either the acid or ester
group to the benzene ring. This electron chage-positioned around the benzene ring
so that none of the charge is left on the acidsteremoiety in the LUMO od and 34,
respectively (Figure 2.25 and 2.26). Comparativdgtone 33 also exhibits re-
positioning of the electron charge to the benzeng in the LUMO, but some of the

charge remains on the ketone moiety.

HOMO LUMO

Figure 2.26: HOMO-LUMO calculations 083 and34 (AM1 approximation).
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If a comparison were made betwe8B8 and 34, it would be tempting to
hypothesize that est&4 would be more reactive than keto8 since the HOMO-
LUMO of 34 is more similar to4 in carboxylate form, however, this was not the case
One possible explanation is that the ester may hdaster photoprotonation step due to
a higher ring basicity compared 38, but the differing characteristics of the estelietho
may destabilize the intermediate, thus leading tademreased vyield of GOH.
Alternatively, the difference in the yield of GBIH production betwee®3 and34 (1.8 %
and 0.5 %, respectively) could be accounted fothayerror associated with the NMR
analysis used to calculate the yields. This coatmant for the apparent higher degree of
reactivity exhibited by keton83 compared to est84. The fact that the ketorig3 does
not exhibit complete charge migration to the beezemg represents a very large
difference in the properties of the ring carbonsveen4 and33 and perhaps different
reactivity sinced produced significantly more GBH than33.

When 37, 38 and 39 (all in carboxylate form) were viewed using the MO-
LUMO calculations, they look almost identical b while of those three, onlg7
undergoes demethoxylation (Figure 2.27). Whiledhdoxylate form of the acid group
was important for the demethoxylation, other fagtioad to be involved as well otherwise
38 and 39 would have formed C¥DH under the conditions of the experiment. In this
case, it is likely that the charge migration frdme tarboxylate group to the benzene ring
was important for the creation of the intermednate the excited state, but once there,
compounds38 and 39 did not have the requisite characteristics to Brabithe
intermediate. As mentioned previously, it seenas three donating groups are necessary

to stabilize the cation intermediate and siB8eand 39 do not have these three groups,
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they were not able to demethoxylate. Of courseseheompounds may in fact
demethoxylate, but reaction conditions necessaryhis to occur may be different. For
instance, o-dimethoxybenzene€7 is known to lose CKOH but only under acidic

conditions®?

HOMO LUMO

Figure 2.27: HOMO-LUMO calculations 087, 38and39 (AM1 approximation).
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The above mentioned calculations were useful mingi insight into the
mechanisms proposed previously. Based on expetin@vidence, it seems that
photoprotonation was the most likely mechanismthe formation of CHOH, CHCI
and the dehydroxylated product. For the photosutish mechanisms, the LUMO
electron density does not agree with the productiss. In particular, the mechanism for
photosubstitution using an Ortho-Meta Effect intediate, utilizes the withdrawing
capabilities of the acid group to create a catiarttee benzene ring at which the water
can attack. For protonatddthe LUMO shows that there was indeed electrorratimn
towards the acid group, but in the carboxylate fafd that was not case; instead the
electron density was positioned around the rinchisTis opposite to what would be

expected if the Ortho-Meta Effect were involved toe demethoxylation ef.

2.5 Summary

Product studies for the photolysis 4fnd related compounds have revealed that
the main photochemical reactions tllatindergoes in water are dehydroxylation and
demethoxylation, the latter to yield @BH. These reactions were proposed to occur via
a photoprotonation of the benzene ring when thetgygis was conducted in basic
conditions. The presence of base allowed the depation of the carboxylic acid group
in 4 which upon radiation, led to an electron migratimm the acid group in the HOMO
to the benzene ring in the LUMO. This migration edéctron density increased the
basicity of the ring, allowing the protonation tocar. In acidic media, electron density

migration into the ring is attenuated, which resdlin an insufficient increase in basicity.
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Besides the presence of the acid group, the thoeatithg groups oA were also found to
be fundamental to the photoprotonation mechanistheEthese donating groups were
responsible for stabilizing the resulting cationtlbey were assisting in increasing the
basicity of the benzene ring to allow protonatiorotcur or both factors were involved.
The formation of CHCI was found to occur at a much lower yield (corepato CHOH
formation) as measured by MIMS, with all three teats rationalized as going through

the same intermediate (Scheme 2.8).

0*‘\‘::’0_ o\\\.bc/o
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H3CO OH
Oy O
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H3CO OH
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36 H3CO OCH3

39
Scheme 2. 9
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Chapter 3
Experimental

3.1 General

'H NMR spectra were recorded on a Bruker AC 300 (8B{) instrument using
D,O, CDCk or DMSO-@ as solvents. Chemical shifts were reported in plemnfield
from referenced TMS at 0 as determined from thédued solvent signal with the
splitting patterns reported as s (singlet), d (det)pt (triplet) or m (multiplet). Mass
spectra were recorded using Electrospray lonisalass Spectrometry on a Micromass
Q-toff micro instrument in the negative ion mode with the samplCHOH. UV-Vis
spectra were measured on a Varian Cary 50 spectiapleter in 1 cm diameter quartz
cells. Transient UV-Vis spectra were obtained gswanosecond LFP excitation by a
Spectra Physics YAG laser (Model GCR-12; 266nmtation). pH measurements were
taken using a Fisher Scientific Accumet Researchl @inannel pH / lon meter. MIMS
data were obtained using a quadrupole ion trap mmEEsstrometer with an external ion
source (Polaris-Q™, Thermo-Electron, San-Jose, @3A) equipped with an in-house

constructed MIMS interface.

3.2 Materials

3.2.1 Common Laboratory Reagents
All solvents (HPLC grade acetonitrile, @BIH, dichloromethane, diethyl ether,
isopropanol) were used as received. Sodium hydeoxsolutions were made by

dissolving pellets in distilled water, while hydtderic acid and sulphuric acid were used
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as received after dilution. Standard solution<egCl 2000 pg/mL in methanol were

supplied in sealed ampules from Fisher Scientifit ased as received.

3.2.2 Synthesis

3-Methoxygallic Acid (36)

Methyl gallate (10.1 g, 55.0 mmol) was dissolved8®0 mL of 5% aq. borax
solution. A solution of dimethyl sulphate (30 ménd NaOH (13.2 g in 50 mL water)
was added dropwise over 3 hours, after which tleekbolsolution was left to stand
overnight. The resulting brown solution was themdified using approximately 25 mL
of 40% HSQ, resulting in a clear brown solution with whiteepipitate. This
suspension was extracted continuously with ethydtate. Charcoal was used to
decolourize the solution before it was concentrateder reduced pressure to leave an
orange-brown oil. The resulting material was adtted00 mL of 20% NaOH (aq) and
refluxed for 1 hour. The resulting brown mixtureasthen acidified with HCI and
continuously extracted with ether to leave a retutsm. The crude product was
recrystallised three times in hot water (once witlarcoal) to give 4.70 g of tan brown
crystals. These crude crystals were then rechggdlin hot benzene and methanol (1:1)
to give 1.04 g of white crystal (10% yield}4 NMR (300 MHz, DMSO-g) 3 3.78 ppm
(s, 3 H, OCH), 8 7.02 ppm (d, 1 H, 2-position Hy, 7.07 ppm (d, 1 H, 3-position H),
09.04 and 9.28 ppm (s, 1 H each, O8i}2.42 ppm (s, 1 H, COOH), ESI-MS m/z 183

(negative ion mode).



98

COOCH; COOCH,

5 % aq. borax
—_—

HO OH HO (0]

OH (0] /
H““‘"B‘—
. COOCH; COOH
1]
0-S-0O 1. acid
4 (':') A 2. base
base .co 0 H;CO OH
/ OH
""-‘_.___‘_B—

| 36

Methyl Syringate (34)

Compound34 was prepared using a standard Fischer Esterifitadfosyringic
acid @) (0.41 g, 2 mmol) with a catalytic amount 030, in 40 mL methanol. The
resulting white solution was washed out of the mbbnttom flask with 35 mL ether and
25 mL HO. After draining off the kD layer, the ether layer was washed with 4 x 25 mL
5 % NaHCQ and 25 mL HO. The ether layer was dried with Mg§®@ith the solvent
evaporated under reduced pressure. The reacsatted in 0.40 g of white crystal (91%
yield); *"H NMR (300 MHz, CDCJ) 5 3.87 ppm (s, 3 H, ester GH3 3.91 ppm (s, 6 H,

OCHg), 6 7.29 ppm (s, 2 H, ArH).
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3.3 Product Studies

All NMR scale and preparative scale photolyses wengied out in a Rayonet
RPR 100 photochemical reactor equipped with 16430@0lamps. The solutions were
purged with argon for inert atmosphere experimentair using a stainless steel needle
for approximately 10 minutes prior to photolysi\ll photolysis experiments ranged
from 30 minutes to 10 hours depending on the ewpart. For all systems studied, dark
reactions were monitored by measuring fftt NMR of the compounds under the
specified conditions using similar gas purging &mperature in the absence of light to

ensure that no reactions were taking place. Nk i@actions were observed.

NMR Scale Photolysis of Syringic Acid (4) and Relad Compounds

For NMR scale photolysis, the solutions were comdiin a closed quartz tube (~
25 mL) which was cooled to approximately 45 using an external water bath. There
was no workup necessary for the NMR scale photlgsnce the experiment was
conducted in deuterated solvent. The solution svagly transferred to an NMR tube
using a Pasteur pipette (for @bH measurement) or a gas tight syringe when at&empt
were made to measure .

For the photolysis of in which the yield of CHOH was measured, 10 mg 4f
was dissolved (using a sonicator) in approximagelL D,O and 1 mL CRCN so that
the concentration was $@o 10* M. In some cases, the amount of LN was adjusted
if there were difficulties getting into solution. The pD was then adjusted as necgssa

using 0.1IM NaOD or 0.1IM D,SO, and was measured using a Fisher Scientific Accumet
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Research Dual Channel pH / lon meter. If the plgeis required an added ion {Cll or
CN), this was added as NaCl, Nal or KCN, respectivi@yachieve 0.5 in the reaction
mixture. *H NMR of the reaction mixture (without workup) shedvthe formation of
CH3OH for pH < 4 as measured by the signad 8t36 ppm (this signal varied slightly if
the ratio of DO to CD,CN differed). This was confirmed by spiking in h€;0OH and
observing the overlapping of the signals. Confiioraof the CHOH formation was also
made when the photolysis 4fwas measured using MIMS. Conversion to product was
measured by the amount of @BH produced byH NMR (integration of the signal &
3.36 ppm) and by the decay of the methoxy signalel @t & 3.80 ppm. During
irradiation, solutions at pH < 4 had no colour dmnwhile those at higher pH had a
brown colour after photolysis that became darkeéha$H increased.

Compounddl5, 33, 34, 35, 36, 38 and39 were photolysed as described above for
the NMR scale photolysis except that differentasidf D,O to CD;CN were sometimes
required to adequately dissolve the compound, beatfinal concentration remained

constant.

Preparative Scale Photolysis of Syringic Acid (4)

The preparative scale photolyses were conducted~ri50 mL open quartz tube
that was cooled with an internal cold finger to mpgimately 15°C. The solutions were
purged with argon for inert atmosphere experimentair using a stainless steel needle
for approximately 10 minutes prior to photolysigidor the duration of the photolysis
experiment using the same stainless steel neetite general workup of the reaction

mixture involved acidification using W HCI if the pH was more than 7 followed by



101

extraction using 4 x 50 mL CRlI,, drying of the organic layer using MgaQiltering to

remove the drying agent and evaporation of theesalunder reduced pressure.

For the photolysis of in which the photoproducts were isolated, 20 mg oias
dissolved in 100 mL of kD, with the mixture adjusted to the appropriateysthg 1M
NaOH or 1M H,SOs.. As for the NMR scale photolysis explained aboWethe
photolysis required an added ion, NaCl, Nal or K@&s added to achieve ON.
During irradiation, the solution turned to a redfoge colour for neutral or basic pH and
acquired a light yellow colour for photolysis inidic conditions. After work-up
(described above), the dried photomixture (typycall white solid) was dissolved in
DMSO-d; for *H NMR analysis, or dissolved in GBH for analysis by ESI-MS. Fer
photolysed in neutral or basic conditioB§,was identified as a photoprodudtf NMR
(300 MHz, DMSO-d) 6 3.784 ppm (s, 3 H, OGHand ESI-MS m/z 183 (negative ion
mode) (Note that the aromatic protons were noblassince they were overlapping with
the signals from#). Compound9 was also identified as a photoproduet; NMR (300
MHz, DMSO-&;) 6 3.777 ppm (s, 3 H, OG){ & 6.74 ppm (t, 1 H, 4-position HY, 7.05
ppm (d, 2 H, 2,5-position H) and ESI-MS m/z 181gatave ion mode). Compourit?
was identified byH NMR (300 MHz, DMSO-g)  7.33 ppm (s, 2 H, Ar H)$ 7.89 ppm

(s, 1 H, Ar H) and ESI-MS m/z 349 (negative ion mpd



Photolysis of 3,4,5-trimethoxybenzoic acid (37)

A solution of37 was made by dissolving 9.2 mg in 10 mgand 2 mL CCN
(using a sonicator). The pD was then adjustedCio/pusing 0.1IM NaOD or 0.1M
D,SO, and was measured using a Fisher Scientific Acciresearch Dual Channel pH /
lon meter. The solution was photolysed for 3 hatr800 nm (16 lamps) after purging
with Ar for 10 minutes using a stainless steel teedH NMR of the reaction mixture
(without workup) showed the formation of @bH as measured by the signaldas.47
ppm. This was confirmed by spiking in neat{OH and observing the overlapping of

the signals. The solution was clear and coloulbe$sre and after photolysis.

Compound37 was also photolysed using a preparative scale pisigoto
determine the identity of the other photoprodudssolution was made by dissolving 29
mg of 37 in 100 mL HO, adjusted to pH 8 using 1 M NaOH. The solutioasw
photolysed 3 hours under 300 nm irradiation (16pganwith an Ar purge for 10 minutes
before photolysis and throughout the photolysisetinDuring irradiation, the solution
turned to a light yellow colour. After photolystee entire photomixure was made acidic
with H,SOy, extracted with 4 x 50 mL GI&,, dried over MgSQ filtered and evaporated
under vacuum. The dried photomixture (a whiteddoias then dissolved in DMSQ-d
for 'H NMR analysis. Compound was identified as a photoproduc NMR (300
MHz, DMSO-d) 6 3.80 ppm (s, 3 H, OCHland & 7.20 ppm (s, 2 H, Ar H). Compound

39 was identified byH NMR (300 MHz, DMSO-g) & 3.73 ppm (s, 3 H, OCHi & 6.7

ppm (t, 1 H, 4-position H) andl 7.05 ppm (d, 2 H, 2,5-position H).
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3.3.1 Product Quantum Yield Measurements

Product quantum yields for the formation of £LHH from the photolysis o4 and
37 were determined using relative methods where iiz#hoxybenzene2{) was used
as a secondary actinometric standard. This ingdob@mparison of the G®H vyields
from the photolysis 027 compared to those fdrand37 where the quantum yield f&7
was known ¢, = 0.016 at pD 1.3, 254nm). Solutions 21, 4 and 37 were made by
dissolving a known amount of compound into 1;DBCD:CN so that the concentrations
were 5.1 x 16 M. The solution 027 was adjusted to pD 1.3 using®, and the pD of
4 and 37 adjusted to 8 with NaOD. The solutions were Argea prior to photolysis for
10 minutes and then photolysed at 254 nm (14 largps) hour in a closed quartz tube
that was cooled with an external water bath to €Q.5 After photolysis, 0.75 mL of the
solution was syringed from the reaction mixtureatoNMR tube with luL of acetone
spiked in as an internal standard. tANMR of this mixture was immediately taken to
measure the amount of @BH relative to the internal standard. All threenpmunds
were photolysed on the same day using the sames|aRgyonet and quartz tube. The

guantum vyields fod and37 were determined by using Equation 4.1

P = Pp (A/ B) (4.1)

where®, is the relative quantum vyield of Apg is the known quantum vyield of B and
A/B is the relative conversion to GBH as measured by tHel NMR integrations of the
CH3OH signals. The resulting quantum vyields are tsults of three trials and are

tabulated in Table 2.2.
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3.3.2 UV-Vis Studies

Absorption spectra fod were measured using UV-Vis spectrometry with the
concentration oft at ~10° M in H,O at pH 7. This concentration allowed for the main
absorption at 210 nm to lie at ~2.5, with the sera#ibsorptions in the 240 — 300 nm
region to lie at ~1.0. The absorption spectra wesasured in 1 chquartz cuvettes with
3 mL of the desired solution added to the cuvetiagia syringe. For those spectra that
were obtained in the absence af Me solution was purged with,for 10 minutes prior
to photolysis. After the purging was complete, siidution was photolysed at 300 nm
(16 lamps) for various times, after which the apfion spectra were recorded. For the
photolysis in aerated solution, the solution wasgpd with air for 10 minutes prior to
photolysis. No significant changes to the absomptspectra were found for the
photolysis of4 with N> or O,. The major difference was that decay of the giismrs

occurred faster with £present.

3.3.3 Laser Flash Photolysis

All LFP studies were performed using a Spectra iBBysAG laser (Model GCR-
12, 266 nm excitation). The monitoring beam witiza pulsed 150 W lamp (Oriel
housing Model 66057 and PTI power supply LPS-2aayled at 90to the laser beam.
A monochromator (CVI Digikrom 240) and a photonpligr tube (PMT) (Hamamatsu
R446, 5 dynodes) were used to measure the inteosttye light at each wavelength of
analysis. A baseline compensation unit (StanfaedelRrch Systems) was used to obtain
the signal from the PMT in order to hold the vabfghe background intensity from the

Xe lamp after the lamp pulse and before the lassa f A digital oscilloscope (Tektronix
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TDS 520) recorded the signal resulting from thedamilse. This signal was then sent to
a Macintosh lici computer with software (written liabview 5.01) used to analyse the
data. This software ensured that thev®lues were kept between -0.15 and 0.25 V by
adjusting the PMT voltage and the monochromatomstith. The slope of the baseline
was corrected for transient signals with time sc#tat were greater theruS/div.

Due to the low quantum yield for the photolysis4adnd37, a static cell (1 cf
guartz) was used for the LFP measurements. Theedesolutions were made so that the
absorption of the compound 6r 37) was between 0.4 and 0.8 at 266 nm (~3 mL of
solution was used). The typical concentration wsas 10' M with the solution made up
in H,O with the pH adjusted using either (M NaOH or 0.1M H,SO.. Prior to
photolysis, the solution was purged with either & or N,O for 30 minutes.

The absorption spectra of the transients were decbby measuring the average
AA at intervals of 10 nm for the desired region,haibur time windows measured for
each wavelength. This resulted in a time resolfesbrption spectrum for the desired
region. Transient decays were recorded at spdctie scales and wavelengths through
the collection of 500 data points. A Labview piagr written for the University of

Victoria (FitVic) was used to fit the decays.

3.3.4 MIMS

All MIMS experiments were conducted in the AppliEdvironmental Research
Laboratories at Malaspina University-College. Tla¢adwas obtained using a quadrupole
ion trap mass spectrometer with an external iommcgo(Polaris-Q™, Thermo-Electron,

San-Jose, CA, USA) equipped with an in-house cootd MIMS interface. Reactions
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were monitored using full scan and selected ionitadng (SIM) modes. The analytical
signals from MS experiments are presented asdat 90 — 250 mass units; SIM ¢H
m/z =50, 52; SIM CEDH m/z = 32 and SIM COm/z = 44.

The MIMS interface consists of a hollow fibore PDM@mbrane (10.0cm, 0.94mm
OD, 0.51mm ID, 0.22mm thickness, Silagtibrand, Dow Corning, Midland, MI, USA)
mounted in a flow through casing constructed 05032wagelok™ (Supelco, Bellefonte,
PA, USA) connectors and stainless steel tubinglov flow of He sweep gas (UHP
grade, 99.999% pure, 2.7 mL/min) is passed thrdahghnside of the HFM. The exit He
flow is subsequently directed through a metal jepasator (model MJSC/HP5890,

15mL/min jets, SGE, Austin, TX, USA) and then t@ thhass spectrometer (200°C ion

source, base pressure 1.0 X'51(lforr) via a heated transfer line (150°C). The jet

separator was backed (5.5 x'zl(]’orr) using a mechanical roughing pump (Pascal

2005SD, Alcatel, Paris, France) equipped with atin@ molecular sieve trap (4 inch
diameter, 13 A sieve pore size, KJ Lesker Inc,sBittgh, PA, USAJ® The MIMS
interface was mounted entirely inside a programmajals chromatograph oven (Trace
GC™  Thermo-Electron, San-Jose, CA, USA). This &5 used to control overall
MIMS temperature as well as regulation of the hmalgweep gas flow.

A closed ~ 800 mL quartz photolysis vessel equippéld a cold finger tube and
two side arm inlets was positioned inside of a ReydRPR 100 photochemical reactor
for all MIMS photolysis experiments. All samplesdameaction mixtures were re-
circulated in a closed loop over the MIMS interfaheough 0.25 in. 0.d. Teflon tubing
using a peristaltic pump (model 77200-62 Easy-LdadMasterflex; Cole-Parmer,

Concord, ON, Canada, with LS 25 Viton pump tubiagp flow rate of 375 mL/min to



facilitate sample mixing and establish turbuleatficonditions at the membrane surface.
Sonication using a Bransonic 220 ultrasonic cleaveess used for all samples to assist in
dissolution. Solutions af were made by dissolving 40 mg in 400 mL of deiodinater
with 0.5M CI" and adjusted to the desired pH by using either tll@® HCI. Prior to
mixing the solutions, the water was purged withdesired gas (Nor O,) for 1.5 hours.
For experiments in the absence of e headspace of the photolysis tube (~ 400 mL
headspace for 400 mL solution) and tubing leadinthé MIMS was flushed with No
ensure that no residual air remained. A cold firgseerted into the photolysis tube kept
the temperature of the solution at ZD using a thermostat controlled water bath (Forma
Scientific 2095 Bath and Circulator; Powers Prodésstrols 350 Process Controller),
re-circulated using a peristaltic pump (describedva). After attaching the tubing, the
peristaltic pump and MIMS were set to establish aseline for the analytes being
measured. Once the signal had stabilized for anmim of 10 minutes, the UV lamps

for the photolysis chamber were turned on (300 I8rlamps).
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