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R ABSTRACT
This thesi; describes a’study of the photbso]vo]ysis of -
N;benzoy1—5-bromo-7¢nitroihdoline.A fhe inveghigatjon was instigated
because N-acy]-5—broma-7-nifrqindb]ines have been conéidered as potential
photoprotecting groups for the phodeithographic formation of charge- .
mosaic. membranes. ngever, no kjnetic dgta, and only scant mechanistic

information, has been reported for the photofragmentation process.

Both absorption and emission spectra of N-benzoyl-5-bromo-7-

< \

nitroindoline were obtained. _Based on the é1ectronic_spectra, it would
seem that the two lowest energy singlet excited states-are nearTy
isoenergetic and their relative energies are a function of the so1vent
medium., .

The'diétribution of photoprcducts obtaineé %rom ifradiation of .
N-Benzoy]-Sfpromo-7-ﬁitroindo1ine in variouslsolvent systems was
investigatéd; It .was shown that the photosolvolysis reaction is a
function of the solvent propertiés. Thus 5-bromo-7-nitroindoline and
benzoic acid were thé only photoproducts formed in acetonitrile. 1In
acefonitri]e-water, 5-bromo-7-nitrosoindole as well as 5abromo-7-
nitroindoline and benzoic acid were identified. ‘A correlation betwben
éo]vent potarity, E7(30), -and 5—broho-7-nitrosoindo1e formgiion was

observed.

The mechanism of the fragmentation mode was examined. The

iv
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radical in the fragmentation process.

- .
presence of a free radica]Iihtermediaté.is suggested fcom the
“ . ’ S - ' >
photoproduct distribution in tetrahydrofuran (THF). Observation of an

electron spin-resonance (e.s.r.) spectrum during irradiation of

Nébenzoyl~5-bromo—7§nitroindoléne in an e.s.r. spectrometer cavity,
189 incorporation into benzoic ocid, and a linear free energy,  —_
relationship wi%h sigma oot (o°) corroborated thé_intermeoiacy of a free
1

Quantum yields of N-benzoy]-5—bromo-7-nit}oindo1ine disappearance
in different solvents and quonchers were measured in order to eotab1ish
éhe reactive excited state and the effect of the medium on the efficiency
of the transformation procéssl A solvent dependency on both the excited
state lifetime and photosolvolysis reaction efficiency was noted. The
results were indicative of a change in mechanism with a var;ation in ‘

\

solvent polarity and/or hydrogen bonding ability.
A mechanism compatible with experimentalvresu]ts and applicable
= & i
to previously reported M-acyl-2-nitroaniline photofragmentations is

proposed.



"THERE SHOULD BE NO COMBINATION-OF

EVENTS FOR WHICH THE WIT OF MAN

CANNOT CONCEIVE AN EXPLANATION."
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'SHERLOCK HOLMES IN
ARTHUR CONAN DOYLE'S
"THE VALLEY OF FEAR"

. {Part I, Chapter 6).
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CHAPTER I

"INTRODUCTION




N . ' .
' A. CHARGE-MOSAIC MEMBRANE ‘

. . - .
In 1983 a novel research project was initiated that combined the
""idea of controlied photoéhemical domain formation with membrane

technology in order to develop a charge-mosaic membrane 1. 7
" Essentially, a charge-mosaic membrane consists of discrete

cation and anion permeable microdomains arranged in a two dimensional\; K
‘ _

array across the membrane. Due to the presence of these exchange sites

£

it is possible to initiate a'forceg transmembrane flow of‘idhfc material.
Thus,.cationsvwi1; be tranéporteg'through the negative and anions through
the positive segments resulting in a permeéte enriched.in sa1£ compared
to the feed. The flow is accompanied by a current circulating between

- the oppositely charged domains (Fig. 1). This type of membraﬁe can be
used for piezodialysis; a processes in which salt solutions are
concentrated under pressure. ' : | | 9

, - CATION EXCHANGE

ANION EXCHANGE

CECIIRG

<::::> <::::> (::::> "~ NEUTRAL ZONE

—
|
(==
—

Figure 1: Schematics of(a charge-mosaic membrane
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The idea of interspersed domains of anion- and cation- se]ettive
mater1als for charged membranes was ;1rst advanced by Sollner in
,1932 2 Several approaches to fabricating a charge- mosa1c membrane
have since been pub11sheg 3,4, This pioneering work has led to the.
formation of prototype tembranes which have been used to confirm the
pofentia] of piézodia]ys{s.' However; they also clearly revealed the
difficulty of manufacturing a usable charge- mosa1c membrane, and to this
~ date no commercially viable membrane exists. \ |

The approach to the formation of a charge-mosefc membrane taken
by the McMaster membrane group involved a phofochemical me:zod. 'Tmis
approach was modeled on the micro??thography used in photdpesist
technology. What was needéed was a neufra1, photoactive polymer based
membrane which would be converted on ™radiation with long wavelength
light to either a catjon or an anion.exchange membrane. By using
suitable ma&sks and a double irradiation technique; such a photoactive -
membrane could be converted to a cHarge-mosaic membrane. |

The key to success in this proaect is finding a suitable
photochem1ca1ly actlve group which cou]d be incorporated inte a
po]ymer1c membrane. A variety of photoprotecting groups have been
- described, and many are used f0utine1y in synthetic chemistry. A"
preTiminary examination of the literature in this area showed that .
Anitro substituted aromatic systems offered considerable promise, and the
chemistry of these systems is ‘reviewed in the following sections of this

thesis.



_B. _NITROAROMATIC PHOTOPROTECTING GROUPS - -

\ (1) Introduction

A developing field in which the principles of organic photo-
chemical reactions are being advantgggpus]y exploited is in the use of
photochemiéa]]y removable ﬁrotectingfgrouﬁs: IdeaT]y, a light sensftive
pr&tecting group is stable to a variety of chemical treatmeﬁts, and
should be removed quant1tat1vely w1th unit efficiency. - The wave]engtﬁ' f
irradiating 11ght shou]d be such that it is absorbed only by the
proffct1ng group.

Aromatic nitro<derivatives have been successfully utilized as
photosensitive protecting groups in biochemical syntheses. Forjdxample;
functional groups 6n peptides, g]ycosidéQe and nucleotides have beeh~
'protected in this way in order to bring about specific transforméiions
elsewhere in the mo%ecu1e. Two classes of 1ightAsensitive nitroaromatic
protecting groups appear in the Titerature. In the first, use is made of
the different reactivity of the exc1ted aromatic nitro compounds reldtive

"to their ground state. The second, and probably the largest c]ass,

utilizes an internal redox reaction of substituted ortho-nitro%romatics.

(i1) Differential Reactivity Based System - Nucleophilic Photosubstitution

Havinga et al 5 in 1956 were the first to report the photo-
chemical solvolysis of a nitroaromatic (1). m-Nitrophenyl ph05ph§}F, 1,
is stable in aqueous so]utioné over a wide pH range in the absence of

. light. However, upon jrradiation with 1ight that is absorbed by the

L~



. 4
aromatic system, 1 undergoes smooth hydrolysis to the corresponding

nitrophepol, 2, and phosphate, 3.

" |
0\“/0— . _DH
i —nv o+ wPO
,
b He0 | )
: (1).
NGOz NO,
\
1 2. 3

0f the three possible isomer%c nitrephenyl esters, nucleophilic
subst1tut1on occurs most eff1c1eﬂ{1y with the m-nitrophenyl derivative.
It was concluded that the meta- n1tropheno1ate anion is a better ‘leaving
group in the excited than ground state. 1In ground state chemistry on the
other hand the para-isomer is a better departing anion

Amino funct1ons in amino ac1ds have been protected with the
photo]ab11e 3- n1tropheny]oxycarbony1 group 6 These derivatives

\\_ regenerate the free amino ac1ds upon irradiation in aqueous tetrahydro-

furan (2).
A OH B R
] R _
“SCNHCHCOH h R 1
Il Y + C0p + HaNCHCOH
0 THF /Hz0
g ,

No; I NO2 (2)
Photolysis of 2,4-dinitrobenzenesul fenyl derivatives of
.carboxylic acids in benzene solutions liberates carboxylic acids and

simulataneously forms 2,4-dinitrodiphenylsulfide in near qUantitative
- : . \



yields 7, \From_the'eVideﬁce presentéd, the aromatic sulfide is formed

by electrophilic attack on the solvent, benzene, by the excited state

2,4-dinitrobenzenesulfenium cation 4 (3).

SOAc
NGz

These nucleophilic photosubstitutions are useful
. they are not easily applicable to the generation of both cationic and

~anionic sites in a polymer. “As such they will not be Consfdefed

further.
‘ )

(i)

Intramolecular Redox Reactions

)

The use of esters of o-nitrobenzylalcohol as photoprotecting

NGz

~ AcOH

+

groups was first reported by Bar]frOp et al 8 in 1965. When they

S

(3)

reactions, but

irradiated o-nitrobenzylbenzoate only 17% of benzoic acid was observed

since the primary photoproduct, o-nitrosobenzaldehyde was further

transformed into an azobenzene derivgtivé which acted as an efficient _

internal light filter. However, carboxylic acids were recovered in

75-95% yield with a-;ybstituted o;nitrobénzy1esters 9. Quantitativé

yields of the free acid were obtained when -2,2'-dinitrodiphenylmethanol

was used as a blocking group for the carboxylic function 10 (4).

s

jol



° ] CC14
L or
.. N 0 R gy No
=0 /
R=Hor NO2

=0

o

=0

(@]

N

(4)

Amines can be regenerated n aood yields from 2-nitrodiphenyl-

methy]oxycarbony]*defivatives 9,

Even the most light sensitive amino

acid, tryptophan, could be successfully deblocked when protected as a

. . . . . 4
urethane. Similarly, 6-nitroveratryls have been linked to amino acids as

urethanes 10 (5,

?
~ |
R*
R? hv
H | E—
|__GCONHCHCOOH
C
]
[N Noz R'
5 Rl R?
a /;7‘ - H H
b H OCH3
c C6H5 H
d 2-N02CgHg H

|
HeNCHCOOH

(5)



Removal of the urethane blocking group is virtually quantitative.

However, the amino acid yield for reactant 5a and 5b (equation 5) is

quantitative only if acid or aldehyde reagents are added to scéyez?el
o-nitrosobenzaldehyde, and thus prevent further reactions of the ldehyde

with the amino acids. In order to avoid this aldehyde reaction the

- secondary carbinols, (5c and 5d), wére examined. With such alcohols a

ketone is formed which is less reactive toward amines.

Amit et al 1l ysed the urethanes of o-nitrobenzyl and
6-nitroveratryl moieties as protettihg groups for the amino functions in
the syniﬁesis of -amino sugar§. For the synthetic procedures in.
carbohydrate‘chemi§try, the hydroxyl groups were'protected as their
o-niérobehzyi, or 6-nitroveratryl ethers 12,13, In mononucleotide

4 -
synthesis 14 the o-nitrobenzyl moiety functions as a blocking group

'for'3'—o-acetylthymidine-s;phosphate.§ (6). éngels 15 proposed that

the biologically active guanosine 3',5'-phosphate (aGMP) should be
membrane-permeable as its stable o-nitrobenzylester, and generate aGMP in

the cell uzon irradiation with harmless near UV-1ight.‘

(6)

An o-nitrobenzyl-terminated styrene polymer has been prepared and



<>

used for sd]id-ﬁhase synthesis of tert:buty]oxycarbbnyl—protected peptide
acids 16, The peptide, 7, is removed from the resin by photof}sié.
Similarly, a C-terminal peptide amide was synthesized,.and agaiﬁ’removed

by photolysis 17 (Scheme 1). 4 B

0
I
POLYMEH———<<:::>>——C&§HC -CHBr
_ (NHp)

NO:
soljd - phase
peptide synthesis

POLYMEROCMH «%CHEOCU peptide DV peptide
{NH) '

7 , P
- s

Scheme 1

The viability of this type of photoprotecting group has been

elegantly demonstrated in the syntﬁésis of biologically active

Luteinizing hormone-releasing hormone. " In 1iquid-phase pept1de synthes1s

an o-nitrobenzyl moiety can bek&OIHEd onto a po1yethy1ene glycol

J

N

support 18

In summary, the o-nitrobenzyl and 6—nitroveratry1 protecting
groups can be linked'to various functionalitie They withstand. basic
and acidic treatment, but cleave photo]yf?égqu‘to regenerate the initial

entity (7). . q ._/



10

CHe-- - OCONHR  -~--- > RNHp
B S — > oM
- 0COR  ----- > RCOH (7
| - - NHCOR  -----> RCONHp - '
Me0 NG, :
;@( - Oi’(OR)g —————— > (RO)QI;OH — \
Me0 Che- O | 0

A]dehydes and ketones can be protected as acetéls of o-nitro-
phenylethylene glycol 19, These acetaTs are cleaved smoothly with
1ight of wavelength Tonger than 320 nm. However, the stability of the

J ) . : .
-acetal linkage in different reaction media has not been demonstrated

(8).

o COCHZOH" ,

NGz O—fg | N%

L

it and co;worke}s 20 first demonstrated the ability of.
N-acyl-2-nitroanilides, 8, to undergo photocleavage to furnish the

corresponding free acids (9).

<



hy 5 B3COOH + Other Products

Rl = alkyl, benzoyl or p@gny] .
RZ = H or OMe
R3 = Me, Ph, or 2-C101‘7

In the course of their study théy quantitat{vely evaluated
N—acy]-8-nitrotetrahydroquino1ines.21, g,‘and N;acyl-s-bromo-7—
nitroindolines 22, 10, as potential photosensitive protecting groups

for é:}boxy1ic acids. Excellent yields of the carboxylic acid were

recorded in nearly all cases.

X
N
J
NGz $=0
R
= 10
R = Ph or 3,4-Cl1,CgH3 R = alkyl or aryl
X = Br or NO»

all the N-acyl-2-nitroanilides investigated thus far only

11

(9)
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N-acy]-5-substituted-7-hitr6iﬁdblineS, 10, are photoso1v01yzéd:rather'
than photoreduced. In the presence of nuclebphi]es‘5-sﬁb$tituted-7-
nitroindolines, 11, and the cofresponding cérboxy]ic acid'derivaties, 12,
are formed in excellent yields (10). It is jnteresting to note that -
N-(3'-nitrobenzby])-5—nitroindo]1ne, 195, is photo$o1v01yzedAinithe'

presence of water, but photoreduced in alcohols.

NGO H
u 12
/’\%
10 a, R =Ph . ;X =Br Y = OH
b, R = p-MeOCgHg ; X = Br g Y = OMe
C, R=m-NOpCgHqg ; X = Br Y = OEt

d, R = 3,4-Cl,CeH3 5 X = Br

e, R = 2-naphthyl ; X = Br
f, R = 2-furyl ; X = Br
g, R =mn-C7Hy5 ; X = Br
h, R = Ph ; X = NOp

It would seem that the nitroindoline photoprotecting groups
described by Amit have the potential for que]opment in terms of the

Charge-mosaic uses described here.

\
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_ It should be noted, howéver:’that in all of Amit's studies
attention has been directed oniy at fhe fate of tﬁe.acjlnynit, and little
attémpt has been made to”idenfify the other reaction products. -
: Ih order to understand the detailed steps inwolved in the
photochemistry of a mo]ecu]e such as 10, jt is helpful to review what is
known about -the photochem1stry of n1troaromat1cs in general.

C. PHOTOCHEMISTRY OF NITROAROHATICS

(1) Introduction

The light lnduced reactions of aromatic nitro compounds attracted
chemist's attention ear11er than most other photoreact1ons/23
However, despite these early results detailed synthet1c and mechanfstic
studies have been 6n1y sporadic until fairly recently. The photo-
chemistry of aromatic nitro compounds must still be regarded as a
developing field, and in no way can our current understanding match the
progress made in understanding carbonyl compound photochemistry.

In contrast to cérbony] photochemistry the trénsformations
occurfing after excitation of nitro compounds are intrinsically more
complex in nature. The primary {aétors that contribute to the complexity
of nitroaromatic photochemistry are weak excited state luminescence, ‘the
- extremely short lifetimes of the excited state, and the plethora of
secondary reactions both in excited and resulting ground states.

. Although, electronically excited nitro compounds may undergo
photoreduction 24’25’26, additibn to T bond® 27,28, nhc]eophi]ic

substitution at the aromatic nucleus 29,30 and rearrangements to
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nitrfies 31,“pn1y the aspect.of-photqreduction will be reviewed in
detail here.
Depending on the reaction conditions, photochemical reduction of

_aromatic nitro compounds in hydrogen-donating solvents affords anilines

N !nJ.

’and’hydroxy1émines with minor amoun{% of azo- and_azoxybenzenes.
Nitrpbenzenez for example, was reporsgd 32 to be photolytically
" reduced in isopropyl alcohol to give phenylhydroxylamine with a quantum
yield of 1.14x10‘2. Subsequent secondary dark reactions éccounted
for the formation of azoxybenzene. While nitroso intermediates have been
invoked to account for the azoxy-coupling reactions, their presence in
‘the photolysis has not been pfoven. | |
Ortho and para monosubstituted nitrobenienes with electron-
withdrawing groups g}e photoreduced in 2-propanol to the corresponding
anilines with quantum yields of disappearance of 0.12 - 0.45 (11). For
systems with electron-donating substituents disappearance quantum yields
of 0.02 - 0.03 were found, and pheny]hyd%oxy]amines were isolated (12).
A linear correlation between the logarithms of the relative quan}um
yields of the substituted nitrobenzenes and nitrobenzene with the Hammett

d constarft has been shown 33,

-

Hv )
—_—
313nm
(CHﬂ;CHOH,

NO;

R = COOH, CN
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hv
343nm

(CH3) 2CHOH (12)

NGz ' NHOH , .

R = H, CH3, OCH3

(i) Excited States Iﬁvo]ved in Photoreduction

The triplet excited state is generally regarded as the reactive
species in the photochemical reduction.of aromaticAhitrocompounds.
Q'Evidence for this conclusion is based on-flash photolysis data 34,
sensitization or quenching studies 35,36 and kinetic
measurements 33,37, For instance, the lack of photochemical
reduction of nitrobenzene in the presence of perfluoronaphthalene
(ET =56 kca]/mo]g), a mé]ecu]e with a re]atively low trip]ét energy,
has been interpreted as interception of trip]et»nitgobenzene before H
atom transfer can occur 36._ Direct evidence for the involvement of a
triplet reactive state in hydrogen abstraction was presented by
Capellos 34 in the flash photoiysis study of 2-nitronaphthalene.

Regéfd]ess of whether the lowest energy‘FXCited triplet state
configuration is n;ﬂ * or T ,W*, a relatively efficient ;ing1et-trip1et
transition (¢ = 0.6 - 0.8) is common for nitroaromatics 37;38. On
the other hand, the quantum yields for photoreduction of nff;;aromatics
are generally veryllow. These facts, in conjunction with the low
phosphorescence d&fficiencies, suggesf fast radiationless decay as the

prime energy dissipation mode. Energy transfer ana]ysis'corroborated a



sﬁort lifetime, ( T = 10-9 s) for the lowest excitéd trip}e; of
: nftrobenzene. Even at high concentrations (2.4 mo]es/]itef):of
Eii-pfpery1ene not all nitrobgnzene triplets can be quenched 37,

Frolov 39, by measuring the one-electron reduction potentials
(-kl/g) of varioug sﬁbstituted nitroaromatics, and p1dtting these
against their triplet energies, established the existence-of‘three
re1ationships; These, he claimed, cqrfespond to various reactivities of
the nitro\compounds in the excited state. By analogy to carbonyl
chemistry, compounds with lowest n, ™ (or m , T with considerable n, w*
contribution) triplet states possess well defined electrophilic
character, and undergo predominantly hydrogen or QIéctroﬁ abstraction.
Those compounds with a lowest ™ , T* state, such as 1-nitronaphtﬁa1ene,'
have a dimini§hed\capacfty to abstrqgt hydrogen, and undergo bhoto-
~ chemiéa] substitution and reducttpn reactions. Finally, nitroaromatics
with Towest chargé-transfer triplet sfates do not correlate systemati- ‘
cally, and are photochemically stable.

The relative energies-.and lifetimes 6f éxcited states in .
substifuted'nitroaromatics are stronglyvdependent on the solvent system.
For example, the nanosecond flash photolysis of 2-nitronaphthalene in
nonpolar and polar solvents showed é triplet excited state aBsorption;
However, -the absorption maximum and lifetime were dependent on solvent
,'po1afity 3%, The triplet excited state of 2-nitronaphthalene behaves
l1ike an n,™ * state in nonpolar solvents, while in polar media a intra-
molecular charge-transfer character is dominant 40. Goerner and

Schulte-Frohlinde 41 showed that tempgrature and solvent polarity

havé a marked effect on the triplet lifetime of 4-nitrostilbenes. A plot
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- Ny
» ' N
of log T as a function .of the empirical so]venf*ﬁgjarity parameter
ET 42 chowed a linear re]ationship.’ Cowley 43 aftributed the
~increased lifetime in polar solvents to a charge separation in they o
triplet state (Fig. 2). If the epergy of the zwitterionic component,
3Z, of the Towest triplet state, Ty, is increased by an increase in
soivent polarity the T1-Sg energy gap becomes greater, and fhe

radiationless passage from the T1 to the S, surface is corre-

spondingly slower.

I

Figure 2: Trip1et-zwitterionit configurafion, 3z.

&
Flash photolytic, phosphoréscence and photochemical results 44
demonstrated‘that the lowest triplet s}pte of p-nitroaniline is an
intramolecular charge transfer €%ate. In this state charge transfer from

- the amine to the aromatic ring is accentuated by the electron-withdrawing

nitro moiety.

(1ii)  Photoreductions under Neutral Conditions

The primary step in the photochemical reduction mechanism of
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nitroben%ene under neutral éonditions is the abstractionfof a hydrogen by
the n,m™ * triplet state. Several subsequent dark reéctibﬁé involving the
" two initial prbducts, PhNOyHe and Re, have been suggested to account
.for.the formatioh of pheny1hydroxy1amine and .acetone. -Testa 32 |

'prdposed the following scheme for the photpreductioq_of,nitrobenzene in

.

2-propanol:

ArNOp - - -PY o o> 3(ArNoy)* o
3(ArNOp)* + (CH3)pCHOH  —---- > ArNOpHe  + (CH3),COHe
ArNOpHe + (CH3)oCOHe  -—--- > ArN(OH)z  + (CH3) C0
ArN(OH)p + (CH3)2CHOH’ --===>  ArNOHs + (CH3)2COh° + HéOL
ArNOHe  + (CH3)pCOHe  ----- > ArNHOH  + (CH3)2C0;

7

Scheme 2

. | |
y .
Phenylhydroxylamine is believed to oxidize in air to nijtrosobenzene.

Coupling of phenylhydroxylamine with nitrosobenzene forms azoxybenzene

(13), (14).

-

ArNHOH + 1/2 0p  ---> ArNO + Ho0 (13)

ArNHOH + APNO. --->  ArN(O)NAr + Hy0 C(18)

For nitrobenzene, which has a lowest triplet étate of n,m *
charaéter, the rate constant for hydrogen abstractiod, kg, in

2-propanol is as high as 106 M-14-1 45, Similarly, d-nftﬁb-N,N-dimethy]—

naphthylamine, which also posseiges a lTowest n, 7* triplet state in

|

|
|
|
|
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2-pfopan01, again gispiays a high rate. of hydroged abstraction :
(kH~= 4x137 M-1s~1) 46 A much slower hydrogen abstractidn rate,
however, was reported for 2 -nitronaphthalene in 2- propano] (ky =

4.5x104 M-1s 1) 34.‘ Th1s has been attrlbuted to the high degree of
‘intramolecular charge-transfer of 2-nitronaphthalene in 2-propanol.

© sutcliffe et a1 47,48 and more recently Lunazzi 49

demonstrated that the photolysis of nitroaromatics in hydrogeh—donor
solvents also affords the corresponding alkoxy nitroxides ArNOoRe .
These are formed by addition df the free radical, Re, to~a ground state
'nitroaromatfc mgaecu1e. It was suggested 48 that the decay mechan1sm
of a]koxyn1trox1des derived from sterically hindered n1trobenzenes
.proceeds via homolytic N-OR bond f1ss1on 1ead1n§’to a n1trosoaromat1c and

an alkoxy radical (Scheme 3). It is interesting that the primary photo-

chemical reduction product, ArNOyHe, has thus far eluded detection.

ArNO, - Syl L L 3(ArN02)*
3(ArN0,)* +R-H  —eme- > ArNOpHe + Re
v ~ -
ArNOjHe ----->  products (Scheme 2)
ArNO, 3 > ArNOyRe
ArNORRe . > ArNO + ROe
Scheme 3

-
‘Studies have shdwn that the mechanistic course followed in the
photoreduction of the nitro moiety can take place intramolecularly if the

molecule contains an appropriate ortho substituent.

’
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Photoreduction of nitrobenzenes with ortho groups coﬁfaining
~ ) R )

-CH=X bonds was observed as early as 1901. For example, Ciamician and

Silber 23 reported the phototransformation of o-nitrobenzaldehyde to

o-nitrosobenzoic acid (15).

CHO ’ , ~COOH
NGz : o L

(15)

On the basis of a recent laser flash photolysis study,
Scaiano ?0 propdsed that the photolysis of 04nitrobenza1dehyde in
Sb]ution proceeds via a triplet state intermediate with a lifetime of
0.6 ns. Hydrogen abstraction'\from the a]dehydrés moiety forms a short
Tived biradical ( T< 10 ns) which. decays to the aci-n;fro compound 13.
This intermediate then decays both in the presence or absence of water to

. , N
the product 14 (Scheme 4). ‘

A year 'after Ciamician and Si]ber's'reported t;ﬁnsformat;;; of
o;nitro?enza1dehyde, Sachs 51 showed that 2-nitrobenzylideneaniline
is converted, on irradiat%on in solution or the solid state, to ’
. 2-nitrosop§A§ani1iEe. Flash photolysis of 2-nitrobenzy1idenggniiine | (4
suggested a ketimine intermediate, 15, in the phototransformation 52
(16). | |

N-aryl-2-nitrobenzamides, 16, photoisbmerize to 2-(2-Hydroxy-
phenylaf;ii7hzoic acid, 17 53, An amide H-abstraction has been

suégeste as the initia]rphoiochemica1 step (Séheme 5). When the anilide

ring bears electron withdrawing groupé, such that Rl RZ or R3 'is

-



NOz
a
-H0
0
- COH CO:H
& - .
N . N ;
He” oH g {
14
Scheme 4
. ' .
Qo = O =0
~N N
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NO2 or CN, reactants'are~stab1e to irkadiatﬁon Similarly, N—a]ky]

substituted-2-nitrobenzamides qr 4- n1trobenzam1des are photostab]e

> ———

When the ortho moiety of subst1tuted nitrobenzenes is a
heteroatom fragmentat1on as we]] as n1tro reduct1on products are
frequentTy observed. For examp]e, a free carboxy11c acid and a reduced
nitro derivative are the photoproducts of N- acy] 2-nitroanilide 9
photolysis 21 (17). 4 | , |

”;€§§Pﬁoto1ysis of N-écy]-2;nitrodi§he;y1amines 18, releases the'acy]

grdupwgs a cafboxy]ic acid by oxygen traﬁsfer from the nitrq to the
benzoyl group 54 When thé photo]}sis of 18 i; conducted in benzene
some phenylbenzoate is formed. The conversion of lé to 20 is most
efficient when the acyl moiety is érémazi; andithe subs?ituént Rl is
capab]é of stabilizing a radical intermediate. Maki 54 proposed a
mechanism in which an excited nitre group (n, m *) adds to an amide
carbonyl C=0 bond.. The intermediate, lg,';ubsequeﬁf1y fragments fo an
’_acy1oxy— and a nitfoso radical (Scheme 65i - ‘ ‘ |
While the exact fragmentation mode of N-acyl-2-nitroanilides is.
Cstill unknown, several important obServaZions have been reported.; Amit
20 ih the photorearrangement of various N—acy1-2-nitroani1ides-
established that'onjy tertiary amides undergo a reaction to yield the
_appropriate free acids, and that the carboxylic écidvhydrogen comes from
the reactant or so]vent,»wﬁichevef is the better hydrogen-donating
source. The most comprehe?sive observations were répotted for the
‘photocleavage of N—acy1;1,2,3,4—tetrahydro-8-nitroquino]ines (17). From

18 labelling experiments it was found that in the presence of

H218O no ‘180 was incorporated'into the free carboxylic acid,

™ - .
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rather, an 180 atom was transferred from an 180-enriched nitro

group foythe acyl moiety. Since no dehydrogenéfion of H-dénbr solvent

was observed, and the fragmentation proceés alsc takes place in poor

H;donating so]vehts such.as benzene, Amit concluded that oxygen transfer

frem the nitro group to the acyl unit precedes hydrogen ab;traction.
Recently Binkley 55 propbsed two mechanistic pathways for the

photochemical cleavage of N-acyl-2-nitroanilides (Scheme 7): The pathway

followed is primarily "determined by the availability of }he hydrogen
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attached to C-2. When a hydrogen is readily available, the reaction is

thought to %011ow path A, and the nitro group loses an oxygen. For

relatively rigid ring systems (e.g. five membered or smaller) H-2 is held

too far from .the carbonyl g}oup for hydrogen abstraction, and a nitronic

carboxylic acid anhydride intermediate 21 is thought to be.formed (path B).

iv)

Photoreductions Under Basic Conditions
-

Nigro compounds are'smooth1y reduced to hydroxylamines on

irradiation under basic conditions. However, the principle products

isolated are often azoxy- and azobenzenes which . arise from the base

catalyzed conden§ation of the hydroxylamine derivative wizh a nitroso

intermediate. The fact that 1—nitronaphtha1ene“ngs{sts hydrogen

—

abstraction in ethanol 56 but is smoothly reduced in

diethylamine 35, suggests a mechanism different from the hydrogen

abstraction mechanism shown in Scheme 2.

Irick and coworkers 57 in

1969 were the first to propose electron tnansfer,'folwaed by proton

transfer, as the initial stages of the reduction process (Scheme 8).

IS 1) >
+ R'ZNCHZR _———D
+ R'5NCHoRg ---=>
+ R'ONCHRe  —--->
+ R'pN=CHR* ---->
_red,
.red

-===>

3(ArNO,
ArNQOp3 -
ArNOoHe
ArNOo3
R’ oNH
ArNO

- ArNHOH

Scheme 8

)*
+ R'NCHpRE
+ R'NCHRe
+ RYpN=CHR*
+ RCHO + H¥

~4
/

&
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The’ quantum yield for disappearance of substituted»nitrobenzenes'
_in ethanol or methandl is greatly enhanced when the solvent contains
sodium alkoxide or sodium.hydroxides. Frovloy 58 demonstrated-thé
participatfon of Fhé alkoxides in the initial photoreduction step

(Scheme 9) . The relative reactivity of various- alkoxides parallels their
oxidation potentia]sli.e. i-Pr0- > Et0~ > Me0-. It has been
proposed that the alkoxide ion reacts in a similar manner to the amines

outlined above in §cheme 8.

ArNOp - - Vo o L > 3(ArNDp)*
3(ArNOp)* + CH30-  ==nn- S ArNOy; + CH30e
ArNOpz + CH30s  ---o- > ArNOH- + CHp0

| « Scheme 9 °

Electron-transfer is generally regarded as the primary
photochemical step in the reduction of nitro aromatics under basic
conditions.
™™~

v) Photoreductions Under Acidic Conditions,_

Nitroaromatics are also photoreduced in the presence of
hydrochloric acid to give aniline 99 and chlorinated aniline
derivatives 60, An example is shown in equation (18).

Cl C1

hv ‘ other‘
HCl/Hﬂ/i—PrOH

c1 pro@upts(ls)

NG, NHo NHz

1
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/// Addition of HCl causes a marked enhancement in the efficiency of
N '

thr reactions. ?rqm an examination of the HC1 catalyzed photoreduction

™~
of; nitrobenzene by 2-p opano] Nubbe]s 60 proposed electron transfer

flom the chioride ion ta the photoexcited n1trobenzene as the pr1mary
plgﬁess. Flash photo1ys1s\of 5-nitroquinoline 61 provided add1t1ona1
evid;ﬁce that electron._transfer is indeed the primary process in the HCI
catalyzed photoreduction of nitroaromgtics.

Although the pfesence of th'\c loride fon is critical, both the

acid, and the alcohol, play an essential role in the overall reduction

process (Scheme 10).

ArNOp - - = - - - - - - - > 3(ArN0y)*

3(ArNOo)*  + C1- --->  ArNOps  + Cle

ArNOps - + Ht Y a2 AcNOyHe (pKa 3.2)
(CH3)pCHOH  + Cle ——> HC1 + (CH3)oCOHe
ArNO, + (CH3)oCOHe ——> ArNOoHs  + (CH3)2C0
2ArNOoHe -==>  ArNOp  + ArN(OH),
ArN(0OH), --=>  ArNO + Hy0

Scheme 10

In summary, eTectronica11y excited nitroaromatics are %requent]y
-reduced to their nitroso analogue. Under neutral experimental conditions
intra- or intermolecular hydrogen abstraction by the excited nitro moiety
is the proposed initié],step in the photoreduction proceSs. When the

‘reaction medium, on the otherhand, is either basic or acidic, electron
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fransfer to tne excited nitro functionality is the proposed initial
_ photochemical step inqtns reduction of nitroaromatics.. Furthe¥mbre;
studies have shown that additiom of é free radical, Re , to a ground
state nitroaromatic molecule can also Tead to the nitroso compound. Thus
the primary photochemical steps of hydrogen abstraction and electron
transfer, or even subsequent free radical addition to a ground state
nitroaromatic mo]ecu]e are re]evant factors that need to be considered

4

when studying the mechanism of photosolvolysis of 10.

D. X -CLEAVAGE REACTIONS OF AMIDES -

(i) Introduction

:As a]reedy indicated above, the N—acy1-2-nitrbindo1ines, 10,
seemed especially attractive as photoprotecting groups for a photoactive
membrane. While the exuct fragmentation mode of these molefwles is still
unknown an av-cleavage reaction about the amide bond, however, has been
established from the preliminary product anafysis study reported by
Amit 21,22 since the fragmentation sequence about the amide bond is
a critical step in terms of the photosolvolysis mechanism of
N-acyl-2-nitroindolines, it is helpful to present a literature review of

the‘?hoto]ytic o -cleavage reactions of amides.

(i1) Photo-Fries Rearrangement of N-Arylamides

The photoinduced Fries rearrangement of aryl esters was first
reported in 1960 by Anderson and Reese 62 Five years later, the

photolysis products of N-acylanilides were reported by Stenberg and
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co-workers 63. For eximple, when benzanilide, 22, is irradiated in

- ethanol four phofdproducts are isotated (19).

/

A _
SN C o N Nl NH
’ R (19)
hv .
—> + +P + ROH B
solvent ’
. A
22
R=COPh 14% - 12% trace 27%

The quantum yield for disappearance of gg¢ R=COPh in‘ethano1.was
reported by Wiley 64 to be (4.1 + .4) x_iO'3 moles Einstein-l.

It is noteworthy that the quantum yield o% reactant loss decreases Both
with increasing solvent polarity, and with increasing wavelength of the
incident light. Benzoic acid is produced as one of the minor productsT
However, while the formation of benzoic acid was reported to occur only
in air saturafed sd1utfons, oxygen has no effect on qﬁantum yields of
disappearance of the‘starting'amide.

A simf]ar photoreaction was observed for N-benzoyl-2,3-dihydro-
benzoxazo1-2—oﬁe, 23. Five photoproducts are produced upon irradiation
of 23. Iéhida 65 assumed that the reaction proceeded sccording to
Scheme 11. ,)

‘ Both, the primary and secondary photochemical processes of
acetanilide, have.been extensively studied by Shizuka 66,67 He

reported that the photochemical primary process involves predissociation

(
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s, (N-C) (Fig. 3).

_caused by intersystem crossing Sy( 7, 7¥) —> °

Evfdence for the invo]vement:of a reactive éing1et étate,was'found from
flash photolytic studies 68,69 However, to date there still seems

to be some dispute whether the rearrangement occurs from a singlet.n, T*

4
or T , T* gtate 65,70

Some of the radicals formed in the homolytic cieavage.diffuse
c_/;palr-t, while the nemai$der of ;he radicals are kept in the so]venf cage
long jenough to recombine. The odd T e1ectr0nAdensities of the anilino

radical allows recombination eithgr at the ortho or para sites, of'
collapse back to starfing material 67, . A energy state diagram for -

acetanilide rearrangement as shown in Fig. 4 was proposed by Shizuka
67

(iii)  Further o -Cleavage Reactions Which Occur Without Rearrangement

Recently Hasegava /1 reported that o-(N-Benzy]benzoy]amino)-

- benzophenone, 24, can undergo either deacylation via homolytic cleavage
of the COfN bond or photodealkylation depending on solvent polarity
(Scheme 12). Interestingly, no photo4Frié§ rearrangement products were
opserved. The quantum yie]d forideacylatipn of o-(N-methylacetylamino)-
benzophenone reaches a maximum value in methanol and decreases in less
polar solvents.

| It has been suggested that these results can be understcod in
terms of relative dispositibn of the n,m * and the ™ , ™ triplet
states of the ketone. In general, the reactive energies of T , m*
states of'a carbonyl compound.are Towered aﬁd n,m * states raised as

the polarity and hydrogen bonding properties of the medium is increased.

»
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Figure 3: A schematic potential energy diagram for
) Ph-NH...COCH3 system 67,

ns: nonpolar solvent ps: polar solvent
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Thus, in benzene, hydrogen abstraction from the n,m * triplet is p—

suggested to be the predominant pathway, whereas in methanol
photodeacylation is thought to occur from the = ,m * exciped state of
Ltﬁe benzoylamino-ketone.

Acetoxyacetophenones do not undergo the photo-Fries #
rearrangement. Miranda 72 jttributed the effecf.to fast intersystem
crossing of aromatic ketones tofﬁn unreactive triplet excited state.{

Various other studies 7§,74;21 have also shown that with .
nitro éubstiiutéd N-arylamides photo-Fries rgarrangément products are;hot
observed. Apparently, the niéro fdnctioha]ity either deactivatés the
system bgfpre\ﬁg:f bond homolysis, br the involvement of triplet radical

pairs'prevént in-é?@es¢adféa1‘?ecombination to afford rearrangement
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products.

Génera]ly, experimental evidence for'N-arylamides confirms the
homolytic nathre‘of the fragmentation stép and suggests a singlet
character Of‘thevexcited state precursor of the radical pair. Because
so]vehﬁ§ and/ér substituents can enhance interéystem crossing,
fragméntation about the CO-N bond of N-ary]amide§ has also been reported
from the triplet excited state. As a'resﬁ]t, homolytic a -ﬁleavage of
N=ar§]amides may,di; principle, be observedrfrom either the éing]et or
the triplet excited state. |

\r

E. STATEMENT OF PROBLEM AND OBJECTIVE

A key feature iin the development of a charge-mosaic membrane is

the photochem1cal act1vat1on of the anionic, cat1on1c and neutra]

-~

domains. The N- acy]-G bromo-7-nitroindoline. photoprotecting group, 10,

seemed particularly attractive for this project, in as 'much as the photo-

. o DA
solvolysis reactions of interest occur in near quantitative yields, using

Tong wavelength UV (> 350 nm). 1In principle, the protecting group can be

recyc]ed (Scheme 13)

Because of the photoprotectlng groups pivotal nature a
comprehensive knowledge of the fragmentation process and its efficiency
is imperative. However, no definitive mechanistic information has .to
date appearéd'in the Titerature. Therefore, the'aim of this research'
project  was to shed some Tight on both.the mechanism and efficiency bf -
this unique photolysis reaction. The compound chosen for this

investigation was N-benzoyl-5-bromo-7-nitroindoline, 10a.



R = Polymer

NuH = Hp0, HNC4HGNCH3*I-, CH3CHOH - -

Scheme 13

10a

3%
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» CHAPTER 11

RESleT§ AND DISCUSSION

-

A. INTRODUCTION * ’ -

>

Thfé mechanistic study of N—benzoy]—5-bromo:77nitroindoliﬁe
photofragﬁéntat;;n falls into five major categories: (i) Synthesis and
e1ectronic‘speétra'of reactant; (ii) Photoproduct aﬁa]ysis;

(iii) Solvent and pH effects; (iv) Photofragmentation study; and

(v) Quantitative analysis. The results obtained on each topic are
. . _ @ v

presented and discussed separately. Each discussion-attempts'tg

integrate the results obtained in this study with those of other workers

in terms of a mechanism consistent with experinental evidence. In the
| .

conclusion, a complete mechanism for the photofragmentation of

N-benzoyl-5-bromo-7-nitroindoline will be suggested. The generality of

a

this mechanism -for other N-acyl-2-nitroanilide photofragmentations is

examined.

B. SYNTHESIS | B T
N-benzoy1-5—bromo—7$nitroindoaine ard its sub§titu¢ed‘
derivatives used for ‘the 1inear free ene;gy re1ationshipastudy, were

synthesized yia a five step procedure from indoline. The synthetic

pathway is outlined in Scheme 14. -

37
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?:0 .
- CHy »
15[‘2
B B
HzS04/HNO3 .
—— + HBr
\ ‘ (.
N2 ?:0 - ?':0
CHa 5! ' CHy
CHaCHoOH lH'Cl/Heo
B
X--CgHaOC1
+ Cl‘bCOzH —_— + HC1
*r - 'r
. Nz H | NG C=0
X = H, CHy, OCHs, Cl, and CN.
X
10
Scheme 14.

A1l of' the N-acyl-5-bromo-7-nitroindolines prepared were

characterized by_lH NMR, 13C NMR and:mass spectroscopy, and UV »

38

spectrophotometfy. Preparative and analytical details are given in the

experimental chapter.

!



-
Pl

39

C. ELECTRONIC SPECTRA OF 1-BENZOYL-5-BROMO-7-NITROINDOLINE

~

-~ (1) 'Introduction 
| Important information‘poncerning the energetics and dynamics of
e]@ttronica11y~excf{éd states of organic‘mo]epu]es cén.be obtained from
radiative transition measurements. Ffom the absorption and emission
spectra, for example, state electronic energies and multiplicities are
often readily inferred. 1In éome cases analysis of the specéra al]dWs the
deduction of equilibrium nuclear geometry and dipo]e moments,‘énd gives

evidence for the formation of excited molecular complexes.

S (19) Results
(a)  W-Spectra o
The UV-spectrum of 10a in acetonitrile was characterized by four
intense absorption bands at 215, 234, 260, and 352 nm (€= 3564 cm-1 - 5

M'¥) (Figure 5)." (The A max O the Towest energy absorption

ax
bands and corresponding molar extinction coefficients of 4'-substituted

10a are given in Table 4 pg 80). A s]ight’bathocéromic shift of the

absorption, spectrum, énd considerable Broadening df-bands, was revealed

in going from a non-polar solvent (cyclohexarie : CH3CN, 49:1) to a \
"polar (CH3CN:H20, 2:3) solvent medium. The red shift of the'1owest. | ) \\
energy band cbrresponds to 1.9 kcal/mole lowering of the first excited
siﬁg]et transition (A max non-polar = 346 nm, A pax polar = 354 “@l;;d,,////ﬂ\v//
(b) Fluorescence Spectra

A broad structureless emission band at 555 nm was recorded when

10a in CH3CN was excited at 354 nm and monitored between 400-650 nm
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1.2 - T T ™ T L T

S00
530 -
[ 1]

Figure 5 *  UV-absorption spectrum of 10a in (a) acetonitrile-

cyclohexane (1:49) and (b) acetonitrile-water (2:3),

NAX=118.00

PN

- . - NIn=8.88

N 48 \\/m . 550 _ 689 658
- | wavelength (nm( : :

\ .
Figure 6 : F]uores‘cence—emigﬁon spectrum of 10a in anuydrous

acetonitrile.
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(Figure 6). The presence of oxygen in so1ution had no noticeable
qdénching effect on the emission spectrum. _Identica]'spectra were
obtained in aerated or argon degassed solutions. No fluorescence

emission was observed when 10a was dissolved in aqueous CH3CN (mole

fraction of water = .66) and éxcited at 354 nm.

(c) - Phosphorescence Spectra

Phosphorescence,measurements‘of 10a in a 2-methyltetrahydrofuran

' glass (77 K) showed radiative 1ight emission from at least two distinct

species'(Fig. 7). -With delay times between 1.0x10-2 and 5.0x10-5 S,

a rapid ‘decay of the shorter wéVe]ength emission band at 515 nm was
noted. - The 1onger wéve1engfh emission band at 545 nm could still be
detected as Tong as 1.0x10-3 s after excitation of 10a. A five fold
dilution of 10a in the 2-methyltetrahydrofuran glass matrix caused a
;eduction in the total emission band intensity, but principally in the
shorter wawe]ength rad1at1ve emission reg1on. When the glass matrix of
10a was exam1ned tmmediately after emission measurement the area of light
impingement~was distinctly y§11ow. In ordergko exclude the possibility

of luminescence.due to solvent impurity the neat solvent glass was also

excited at 354 nm but no emission was recorded.

Two emission bands were also detected Qhen 5-bromo;7-nitro—
indoline, 1la, was excited at 354 nm. The shorter wavelength band at 520
nm again rapidly decayed (< 5.1x10-5 ), whereas the 1ongef wave-
length emissjgn at 545 nm persiéte or a considerably Tonger period of

time (> 7.0x10-5 s).

(]
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=190 00

DENAY 0.01 GAJY 1.00

DELAY 9.83  [GATE 1.90

59 450 ™ R 649 , 650
wavelength (nm)
Figure 7: Phosphorescence emission spectrum of 10a in a

2-methyltetrahydrofuran glass matrix (77 K) with a

0.01 and 0.05 microsecond ‘delay.

— producféA

N (=0 NG =0 | (20)

\ |
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(iii)  Discussion

The objective of this investigatioh was to prdbe the excited
states of 10a using UV abserbance, fluorescence, and phosphorescence
‘measurements (20). |

uv absorpt;on banes for molecules that exhibit a bathochromic
shift in going from a non-polar to a polar so]uf}en‘;re geneha]]y
assigned to m ,m * excited states; Such molecules have a 1arger dipole
moment in their w , 7 * excifed states than in the ground state.
Based on the slight solvent induced bathochromic shift in the UV

~

absorption spectrum of 10a the absorption maximum at 352 nm for 10a can

be attributed to a = ,n'* tranéition. "With the ortho—heteroatom
substituent in 10a, some charge de1oca11zat1on from the n1trogen through,
the benzene m01ety to the n1tro group could conce1vab]y occur.
P Accorqfng to. Varma 30 and Capellos 34 the weak n,r *
transition offhitrbbenzene nd its derivatives ig severely overlapped by
/ﬂhe much moreiintense m ,7 [ absorption bands. The n,m * end T L,T*
States of'hitrobenzehes, which'cen be distinguished clearly in gas phase
spectra,;are relatively c1oée in- energy. If is e1so Tikely that 10a has
two close-lying singlet excited states. |

The unusually red shifted and structureless. fluorescence emission
-speetrum of_lég in CQ3CN is consistent with a soTvent induced inversion
of{e1ectronic states of different'polarity 75_and/or with‘a'holar
so1Qent assisted isomerization'of the excited moleeu1e via an internal
rotation 76. | . |

Lippert et al 75 in 1962 observed anomalous fluorescence

bands in p-cyanodimethylaniline. Excitation in non—po1ar solvents

°
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'_resu1ted in a single fluorescence banq. However, in polar solvents a
new, réf—shifted,f]uorescencevemission band appeared. Recently
Grabowsk i 76 identified the bolar emitting state as an excited
rotamer; its electron donéting moiety being twisted by 90°-with;respect
to the coplanarity of the aromatic ring (21). Other studies.have_éhown
that both a twisted intramolecuiar charge transfer excited state (TICT)

and solvent effects are important 77,78,

/N- e -
- _'@_ NCHy polar -

solvents

| /(%

(21)

Due to the rigid geometry of 10a it is difficult to invoke a TICT
exc1ted state, originating from an aromatic C-N bond rotation, as the
basf: for the unusually red shifted_f]uorescence emission. This suggests
that if the TICT mechanism is,queed applicable in the observed

fluorescence and phosphorescence of 102 then rotation must occur about

the amide C-N bond. N

Excited state rotqfion about fhe‘amide C-N bond may prevent
effective de]oca]izatibn of the/nitrogen lone pair into fhe:carbony1
moiety thus Qenerating a bifunctional moTecule possessing an é]ectrbn'
donor énd acceptor-group;'simil§r to nitroanifine. As a consequence tﬁe
ST, * stafes could decrease in energy giving an intramolecular charge
transfer—in. exc1ted 10a (22).

On the bther hand, the lack of detectable fluorescence emission '

from exc1ted 10a in aqugous‘aceton1tri1e; suggests an inversion of ose

e
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1ying singlet and/or triplet excited states. Because solvents may shift
- the relative energies of the sing]et’and triplet states to different
»extent 79, it is poss1b]e that in aceton1tr11e water the T ,m* state
with intramolecular charge transfer may in fact. be the lowest excited
tr1p1et state. Since intersystem crossing in n1troaromatics is always
very fast if lp,z* o 3 TT,TT*iand/or1 o —e3n, %

processes are possible 30, thé disappearance of fluorescence in
H-bonding solvents could be due to efficient Si(n, v %) —=Tp(m ,& *)

(n > 1) intersystem crossing.

," -* )
B
T i
22
NGz =0 (22)
- L} =
) \
I
/ Support-for this solvent induced inversion of ‘the relative

energies of excited states comes from ‘the work of Capellos with
2-nitronaphthalene 34, 1Inp non-polar solvents such as hexane theu
riphet 2-nitrdénaphthalene state exists as an n, ™ * state, while in polar
solvents an inversion of; states takes place, leaving the charge transfer
state as the lowest triplet state. ‘ '_

Since a ye]]owing of the 10é—2-methy1tetrahydrofuran glass
matrix after phosphorescence measurement was observed, a concurrent

9

fragmentatIOn process must have a]so occurred. This observation in
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conjunctﬁon with the phosphorescence emission spectrum similarity between
10a and 1la, however, raised the question whether the emission assigned
to 10a was actually due to a fragmentation product emission.

Ciearly, further research is required in order to elucidate

the.compiex photophysical behaviour of 10a.

D. PHOTOPRODUCT ANALYSIS

(i) Introduction o _ , »

The most definitive information concerning a photgreaction, or
ahy other fype of reactibn for that fact, is the cohp]etevcharacterfzar-
tion of the reactants, intermediates and products. Important qualitative
" arguments- concerning the méchanism can be based on those consideratiqhs
alsne. Thérefore, a complete photochemica1 megbanist1¢ study must
include a know]edge of all the s1gn1f1cant reaction products. Since
mechanistic pathways_can be, and often are, governed by the react1on

rnedium, produét distribution in various pure and binary solvent systems

need to be scFutihized. With this in mind, the products formed upon .

-irradiation of 10a were examined in detail :in @ variety of solvents.
» !

-
[

—

(1) Resu]ts

(a) Isobestic Point -

Irradiation of 10a with 350 nm Rayonet lamps resulted in a
decrease in intensity of its 354 nm band, and concomitant incrésse in
intensity at 422 nm in CH3GQN- HZO so]vent m]xtures (Fig. 8) or 436 nm

in CH3CH only (F1g 9) Cont1nued 1rrad1at1on estab11shed the presence
Vd
: \
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Figure 8:. UV *absorption specfkum of 10a in acetonitrile after 0, 30,
A 60, 90, 150°and 450 seconds irradiation in the Rayonet

UV-reactor (RPR 3500 lamps)
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'Figure e UV absorption Spectrum gf 10a in‘aqetonitriTe-water after
0, 30, 60,/90, 150 and 450 seconds irradiation in the

Rayonet UV-reactor (RPR 3500 1amps)
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of an isobestic point at'380 nm which was méintained_fér the complete
cqnvérsion of 10a. Swmilarly, anf$sobé$tic point was récordéd wheﬁ 10a
Qaé;irradiated in THF and THF—HéO se]vent media. It should be noted
tnat when the solvents (CH3CN or THF) were used without prior
purification no isobestiC‘point was observed.

(b) . In Anhydrous Acetonltpi1e as Solvent

hv
“CHCN

T T U . -

-

Photolysis of 10a in'anhydrous CH3CN yzeldéd/two photoproducts.
The.lH'NMR and mass spectrum of the solid obtained By base’extraction
from the reaction mixture, weré in complete ééreement with.tﬁis product .
being benzoic acid 801‘;23- SABromb-f-nitroindo1ine,{ll§, was
recovered from the CH2C12 phase; after the benzoic acid extract1on
The 1H NMR and mass spectrum of the solid were idential to those of

5-bromo-7—n1tro1ndo]1ne; _ . o

(c) In Acetonitrile-Water as Solvent

—_—— e e — - - — = —

When 10a,was photolyzed in CH3CN-H20 a th%rd photoproduct

besides 1la and 12a, was formed. On the basis of UV, NMR and high

- resolution mass spectrum the structure of the photoproduct was identified

as 5-bromo-7-nitrosoindole, 25.

L
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B : c
hv R “oH
CHYCN - _ -
e -
NO2 =0 ’
- | (28
10a . 11a _ 25 . daa

.

The UV spectrum cf 25 in CH3CN showed the presence of a n1troso

'moiety. At 1ow concentrations absorpt1on maxima, were observed at 214 and

?

406 nm w1th a po1nt of 1nf1ect1on at. approx1mate}y 270 nm. The weak
n,T!*‘Frans1t1on of the n1troso_group‘was found at 734 nm. :

| The 1y NMR spectrum of gé.was re]étive1y §imp1é (Figure 10). =
It consisted of five resonénce péaks in tbe iegion from § 6.5 to & 12.

Four of the five resonances were centered at ¢ 6.66, $ 7.53, § 8.31 and’

-59.19. The ?ifth peak at & 11.7 was bfoad; and clearly was due to a

proton attached to a nitrbgen. The two vinyl resonances at 6 6.66 and

S M
6 7.53 were in close agreement. with the chemical shifts of indole

= ( 86.45 H3 and & 7.26 H2) 81,

Proton decoupling experimenfs were carried out. Irradiation of
H1 at 6 11.7 brought about the collap'se of the multiplet at ¢ 7 Su and
3 6.66 into two doublets. The coup11ng constant Jp3; 2.8 Hz, was

consistent with H2-H3 coupling of ihdo]é systems 81, on the other

hand, irradiation of the qOUblet at 8 9.19 collapsed the doublet at

6 8.31 into a sihé]e sharp line. Considering the N=0 proximity, - the

resonances at. § 9.19 and § 8.31 were assigned to H6 and H4, respectiVe]y,.
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and coup]ed to each other with a coupling constant (Jdg) of 1.4 Hz.

From the Tow reso]ut1on mass spectrum a parent peak at m/e 224

was obtained. A strong P+2 peak (98%) 1nd1cated the presence of a single -

<
bromine atom. Thehmolecular formula, CgHsBrNZO for compound. 25 was’

¢

derived from ‘the high resolution mass spectrum

" The most prom1nent peaks observed” 1n the Tow reso]ut1on mass

spectrum of 25 were accounted for by Scheme. 15.

+
i - (’\“_;
- -+ ‘
B .
-Br - .+ —HC=NH
|| — 1oewl ¥ =5 (o
N B -
|
H
m/e 224 .~ .m/e 194 ~ m/e 115 "~ m/e 87
Scheme 15 . ;

The 1?C protonAdecoup1ed NMR spectrum of 25 is spown~fn

_Figure 11 with chemical shifts given in Table 1. In addition to the
ass1gned peaks the Spectrum showed four extraneous _resonance pedks,
(extraneous peaks are indicated with an asterisk in. F1gure 11) When the

» residue, obta1ned by evaporat1on of "the so1ut1on used for the 13C NMR

spectrum was recrysta111zed from acetone, a dark brown amorphous solid

was obtained. The J modu]ated-spin echo 13¢ NMR’spectrum'oﬁ the

-

N

|

&



4]

LNO T af -

CHRSD

H’4
~141
144
o=
Patnied s
-2 1
3437

RT v

PPN

*11.0217

“. 1984
. 19¢8
g.3119
8. 3002
7.5391
t. 6695
6. 658

_____/////‘—_—_———__l

INTENSITY

1.4235
¢3. 083
c1.276
4. 453,
€1.906
16.723
17.070
13.887

~

[

o

SEN DA B LN

-

Figure 10:

re<nr

PFM

155,540
13%. 3483
134 97g2
134,527
1218672
1211163
129, 495,
111.938%
102.2173

14 NMR spectrdm of 25.

INTENT jTY

2.22n
/. 6%
2. 9%4
11.08e
2,652
a.aWy
2.94%
6. 07
14. 903"

Figure 11:
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recrystallized solid in acetOne dg still displayed similar resonaﬁ%e
peaks observed in the proton decoup]ed 13¢ sii'hrum however .
resonance peaks 1abe11ed with’ an aster1sk in F1gure 11 were now either

completely absent or just not1ceab1e.

n

TABLE 1 ‘Observed and Calculated 13C NMR Chemical Shifts of

5—bromo—7-nitrbsoindo1e, gg;

. e

Carbon # ' Chemical Shifta,b  Chemical Shifta,c,d

. (oBServed) - (calculated)
2 . 131 124
3 103 o 102
4 o 134 132
5 k'. : 112 o s
6 136 - ' 116 »
o © 156 N 17
8 BEEY: | 130

9 : | 112 127




N o | s
_\\ ' . .

a Ingppﬁ\downfié]d from‘TMS.

b ResSKAnEelpeaks in vicinity of calculated va]he.

¢ For 13¢ NMRncEemica1 shifts of ihdo]é»see,pagé C-160 ref. 81.
d For substituent effect'ﬁee'pgge C-120 and CriZS ref.'81.‘

'On the bases of the calculated chemical shifts for 5-bromo-7-

nitrosoihdo]e,‘g§, a tentative assignment of the observed re%gnance peaks

*

w;ﬁ made (Table 1).

The solution IR spectrﬁm of the nitroso compound,_gg; also
suggested the presehce of a mikture rather fhén a éing-‘le‘component.w The
strong absorption;bands observed in the range 1400-1175 cm-1 are
- typical of dimeric nitrosocompounds. Aromatic trans dimers show a
characteristic -N=N-0 band in the range 1300-1250 cm~1. A medium
band was observed at 1260 cm-1 in the solution IR Qf_gg{ However,
bands'were also observed at 1379 and 1425 cm~l near to the reported
vatue of cis dimers (appfox. 1395, 1410 cm-1) 81, The,strong,
sharp bénd at 3470 cm~1l was consistent with the N-H stretching 4S
.vibration of an indole. Cﬁmp]ete‘infrared absorpfion data are found }n
the experimental chapter. '

The spectral evidence given clearly indicates that the‘additional
photoproduct préducedvin aqueous CH3CN is 5-bramo-7-nitrosoindole. It -
is also clear that this component either slowly decomposes forming a
secondary precduct, or in solution exists in équi]ibrium with the dimer.

The compositibn of the photoproduct mixture in aqueous CH3CN
was determined bx HPLC. Relative product yields are given in equation

(25).
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) NOz “H
21% - 29% ' 50%
" 10a ’ . 11a /(/,_‘\\~\\;;\ . 122

>

When a solution of 10a was irradiated for a pro]ongéq period of
timé (approx. 13 hours) a third non-acidic photopro&uct.was formed. Only
a small amount of this intensely red compound was isolated by TLC. The
mass spectrum offthis material-showed a molecular ion peak at m/e 290.
Conspicuously absent from the mass spectrum was a P+2 bromine isotope
pozk. Dué to rapid.poiymerization of this material, even at -20°C, no
other spectral data cou]d be accumulated. On the basis of only the mass
spectrum it is possible that this photoproduct is a dimer of

nitrosoindole.

(d) In Anhydrous Tetrahydrofuran as Solvent

. - 0
B ; B E
hv . ' o
" . )
| g A
NGz M L (26)
+ other products
103 112 .26 128
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A 1H NMR spectrum of the products resu1t1ng from irradiation of
10a in anhydrous tetrahydrofuran indicated a rather complex reaction
mixture. Three products out of this mixture could be identified.

Benzoic acid and 5-bromo-7-nitroindoline uere readi1y identified by their
respective Rf values and 1y NMRAspectra, when compared against known .
samples. ’Tne third‘product was established as 5-bromo-7-nitroindole; 26,
by its Jow reso1ution mass spectral fragmentatian peaks, the observed
.mass from the high resolution mass spectrum, and the 1y NMR spectrum. .

The 500 MHz 1y NMR spectrum of the third photoproduct d1sp]ayed
resonances which were similar to those of- 25. Quartets were centered at‘
§8.29, §8.10, 6 7.42, and § 6.68. Because the spectrum possessed a
simi]arity to that of.2§) the resonances-centered at 6 8.10 and ¢ 8.29‘
were assigned to indole protons 1ocated at C-4 and C-6 respectively; A
coupiing constant of 1.6 Hz was found between these two protons. Ihe two
quartets centered at 5'7,42 and 6§ 6.68 were in agreement with the
reported chemical shifts of indole vinyl protons, and accordingly were
assigned to H-2 and H-3 respective]y The coup]ing constant between the
two vinyl protons was 3.0 Hz. S1nce each vinyl proton resonance ns
observed as a doub]et of a doub1et further coupling to the N-H proton
would seem to take place. The broad N-H resonance peak was centered at
§9.91. (

The Tow resolution mass spectrum of the third photoproduct was in
agreement with 5-bromo-7-nftroindo]e. The parent peak was observed at
m/e 240, with an intense P+2 peak indicating the presence of a single
bromine.. In additicn, the most prominent peaks, aside from the parent

peak, were identical with m/e values due to 25. The molecular formula of

I
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the third product, 26, was shown to be CgHgBrN20, from the high
resolution mass spectrum.

(e) * In Tetrahydrofuran-Water as Solvent

. g
Ig, .
~SoH

+
NG: H (27)
46% X 50%
102 S M2 25 i2a

A 1H NMR spectrum of the crude reactioﬁ mixturé obtained from
jrradiation of 10a in aqueous THF had resonance peaks due to only three
components. The majdr components were 5-bromo-7-nitroindoline, llé_gnd
benzoic acid 12a.- About 4% of 5-bromo-7-nitrosoindole, 25, was also
identified in‘the reaction mixture. |

(f) In Ethanol as Solvent R ' <

o

w
o]

2]
[ g Jumend

hv ’ ©/ “SOCHCHy
— + N+
CCHOH
| | | |
Nz =0 . Nz H N0 H : (28)

. ' + polymers

102 . i1a s 27
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Ané]ysié of the photoproduct mixture,;obtained in ethanol as a
“'solvent, by 1H NMR revealed besides some polymeric material the .
présence of only three compbﬁéﬁfs,' fhe maj0r comp0nent,was 5-bromo-7—“
nitroindoline. 553r0m6e7-nitrosoiﬁdo]e was iﬁentified as a minor
constituent'(appréximate1y 4% Fe]ativé to S-bromo-f-nitroindo]ine).

Instead of benzoic acid, as observed in previous sthqies, eihy]benzoate,

. 27, was produced.

{q) In Anhydrous Acetonitrile and 1,3-Cyclohexadiene

B

hv 5 4 Other
CHaCN - products
i, 3-CYCLO- ’

NGz —0 HEXADIENE /.

(29)
; ¢ L
102 . i1 128

Separation of crude reaction mixture, obtained from irradiation
of lgg in CH3CN and .16 mo]es/litre.éf‘1,3—cyc1ohexad%ene, by thin
layer chfomatography, (TLC) showed tﬁéi 5-bromo-7-nitroindoline and
benzoic acid were the primary photoproducts. A minor amount‘of’a red
solid compound was also separated, bu# its structure could nbt_be e A
identified. Within one day, at ambient temperature, ihis red compound |
‘turned brown. | _ |
(h)  In Acetonitrile-Mater and 1,3-Cyclohexadiene

As was indicated previous]y, three major photoproducts, 5-bromo-
7;nitnoihd01ine, 1lla, benzoic acid,flgg,‘ahd 5-brpmo-7-nitrosoiﬁdo]e, 25,

5
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‘are formed when K so]ut1on of, 10a. was photo]yzed for 1 hour in
CH3CN-H20. Irrad1at1on of a so1ut1on of 10a 1n CH3CN H20, |
conta1n1ng 16 moles/11ter 1,3- cyclohexad1ene also for 1 houx led to
.bnly partial conversion of 10a. The product m1xtur¢ contained a
significant /fraction of photoproduct insoluble in CDt]j. -Conspi&uous]y
absent, in the 1HANMR spectrum of the crude photoprdduéts, were all the
resonance peaks attributable to 25. Extension of the irradiatioﬁ time
frdm 1 hour 'to 2 hours, followed bvaLC separatien, gave large amounts of
.black insoluble solid material. Two minor photoproducts were also
" 'séparated, but could not be identified. ‘

L,when 1,3-cyclohexadiene was added to a mixture of photoproducts
(1la, '12a, and 25) obtained froﬁ photolysis of a solution of'lgg in
CH3CN-H20 and the mixture irradiated for another hour, 5-bromo-7-
nitrosoindole disappeafed. 5—Bromo—7—nii;;indo]ine, on the other hand, .
seemed photolytically and thermally stable, and unreactive towards the
diene. This was shown by 1H NMR analysis of the crude reaftion mixtu%g

after eVaporation of the solvents.

(i1i)  Discussion
Cohen and Fischer 82 indicated that in simultaneous reactions

such as:

where ;hé:}atio of the amount of C to that of B remains constant
throughéut the reaction, an isobestic point should be observed. In such

a system, therefore, the concentrations of the speciés present are all
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blinear functions-ofxgpekgno}herl 'TherEfore, the‘presénﬁe of a well-
defined %sobestic poinf, or point of constant absorbance, indicatii/zgat
,the»reaction‘ﬁroceeds without side reactions: '

"Photo1ysis 6f 10a in anhydrous CH3CN furnishes benzoic acid and
5-bro$o-7-nitroindo]ine, 1la, in near1y quEntitative yield. Howevef; in -
aqueous acetonifrile, where the ho1e f;action of water =A,66; 5-br6mo-7-
nitrosoindole, 25, was shown to be formed as a third, pEéQiously
unreported, major photoproduCt. Am%t 22, in th; photé]ysis of 10a in
CHpCl,-dioxane-Hp0 (5:10:0.5) or CH3CN-Hy0 (25:1) reported
benzoié acid and 5-bromo-7-nitroindoline aS‘thg‘onfy'photoproducts.

Amit 22 postulatéd that the'excited 7-nitro group activates

the amide bond to nucleophilic attack. A mechanistic scheme such-as
shown in Scheme 16, based on;intramo1ecu1ar nucleophilic attack‘of the
amide bond.by the nitro-oxygen, is consistent with the formation of
’photoproducts llgband 25 in non-hydfogen—donating solvents such as
CH3CN and CH3CN-H20. The complex reaction mixture observed in
aphydrous tetrahydrofuran, however, cannot be adequately exﬁiained by
only a nucleophilic addition pathway.

As-w;s presénted in the introduction to this thesis, the
photoreduction of nitroaromatics has been reported to occur by different
processes to givé the corresponding nitrosoaromatic‘83’84. Iﬁ may be
~ formed by direct reduction of the nitro functionality (33-36),>air
oxidation of phenylhydroxylamine (37), or by decomposition of an

alkoxyarylaminyloxide (38 and 39). 3
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ArNOp R e 3(ArNOp)* (33)
I(ArNOp)* + R-CHpO-R' o ---> ArNOgH.  + RCHOR:  (34)
CAPNOgH. ¢ R-CHa0-R' N\ -->  AMN(OH)z  + RCHOR:  (35)
ArN(OH); Lo > ANO s . (36)
CArNHOH 4+ 1/2 0 > AN+ H0 . (3T)
ArNOp + R- --=>  ArNOzR- - . (38)
~ ArNO,R- | T o> ANO. . +ORe - (39)

Formation-of 5-bromo—7-nitro§oind01e, ggﬁ in degasséd hon¥ ‘
hydrogen-donating solvent systems such as CH3CN—H20 you1d eké]Ude the
direct reduction and air oxidation routeé,‘and suégesfs that the reaction\‘
proceeds via a radical spin trapping pathway... " The reactant 1tse1f can be
safely exc]uded as a 11ke1y hydrogen anat1ng source due to the low
'concentratjon of 10a used in reaction sonut1on and the t¥p1ca11y very
short lifetimes of excited nitroaromatics 24. !

A plausible alternative to the mechanism dut]ingd in Scheme 16
which is cohéistent with the experigental results, wbuId be homolytic «
cieavage of the N-C bond with subSequent.Spin trapping of the!benzoy]
radical, 28, by the nitro moiety 29 (Scheme 17). :Such a proposed
pﬁotolyfic hoﬁo]ysis of the amide C-N bond has been documented by
Shizuka 55:67‘and others 71,72, Electronic rearrangement of the
biradical intérmediéte_;g may subsequent]y form a nitronic carboxylic
acid anhydride 31. | |

Acetonitrile has a high affinity for wdtér, and as a result it is
an eXtremé]y difficu1t_so1Venf to‘cpmp1ete15 dry. The residﬁa1~wa;er

content_ih acetonitrile after-diéti11ation'from CaHp, the drying
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procedure used:in this work, is reported to be circa 1900 ppm 85;ﬁ.
There iS'ne doubt that such a high eqncentratioh of water in.CH3§N

' cOu]darapidly‘hydrolyze the nitronic cafboxy]ic acid anhydride to y1e1d"

photoproducts llg and 132- "y,

If a-scission of the bifadicai intermedfafe]§g can compete
effectively with electronic kearrangement theﬁ decomposition of the
birédicéa reducesfthe nitro éroup to a hitreso'feﬁetfbn "The bengoy]oxy

lrad1ca] would be able to abstract a hydrogen from C 2 of the n1troso
radical before escape from the solvert cage or 1oss of C02

Products contayn1ng the tetrahydrofuran mo1ety were formed as
_ eart of the photoproduct mixture when 10a was i rad1ated in neat THF

" Such photOproducts can be ‘accounted by cOnsidering the mechanistic .
patHQay oﬁtlined in ScHeme 17 F0110w1ng homo]yt1c am1de bond fission,
hydrogen abstract1on from the tetrahydrofuran so]vent becomes an
additional radical decompos1tiop mode.. As in aceton1tr11e no 5-bromo;

" 7-nitrosoindole was obseﬁved in "anhydrous tetrahydrofuran photolysis
mikfure;' When 10a‘was 1rrad1ated in aqueous tetrahydrofuran (mole .‘
fraction of gaterr= 75) a minor amount of 5-bromo- 7 n1troso1ndole was

" identified, and no produqts icribabie to H—abstract1on from solvent were -
noticed. | _ .

It was anticipated that quénching of excited 10a with 1,3-cyclo-
hexadiene would provide a useful qua]ieativeeteol for decidﬁng,ianﬁy, or
all, of the‘heteroc§c1ic products‘were formee from a iriﬁﬁet'state

_However, neither 1la nor 25 was 1ndent1f1ed as a photeproduct when 10a
was 1rrad1ated in aqueous aceton1tr11e conta1n1ng 1,3: cyclohexadienes Y

The fa11ure to observe any 5- bromo 7-nitrosoindole may result

4
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e1ther from the se]ect1ve quench1ng of excited 10a, or from oxazine

»

formation via a dark react1on of 25 and the diene. Aromatic nitrdso
compounds are very reactive dienophiles and add sﬁooth]y to substituted

dienes at room or lower temperatures to give the corresponding oxazine

-derivatives. For example, nitrosobenzene when treated with 2 3-dimethy1- :
#
1,3- butadiéne has been reported to y1e1d N- pheny] 3,6-dihydro-4,5-

4

_d1methy1 -1,2-oxazine 86 (40)

- - . 3
4

N |
"o -

(40) °

) That photoproduct 25 indeed read11y comb1nes w1th 1,3- cyc]o-
hexad1ene‘,3s demonstrated when 10a in CH3CN Ho0 was 1rra81ated for 1 _
hour before addition of the 1,3-cylohexadiene. Upon addition of this
dieﬁe and irradiation for another hour resonance peaks'zttributab1elto

- p /toproduct 25 were comp]ete1y absent from the 1§ NMR épectrﬂm It
1§l)therefore reasonab]e to assume that‘ghézaeact1on product is the
Diels-Alder adduct 32 (41)

(41)
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’ The\obserration of a preponderance of polymeric material after 2
hours of. irradiation may a1§L imply a phetochem1ca1 react1on of exc%?ed
10a w1th the diene. de Mayo and coworkers 28 pave proposed'the addition -
of a triplet excited nitroaromafic to the o1efiﬁ fo give an ozonide-1ike
jntermediate which. may decomﬁoée to form polymeric reaction products.

Therefore,ron.the basis of‘the aromatic nitroso's resctiviﬁy with
dienes and'the forﬁation of polymeric materia1, the experimental test for
“the assiénment»of a triplet state product has to be considered as

inconclusive.

E. SOLVENT POLARITY AND pH EFFECTS

C\ P
i

(i) Introduction

While examinfhg the photoproduct distribution from lgg_in various
solvents it was noted that prodUct composition was controlled 5} tﬁe
nature of the photereaCtion medium. The intriguing differences seen 1in
-the photoproduct distribution study were therefore probed further by more

systeﬁ%t1c changes in the medium po1ar1ty (ET(3O) values) and PpH.

(i1) Results

\

(a) Photoproduct Distribution as a Function of So1vent Po]ar1px ET(30)

T T e T T e e e e e e e e e e T e S e G e e — — p—— — —— — —

The ET(30) solvent po1ar1ty values for b1nary mixtures, were
est1mated accord1ng to the equation and parameters given in reference 87.
These values are tabulated aga1nst the amount of photoproduct 25 observed

in a range of pure and binary solvent systems, Tab]e 2.
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TABLE 2 Medium Effects on the Formation of gé‘in the Photo-
fragmentation of ‘10a.
SOLVENT MOLE FRACTION - ET(30) % 25 @b 10g 25 d
L O WATER |
CH3CNe - 46" 0+ -
CH3CN-Ho0f .24 51.7 6 + -1.22, +0.12/-0.18
CH3CH,0He -- 51.9 4 + -1.40, +0.18/-0.30
THF-Hp0C > 75 53.5 8 + ~1.10, +0.10/-0.12
CH3CN-Ho0f .42 54.9 14 + -0.85, +0.05/-0.07
CH3CN-Ha0f .66 56.4 35 + -0.46, +0.03/-0.02
CH3CN-Hp0f .81 . 57.2 36 + -0.44, +0.02/-0.03
LS

'a) %25 based on 25/(25 + 11a) x 102

b) Determined by 1H NMR method

c) Parameters Ep and C* for water-dibxane‘ﬁinary solvent -mixture

weré used for Et (30) calculation 87

d) Log of mole fractiop of photoprodiuct 25

{

e) Ambient temperature irradiation of 10a reaction solution

1)
f) 10a solution temperature maintained at 7°C during irradiation

The temperature at which the irradiation was carried out was

?

found to significantly influence the product composition‘formed in aqueous

CH3CN. In CH3CN-Hp0 with mole fraction of water

.66 and at a éo}ution

temperature of 7°C 35% of 25 was recorded. At ambient temperatureirradi-

ation, where the solution temperature reached 45°C\ at end of irradiation

[



and simi]ar solvent system, the yieyd increased to 47%. Still higher
. w

yields were measured in the product ana]ys1s study (58%), whereereactant

convers1on poss1b1y occurred at h1gher so]ut1on temperatures.A‘

¢

(b) f?EFZHH?%?%E@.QlﬁEﬁlQE?lQﬂ.QQ_Q_EEHEFlQﬂ.Ef_NiQﬂ.EQEESﬂEﬁitlQﬂ
Based on the initial hypatheé%s that nucleophilic addition of the
n1tro oxygen to the carbony] m01ety is the primary photochem1ca1 step it
- Was ané\c1pated that the presence of NaOH in aqueous CH3CN wou]d
accelerate the photofragmen?at1on of 10a via proton removal from C-2 of

intermediate 33. The photoproduct distribution should also be changed

as base is added (42).

N (42)
NO

The>rqtio of 1la vs. 25 produced was found to be a function of
the concentration of NaOH. As the NaOH concentration increased the
amount of the nﬁtrosoindo1e 25 formed increased while lla decreased,
(Table 3); although at.higher NaOH concentration a decrease in 25 was’
observed. The variation in photoproduct 25 with sodium hydroxide'@h

shown in Figure 12, with mole % of 25 plotted against pH of water.

A subsequent mass balance on 0.010 g of reactant with no added
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NaOH in aqueouSVSOTOtioh’shOWed that 88 + 12 % of theoretical photo-
product yield was recovered. -No sq]id resdue was observed in either the
base wash or methylene ch1of1de Tayers during théAseparation_of the
benzoic acid photoproduct. With the pH of watér at 11.92 and identical
experimental conditions on]} 56 + 2% of product was recovered. The base
. wash of photoproduct mixture at hiéher pgfvalues coptained a'solid
suspension which/gid’ﬁﬁt partition into methylene chloride layer. The
mass spectrum of this black solid displayed fragﬁentatioﬁ peaks as high
as m/e 446; considerably aboy§ the parent peaks for 1la, 25 or even 10a.

~ None of the fragmentation peaks matched the parent peaks for 1lla or 25.

TABLE 3 pH Effects on Photoproduct 25 in the Photofragmentation of
' 1Qa@ in CH3CN-H0. S

[NaOH] in Hp0 pH of Hp0D % (mole) 11aC % (mole) 25€

0 9.10 42 +1 58 + 1

1.0 x 10-4 9.81 38 + 1 62 + 1

5.0 x 10-4 10.61 20 +1 80 + 1

8.0 x 1074 10.90 _ 22 + 1 78 + 1

1.0 x 10-3 10.98 2541 - 75 +1

1.0 x 10-2 _ 11.91 71

| +
p—t
N
st
+
fo—

a) 10a in CH3CN-Hp0 (mole. fraction of water = .66)
b) Measured on Radiometer pH meter at 23°C

_c) Determined by HPLC method



™

Given the react1%1ty of - n1troso compounds it is likely that at
higher NaOH concentrations not only the formation, but also the
decomposition of 25 was cata]yzgd. It is likely that dimeric nitroso, or

other coub]ing broducts (azo—»dr:azoxybenzene), arise from base-caté]yzed

condensation of the nitrosoindole 25.

(ii1) Discussion .

-1t is.apparent from theiﬁéta.presented in the previous se&tion
that the p}odhct distribution obfained upon irradia;ion of 10a is
dependent on the solvent used. . The range of solvents used include polar
aprotic solvents (THF and CH3CN) as well as polar protic solvents.
Anhydrous tetrahydrofuran and acetonitrile ape solvents with good cat1on
!o]vat1ng power but with little ability to’ so]vatg anions 88,

Ethanol and water are polar protic so]vents Yg;dh,can solvate both anions
and cations 88, _In order to understand the\&ariation in products
with change in solvent, correlations with solvent polarity parametef§
were sought. N

Many empirical parameteré'have been deve]bped for detérminiﬁg the
so]vent polarity effect on rate and position of equilibrium in chemical
reactions. Several scales are based on the solvatochromism of
Ayes 89, The most widely used of these is tﬁg Ey(30) scale based

on the solvatochromic dye pentaphenylpyridiniumpheho]ate,.gg 90.
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The polar behaviour of binéry liquid mixtures has recently been
described quantitatively as a function of their composition. Accordirg
to Langhals 87,91, the nonlinearity of the ET(30)-composition
calibration curve of solvent mixtures can be linearized by using

equation (43).
ET(30) = Ep x In (Cp/C* + 1) + ET(30) © (43)

.In'equatfon (43) ET(30) is the polarity of the binary liquid
mixture, Cp,the molar concentration of the more polar component, and
E%(30) is> the ET(30) value of the pure less polar component. Because
the'ET(30) polarity values are based on the dipolar nature of excfted'
}53.equation (43) responds not only to the polarity of the medium, but
also to its hydrogen bonding/donor character. ‘

As is shown in Figﬁre 13 there is a linear correlation between
ETi30)'va1ues and log 25. Since the empiritallso1veﬁt po1ar{ty
parameter can be understood as the result of a linear free-energy
relationship 92, a correlation of experimental data from a new
reaction series;with those of a known series can indicate a mechanistic
simiTarity between the th'series. Thﬁs the exceptionally ‘marked
increasékin yield of 25 with incfeasing.ET(30) values suégest the
- solvation of a dipolar Speciés during the photofragmentation process

- leading to é‘*
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Figure 13: Variation of photoproduct 25, log 25, with the solvent

polarity value*ET(30) in the photofragmentation of 10a.’

Such\a&so1vent dgpéhdence for formation of 25 could originate
with solvation effects on the exéited or even grohnd state of'lgg, The
relative order of excited states in substituted nitroaromatics is
strongly dependent on the solvent system 30, As squested on pg. 45
the Towest excited triplet state of~lgg may be either n,m* oF w ,m*
depending on the solvent system. In strongly H-bonding solvents such as
water, and to a.lesser extent ethanol, the highly dipolar excited 7, n*
state may thus become the state of lowest energy. Highly polar protic

so{vents”may interact with the negatively polarized oxygeh,atom in the

nitro group. ‘At an area of low electron dénsity both protic and
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aprotic sojvéﬁts can function-as electron pdir ddhdfs 88, By each of
these interactions the dipolar nature of excited 10a could be effectively

-+

stabilized (Scheme 18). . = - ., *

. In contrast, aﬁrotic so1vents such as tetrahydrofuran’an?ﬁ)
acetonitrile are poor anion so]Vétoré, and in those solvents-the‘gisencé
ofigg may be interpreted by av1erst excited n,m * state:in 10a due-to a

reduction in dip61ar interactioﬁ by the solvent.

- - %

B .

hv .fso_ll!‘an_t
T R
‘NE}z =0
— I "
A
EPA = Electron pair acceptor ’
EPD = Electron péir donoxr ’
Scheme 18

In the CH3CN-Hp0 solvent system the maximum attainable mole
percent of 25 was 58; ‘But, in 5 CH3CN-H20-ﬁa0H solution the mole
-percent of_gg §xceeded'80r As was observed, the relative distribution of
bhotdproduct g§_in’the CH3CN-Hp0-NaOH solvent system is consistent
with a hydroxide catalyzed protonlremoval. However, in Iight of the
‘proddcf distribution in THF so1veﬁt,(pg. 54)} and the correlation of 25

formation with ET(30) values, salt effegts‘rathercghan base'catalyzed :

i a

d

_ proton removal from the C-2 carboanhoU]d be considered.

o .
~ . ‘
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In orderfto corroborate the.increase of g§_to a‘changg in ionic
’stréngth of the solvent medium, salts such avai5104 or (hQBu)4NC104,

.

in lieu of NaOH, shouﬁd be considered . for future studies.

F. FRAGMENTATION STUDY

(1) . Introduction

‘A homolytic fr;gmentatioh process has been proﬁosed f}omvthe
photoproduct analysis of lgé_(Sectiqp_(D)). Established experimental
-methodé such as electron spin resonarice (é.s.r.) measurements, frge
radfcal trapping, and subéfitueht effects can corrobdraée the presence of

free radical intermediates in a mechanistic sequence.

a

(i1) Results

—— — —— — — e e . —— — — — — —— —

(a) Electron Spin Resonance Measurements

A spectrum-was gradually obtained when a deoxygenateq so1utibn of
10a in CH3CN or CH3CN-H20 was frradtated as a solid matrix at |
120-195 K in an e.s.r. spectrometér cavity'with'a-g1ass or quartz high
‘ pre$surejﬁercury lamp. The spéctfum obtained consisted of a trip]éf‘wifh<
lines of unequal intensities, and & hyperfine splitting of 31.8 G
(Figure 14). | )

In contrast to the consistent reproducibility of the low
tehperature'e.s.r. spectré'of 10a, the aﬁbiént‘temperature é.s:rl; o

spectra, recorded: after warming the irradiated samples of 10a to 25°C,

a

seemed to be .very much a-.function of the type of lamp, aﬁd, perhaps,

solvent system used for the solid matrix irradiation.

-y
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14: Solid matrix (120 K) e.s.r. spectrﬁm from 10a irradiation , .

in an e.s.r. cavity.

i AR
—— b .| -
W__;Jﬂ_ P, ——
JA : f ! L "—’—E“-' ___‘;

i b
_ v
. - J
..‘ 'l _)’_5____!
! ! |
G : : [
- e e
— L S R S
|- R IR R i I
Figure. 15:  Ambient temperature e.s.r. spectrum>after 10a irradiation

i

at 120 Kﬁin an e.s.r. cayvity and then warmed to ambient

-,J.
‘temperature.
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When 10a in CH3CN was irradiated at {ow temperatures with a
h1gh pressure quartz mercury 1amp the resu1t1ng ambient temperature
e.s.r. spectrum exh1b1ted a widely spaced set oﬁftr1p1ets. This spectrUm
was the result of a s1ng]e nltrogen hyperfype 1nteract1on of 16.9 G aud a
g va]ue of 2.0067 (Figure 15). When a s1m11ar so]ut1on of 10a 1n CH3CN
or CH3CN Hp0 was irradiated at Tow temperature with a high pressure
glass mercury lamp no amb1ent €.S. r. spedtrum was observed
Aéia~tontro1 experiment, a degassed sample of lla in CH3CN was

mon1tored for e.s.r. signals before freezing to a solid matrix and

-
UV—irradiation. The spectrum recorded was identical to the ambient
temperature e. str. Spectrum obtalned after the Tow temperature photolysis

of 10a with the h]ghbressure quartz mercury Tamp (ngure 16).

e
4

-0:}1-
qu . !
L ,
o
S i
_._.:g. - !
. L 4 .
Figure 16:- Ambient temperatureﬂ;rs.n. spectrum from lla.exposed only

. 16 visibTe Tight.
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Subsequent cooling of the degassed samp]e of lla to 120 K and
record1ng 1ts e.s.r. Spectrum depicted a triplet, however, of unequal
spac1ng and peak intensity; quite unlike the low temperature e.s.r. -
Spectrum observed for irradiated 10a (F1gure 17). Irrad1at1on of lla 1n

the solid matrix d1d not change the e.s.r. spectrum. ;
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Figure 17: Solid matrix e.s.r. spectrum of 1la.
A Y
(b))~ Free Benzoyl Radical Interception .

— e —— e a— . - v . — — — —— ——t — ——

In order fo check foﬁbposs1b1e d1ffus1on of benzuyl radicals from

e
the solvent ‘tage, subsequent to homo1ys1s of 10a 1n CH3CN the degassed

- reaction m1xtures were anal,zed for berzaldehyde, benz11, and in the

presence of 1302, for labelled benzoic acid.

‘When thorough]y degassed CH3CN solutions of lda\were frradiated
for .5 and 14 hours and 1mmed1atsiy analyzed via ‘gas chromatography no
-benz 1dehyde was'observeJ.ﬁghlsoltge TLC of the photo1yzed mlxture -
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Al ' N )

4.
VS

o
teagi]
P

e

J

3



/

’

revealed no component with an Rg value similar to benzil.
Irradiation of 10a for 1 hour in freshTy distilled CH3CN

containing 180, afforded a mixture composed primarily of photo-

=

79

reactant. . Mass spectrometny,of'the residue, obtained after evaporation

of the solvent was conducted such that benzoic acid was exclusively

vapourized and ionized. It showed a single parent peak for benzoic acid

,(m/e 122). When a new samgge was prepared, and the irradiation time

extended to 6 hours, the mass spectrum of the mixture dispiayed a small

-

peak atfm/e 124' indicative of 180 benzoic acid. The benzoic acid

.

was separated by- TLC The mass spectrum of this separated material again

disp]ayed a small m/e 124 ion peak (15% reiative to m/e 122). This peak

however, was completely absent in the mass spectrum of benzo1c acid Q

’ . o

separated "from @ mixture photo]yzed in the absence of 1802.

(c)  Hammett- Linear Free Energy Re]at1onsh1p

—————_—.——_—._—.—_———._—

In the early stages of the mechanistic study it was anticipated

that a linear free epergy re]ationship‘wou1d‘provide a valuable insight

into the fragmentation mode-of 10a. A satisfactory .correlation of

-

1og ¢ ¢/ y with a ¢ radical substituent constant would be

consiaered an indicator of a Homo]ytic fragmentation of the amide

linkage.

Quantum yields for\disabpearance of 4'-substituted 10a were

determined for aerated tetrahydrofuran—hater‘(mo]e fraction of water

.33) so1uti6ns at room tempetature. The quantum yie]de and recorded Yv

spectral measurements, are summarized in Table 4.

3

//( " are plotted against their corresponding Jackson o values 93, and '
" [

~

L

- - When the Tog' ( ¢y/ ﬁH) values for X = H, C1, Me, OMe and CN

~
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values for X = H,”’C1, Me and CN only are considered, a sfraight~1ine with

.a slope of 1.3 is obtained (Figure 18%. The correlation coefficient fon-

that slope is Q.94. ‘ -

TABLE 4+ Quantum Yields for Disappearance of 4'-substituted 10a in

. . \ . )
Tetrahydrofuran-Water as a ¥unction of.Substituent.

9
X . Awmax (nm) .2 ¢ x 102b,c log. (d,/9,) 54
. (cm-1 M-1)
H 352 3712 1.2 + .1 0o .04
. - S - - ~ <‘/
Cl 350 . 4288 2.6 + .1 .34 s

Me 352 3905 3.9+ .1 BLN .32
OMe - 354 4166 2.2 + .2 .26, .45
CN 350 4648 49+ .1 .61 Y

4 Estimated error is + 3%
Errors are deviations from average based on 2 runs
C Measured relative to the photodecomposition of potassium

ferrioxalate 94 - . o

d Ref{ 93.

(1i7)  Discussion
Each of the three experiments considered, the e.s.r. study,
1802 capfhré, and o’ correlation, provide evidence in favour of a

homolytic fragmentation of the benzoyl moiety. -
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The e.s.r. spectrum obtained upon irradiation of 10a in a glass

- ,
matrix (Figure 14) was éssigned_io’the homoTytic o -cleavage products 28
and 29 (44). The skewed triplet of this low tempeéature e.s.r.wspectrum
~of 10a is ascribed principally to 29 superimposing a broad single peak

due to 28. . " ‘_ ' ) ¢

e~
B

hv - .

B, 3 +

solid |
- matrixrmﬂ

. (44)
103 ' 29" 28

. Thé immobilized state gf 10a in a glass matrix, the difference in
.the low tempé;ature e.s.r. spectré from 10a and lig_irradiation (Figure
14 vs. Figure 17),!and the photoproduct distribution of 10a in THF are -
facts which sugéest‘that the e.s.r. peaks observed from the low
temperature irradiation of 10a-are due fo.intermediétes 28 and 29.

Benzoyl radicals haQe been §tudied in solid matrices by Schmidt

et al 95. The e.s.r. spectrum of benzoyl radicals on a cold finger.
- at'70 K was a single broad line with a width (peak-peak) of 15.5 6. When,
slowly Qérmed the orangeared calour and e.s.r. signal disappeared at

120 K.
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Most am1ny1 radicals are rather short 11ved, and are often on]y
observed by e. s.r. at reduced temperatures 95_ As a resu]t the
amb1ent temperature €.S.r. spectrum shown in Figure 15 is a551gned to a
secondary react1on product. The observat1on of 1dent1ca1 ambient .
temperature e.s.r. spectra from 10a or 1lla irradiatﬁon corroborates the
above'hypothesis. o

The 1802 capture expeﬁiment‘provides evidence for the |
presence and fate of a benzoyl moiety diff:;ed from the solvent cage;
Prev1ous studies have shown that benzoyl rad1cals have the propens1ty to

.

diffuse from the solvent cage during the photo- Fries rearrangement
64,97

, Formation of 180 1abelied benzoic acid corroboratés a
homolytic «-cleavage in the photofragmentation process of 10a.
Thellarge m/e 122 peak re]ative'to m/e 124 imp1iesﬁthat.intramo1ecu1ar
spin trapping predominates? and relatively few radicals diffuse from the
solvent cage. The radicals that do diffuse from the so]vent cage are
scavenged by the 0; forming.benzofc acid probably Via;the pathway \'.
suggested by Kan and Furey 98. The authors suggested that the

'benzoy1 radicals which escape, the solvent cage will be scavanged by 02

to give benzoic acid, probab]y via the UV-unstable perbenzoic acid

(45-48).

0 0 P
Il i :

PhC+ ~ 02 ~=memmee- > - PhC-00° (45)
0o 0

PhC-00 - -§9¥Y?93>_ PhC-00H + solvents .  (46)

»
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e 0o |

| . PRC-0OH  —---BY . > PhC-0° + -OH* ~ - (47 -
o * ., 0
il ivent I
PRC-0" Y > PhC-OH + solvent* - (48)

Thé observation of a re1a£1ve1y intense peak at m/e 122 cou]d be
\_-—~—ascr1bed -to either traces of water in CH3CN, or 1ntramo1ecu1ar~oxygen
transfer from the‘n1tro group. Since no n{troso"photoproducts were
recgvereq when‘lgg_wasAphotdlyzéd in‘CH3CN, hydrolysis, of perhapé an
) 1ntermédiate such as 31 shown in Scheme 17, has to be assumed. -
| In the photo-Fries‘rearrangément of N—béﬁzoy1—2,3-dihyd£o—
‘benzoxazol-2-ones, Matsui 65 attributed the formation of benzoic acid
(17.2%) to hydroéen abstFaction-by benzoyl radicals from thé solvent
(CP3CN) foT]owed by air oxidation of-the intermediate benzaldehyde.
N . When thoroughly dégasseﬁ CH3CN solutigns of 10a were'ir}adiated for .5 &
and 14 hours and immediately analyzed via gas chromatography‘ﬁo

benzaldehyde was. observed. \ " '

Non-cage recombinafion of benzoyl radicals leads to therformation
of bénzi] 99, However thin layer chromatography of a photolyzed

mixture of degassed 10a in CH3CN revealed no component with an Rf

~

value similar to benz11

In view of the 1805, and e.s.r. e*perimenfs it was antici-
pated that the Hammett- L1near Free Energy Re]at1onsh1p would further -
Strengthen the homolytic fragmentat1on hypothes1s - N
In the_past,¢€Zvera1 scales of Hammett-type substituent

constants for free radicals have been proposed 100,101, 1 hearly
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every case, the radical subst1tuent parameter has been defindd after
assumption df some po]ar-contr1but1on. Jackson and coworkers 93 have

'put forward a. o scale in wh1ch the decompos1t1on of substituted
d1benzy1mercury forms the standard reaction. In the dual-parameter . !
treatment‘(49),"the-polar substituent constaﬁt chosen by Jackson was ¢°

(Taft's inductive substituent parameter).

Log i§ ) - p0® =¢° t49)

L 4
L]

The d1benzy1mercury model reaction for defining the ¢° sca]e
involves the v1rtua11y comp]ete formation of a free benzyl radical in the
transrt1on state, w1th assoc1ated stab111zat10n by para subst1tuents .93.

The close correlation of o from the benzylic model with the 10a
fragmentation process indeed hnpliesia somewhah simi®ar substituent
effect in both transition states (Figure 18).

An imporéant exception to theo‘ kinetic radical substituent scale
is l-(4'-methoijenzoy1)-5-bromo—7-nitroindo]jne 35. The methoxy- ) 4
subst1tuent d1ffers s1gn1f1cant1y from the benzylic correlation
(Figure 18). As Weller 102, has reported aromatic ethers are typ1cal

e]ectron donor quenchers with relatively low oxidation potentia]s ’
Photochemica] CIDNP studies have c1ear1y demonstrated the occurrance of
an electron transfer process between anisoles and nitrobenzene
derivatives 103, 1 The Tower quantum yield of disappearance‘of 35

could thus be ascribed to quenching of excited 35 by either a ground



‘state_gg'of perhaps via intramolecular exciplex formation.

. : N he -
. . ) . ’ '
b - . — o
.
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G. QUANTIfATIVE MEASUREMENTS

(i) . Introduction

| 'The}é are many kinds of éxperimental information that can be used
to construct a reaction mechanism. fn addition to structural kﬁo&]edge,
kinetic-measurements and excited state dynamics provide a valuable set of.

data. . »

(i) - Results

(a) Quantum Yield Measurements in CH3CN and CH3CN-H20 -
! .

— e e v e ean — ——— - — — — — — —

.

TABLE 5 - Quantum Yields for Disappearance of 10a in CH3CN and CH3CN-H20.

Mole Fraction of Quantum Yield x 102a,b

Ho0 . Aerated | Degassed
' 0:00 . 2.3 + 0.3 2.4 + 0.2

0.11 | 1.8 + 0.2 19464
0.24 1.5 + 0.1 1.8 + 0.2

- 0.42 T . 1.4+ 0.2 . 1.7+ 0.1
0.66 f 1.2 + 0.1 ’ 1.6 + 0.2
0.81 1.1 + 0.2 . -

a Errors are standard deviations of at least 3 runs.

b Measured re]ative to the photodgtbmposjtion of potassium

—

‘ferrioxalate 94.
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Quantum yieﬁds for the disappearance of 10a in CH3CN and
various CH3CN-H20 So]vent systems were obtained. Measurements were

performed both on air saturated and degassed samples. The results of the

measurements are given\in Table 5.

(b)
JABLE 6 Quantum Yields for Disappearance of 10a in Tetrahydrofuran
and Tetrahydrofuran-Water.
o~ _
Mole Fraction of : Quantum Yield x‘;02a,b
H-o0 Aerated Degassed
0.00" 1.4 +0.2 . . 1.6 + 0.0
0.08 o 13+0.2 e
0.16 | ) 0.8 + 0.1
0.33 1.0 + 0.1 0.8+ 0.0
0.53 . 1.6 + 0.1 © 1.2 + 0.0
0.75 2.9¢ 2.6‘1 0.3
0.82 . 2.9 + 0.2 -
0.87 e 3.2
a Errors are deviations from average based on 2 runs.
b Measured relative to the photodecompoéition of potassium
ferrioxalate 94.
¢ ) Value obtained with water Uused for photolysis of 10a in degassed

CH3CN and CH3CN-Ho0 solution (Table 5).

L
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The “Photoproducthnalysisﬁ study~(Se¢tion D, pg. 46) has
demonstrated fhat the product Qistribution is a function of the so]veﬁ{l
_system. Therefore, it was deemed as informative to also measure the

quantum yield of 10a éisappéarance in THF solvent media (Table 6).
'_Again, as in CH3Cﬁ or CH3CN-§20 solvent media, the aossib1e effect
of disso]vea oxygen was examined.

(ch Electron Transfe Quenchiqgﬂ

fABLE 7 Quantum Yields for Disappearance of 10a in CH3CN as a

Function of 1,4-Dimethoxybenzene.

1,4-Dimethoxybenzene  ~ Quantum Yield x 102a,b 0°/0
| (mo]es/]%fer) ‘ (aerated). | |
*0.00 | 2.6 + 0.1 1.0 + 0.1
0.0092 | 206 + 0.1 1.0 + 0.1
0.0160 | 2.5 + 0.0 . 1.0 + 0.1
0.0258 | 2.6  1.0+041
a Errors are deviations from average based on 2 runs.
b Measured relative to the photodecompositian of potassium "

ferrioxalate 94,

To probe the excited state dynamics of 10a in both CH3CN and ,
CH3CN-H20 the quantum yield for disappearance of 10a, in the presence
of various amounts of an electron donor quencher, was measured.

1,4-Dimethoxybenzene was selected as the electron donor because of its

P



89

N

non-basic natﬁre, low oxidation potential, E(D/D*).= 1.34 v, 192
and UV transparency above 320 nm. Quarntum yield méasuremeﬁfs for
disappearance of 10a were made on aerated samples in both CH3CN and
CH3CN-H20 (mole fraction of water = .66); For the CH3CN solvent

system the results are displayed in Table 7, and for the corresponding

aqueous solution in Taple 8.
. ¢

-

/ " ’

TABLE 8 Quantum Yields for Disappearance of 10a in CH3CN-H20 as a

Function of 1,4-Dimethoxybenzene (mole fraction of water = .66).

1,4-Dimethoxybenzene Quantum Yield x 102a,b 6°/ @
(moles/Titer)  (aerated)
0.00 - | 1.66 1.00 + 0.20
10.0049 0.914 1.81 + 0.36
0.0101 0.910 - 1.82 + 0.36
0.0155 . 0.597 2.77 + 0.55
0.0215 ’ : 0.411 4.03 + 0.81
0.0248 0.363  4.56 + 0.91

a Measured relative to the photodecomposition of potassium

ferrioxalate 94. °

b Estimated error is + 10%.

(d)  Iriplet State Quenching
The e1ectr6n transfer quenching study of 10a in CH3CN-H»20
suggested the involvement of both a triplet and singlet excited state.

In-order to corroborate this observation the quantum yields for
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disappearance of 10a were measured in the presence gf different
concentfétions of 1,3—cyc1ohexadiene, Diene quenchers reported]y

interact only with the triplet excited state 37, Similarly to the

- 3}ectron transfer qqg\Fh1ng experiment, a .66 mole fraction of water was

selected for the CH3CN-H20 solvent media. For this study all sampfbs

- were degassed before quantum yie]d measurem!nts were made. The

experimental results are summarized in Table 9.

. B ’. V )
TABLE 9 Quantum Yields For Disappearance of 10a in CH3CN-H0 as a

Function of 1,3—Cyc1ohexadiene_(md1e fraction of water =

.66). .
1,4-Cyclohexadiene Quantum Yield x 102a,b &/
(moles/liter) | (degassed) ‘
0.00 | 1.53 + 0.08b 1.00 + 0.20
0.0208 1.32¢. : 1.16 + 0.18
- 0.0305 1.34¢ 1.14 + 0.18
0.0460 | 0.89¢  * 1.72 + 0.27
0.0842 1.00¢ 1.53 + 0.24
0.1549 0.98¢ © 0 T1.56 % 0.25
é Measured relative to ghe photodecomposition 6f potassium

ferrioxalate 93,

b Error is standard deviation of 3 runs.

c . Estimated error is + 10%.
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(e) Estimated Excifed State Lifetimes

' The ability to qt:e'nch excited 10a in CHQCN-HZO' and the
inability to affect the same in CH3CN clearly demonstfated the lifetime
dependency of‘extited-lgg'on the so]Vent pedia. Since the slope of the
Straight portion of the Stern—Volm,er p]_ot /(F'igure“19) is equal to
Kd T, and by estimating the quenching rate constant kq, a value of
o, ; the lifetime of'excited 10a. in the absence 6f the qyencher, can be

computed.

QUANTUM MIBLD (o) / QUANTUM LD :
“

0 4 LI LB ] 1 ] T T T AL ) L T T 1
o 0.004 0.008 0.012 0.018 0.02 0.024 0.028
_* 1,4—DWETHOXYRENZENE ( MOLES/UITER ) ' g

Figure 19: Stern-Volmer plot for disappearance of 10a as a function of
1,4-dimethoxybenzene concentration ( o in anhydrous
acetonitrile, + in acetonitrile-water).

\
A quenching rate constant can be estimated by considering the

free energy value ( 4 G) for electron transfem from 1,4-dimethoxybenzene
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- to excited 10a. According to the Weller equation 102 (50).

A Ggt = 23.06 (Egy donor E.eq 3CCeptor - ec/ea ) - E .. (50)
where for 10a Egx = 1.32 ev 102
e2/ea = 0.06 evl®4 | o
—

00 = 2.6 eV (estimated from published values of

nitroaromatics 68)

ion poféhtia], E

The polarographic red acceptor, for 10a was

red
obtained using Cyclic Voltammetry (Table 10). A1l reduction potential

measurements were carried out on acetonitrile solutions of 10a.

TABLE 10 Cyclic Voltammetric Datatfor 10a in CH3CNa

N N
Sweep rate (Vs-1) Epa (V) “ipa (1 A) Epc (V) - dpc (W A)
N
.1 ©-1.06 6 -1.24. . 6
.5 -1.03 - 10.3 -1.29 . 13.8
1.0 -.98. 12.5 -1.31 13.8

& 0.1M tetraammonium perchlorate used as supporting'e1e¢tr01yte

For the computation of the AGg7 value Ered of -1.31 eV
was selected. Then A GgT for the quenching of 10a by 1,4-dimethoxy-

benzene is approximately O kcal/mole.. -

. | | e
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| With A GET'; 0 kcal/mole Weller 102 computed in aceto-
nitrile a kq value of 1.2 x 109 M-1 s-1. Therefore, in |
acetonitrile, where kqT = b M-1, the maximum lifetime, ; is
estimated to be 1/kg = 8 x 1010 s. ~Assuming that 4 Ggy in

‘thé CH3CN-H20 solvent mixture fs:also 0 kcal/mole then after
viscosity adjustment, from the re]ativé noneviscéus solvent acetonitrile
{ n= 0.0036 poice) to the higher yiscbsity CH3CN=-H20 (mole fraction

“ of water = .669) solvent mixtur;e,‘kq ﬁks calculated as 5 x 108 M-1
s~1. In aqueous acetonitrile wﬁﬁre kqT = 157 M-1 the 1ifetime
of excited 10a is estimated to be 157 M-l/kq = 3 x 1077 s.

. | | ‘
(iii) ' Discussion» | | .
~ The‘changes in slope, when the quantum y%e]ds.of photolysis of

192 arelplotted against the mole fraction of'wéter present in the

: reactfdn medium, can be ascribed to changesAin the mechanism of the
fragmentation proceés. For examp1e,.in THF the initial negative slope at
low mole fraction of water thangeélto a steep positive slope at higher
water contents (Figure 20). A mechénistic change also seems to occur for
the photoreaétion of 10a in acetonitrile and aéetonitri]é-water
(Figufe 21).

The product distribution obtained in the d;ffereﬁt solvent

systemsg}s also con=fstent with a changé'in the mechanism of *10a photo-
fragmentation. Two photoproducts are observed when 10a is irradiated in

CH3CN, however, in an aqueous acetonitrile solution a third major

product was identified. Similarly, the photoproduct distribution in THF
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Figure 20: Quantum yield for disappearance of 10a as a function of mole

fraction of water.in tétrahydrofuran (deggssed).
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~Figure 21: Quantum yield for disappearance of 10a as a function of mole

fraction of water in acetonitrile (+ degassed, o aerated

solution).
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» ~ v
-H20 at Tow water concentrations is differept from the d1str1but1on

4 -

found at higher concentrat1ons. ‘

Strong evidence fbr the mechanistic_change‘orfginating in fhe
excited state(s) of'lgg;is obtained from the quenéhipg experiments. In
anhydrous acetonitrile 1,4-dimethoxybeﬁzene and molechJér oxygen were
unable to quench the formation of products (Figure 19). This dbservation
implies that in anhydrous aceton1tr11e the excited state of 10a has a
lifetime equal to or 1ess than 8 x 1010 s and amide c]eavage

-

therefore results from E~XSIX/5D9rt lived exc1ted stati: Such short
1ifetimes are generally assoc1axed with singlet states, although on the
basis of the available data a short lived triplet state cannot be firmly
d1scounted ——

The major argument for a nechan1st1c change originating in the
excited state of 10a rests on the observation of Both singlet and triplet
extited states of 10a in aqueous'acetonitnile. In contrast to the
reactions in ahhydrous acetonitrile, excited 10a in CH3CN-H20 Qas
: quenched‘by 02 (Figure 21), 1,4-dimethoxybenzene (Figure 19)," and
1,3-cyc1oheﬁg§iene (Figure 22). ﬁhen'considéred individually, these
,quenching experiments'might‘be open to questjons,'however, taken together
they provide strong evidence for a mechanistic change origihating in the

excited state. From the 1,44dimethoxybenzene quenching data the lifetime
¥

of the triplet excited state of 10a in agueous CH3CN (mole fraction of

S - ’
water :\?&3) was estimated to be 3 x 10-7 s. d\\‘

In“the presence of 1,4—dimethoxybenz¢ne and aqueous acetonitrile
the quenching curve for 10a (Figure 19) would appear to increase froh its

initial value and approach a constant positive non-zero value. This is a

-



situation commonly encountered when a photochemical reaction occurs
thrnghxéoth singlet and triplet excited states, .and both are quenched.

“Selective quenchihg of fhe trip]ét excited state of 10a was shown ih the

.

presence of 1,3-cyclohexadiene. The plot ¢ 0/%q versus concentra-

tion of 1,3-cyclohexadiene (Figure 22) is again typical of a situation in
“which both the sing1et?ahd trip]éi states can undergd a reaction leading

“ .

to.the loss of starting material.

0.6

QUANTUM YIELD (o) / QUANTUM MIELD -

0.4 -

0 - LIRS EUL AL BL S A BN Bt By S SR S S S E
0 002 004 006 008 01 012 014 046 018 0.2
’ 1,3~ CYCLOHEXADIENE { MOLES/LITER )
. . ¢ .
Figure 22: Stern-Volmer plot for disappearance of 10a as a function of

1,3-cyclohexadiene concentration (in acetonitrile-water).

As a result of the Stern-Voimer analysis a kipe&tic scheme,

describing the photbfragméntation of 10a to-the radical intermediates 28
and 29, in the presence of CH3CN-H»0 and 1,4-dimethlxybenzene, is

proposed (Scheme 19).
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The Stern-Volmer equatiqh for the above Scheme is given by:

A\

2%= (1 + kqrolQ@N{1'+ k'qT’olQ)) kR + K'RksTT' o (51)
T

| kR(1 + k' olQ) + k'RKsTT'o)
where To = (kg7 + kg + k_p)-} and T'o = (k'p + k'_1)-1

.

If kQ = 0, that is if the quénchér affects only the prip]et excited
state, the quenching curve tends to a horizontal asymptote given
- 9% = (1 + K'RksTT o) | (52)
(b .
kR

As stated previously, a horizontal asymptote was observed when 10a was
irradiated {n’the presence of 1,3-cyclohexadiene (Figure 22). However,

the form of the quenéﬁjng curve at lower concentrations ([1,3-cyclo-
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hexadiene] < 5.0 x/10-2) could be the result of a dep]et1on of" the :
quencher due to a react1on w1th the excited reactant or n1troso

photoproduct (see "Product Analysis"). Such a dep1et1on of the quencher

wou]d make the quantum y1e]d for d1sappearance of 10a 1n 1 3—cyclo-i

hexad1ene a function of time ( ¢ = f(t)). Thus in thé reg1on:ofvlow¥,‘5ﬁvq"”
’ N sy o ;

" 1,3-cyclohexadiene congentration and high conversion '_EA ,-‘ijﬂffu"
30 /o - mm==- > 1.‘ A " - (53)

At ]arger quencher concentrations the gquénching curve tends to a
hor1zonta1 asymptote g1ven by equation (52).

Both Shizuka 57 and Wiles 64 have previously observed a
ltso]Vent polarity effect on the quantum yield of the photo-Fries
réar}angement{ot anilides. Polar solvents decreased the quantun yie]dé
of product formation. These results were interpreted by Shizuka in terms
of hydrogen bonding between solvent and solute in the excited state.
Varma and coworkers 30 in their recent investigation concluded that
when 3,5-dinitroanisole is beught into its primary populated m,m *
.charge transfer state in h%Srogengbonding solvents a single hyorogen bond
is fcrmed beflore any other re1aXationloccurs. j

The drop in quantum yie]d.for disappearance of lga.with
vincreasing moKe fractions of water in acetonitrile could be attributed to
hydrogen\honding in the excited charge transfer (CT) state. Sevegal
- factors spch as an increase in -electron dens1ty on the nitro-oxygen in

the CT st\te sterjic increase about the nitro ‘group while H-bonding with

water, or even a 1ess efficient o -c1eavage from the reactive triplet
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¥Sfaté night Se.causes fo} the decrease fn‘qUéhtum yield for diéapbear-
ance oftlgg.;ﬁ;g - |

iff{;“noteworthy that in aqueous THF quantum yie]ds fof
disappearance of';gg'incféase wf%h higher mo]e fractions qf water (Figure
"20)._there seems to be no rationé]g at hand.for such a deviation from
- the CH3CN-H20 solvent gystem;‘barticu1ar1y since, the solvent
po]aritj values of aqueous THF and photoprgduct.distributién of lgg_fn.
THF:EZO afe not significantly different from those observed in the |

CH3CN-H20 solvent. Furtheb research would be requiﬁed in -prder to

resolve the anomolous photophysical or photochemical behaviour -of 10a in

\

THF-H0.

H. PROPOSED MECHANISM

(i) ~ Introduction

‘As indicated in Chapter 1, no systematic mechanistic study of
N-acyl-2-nitroanilide photoreduction has been reported to détéz '
Maki 54 as ear]y aé 1974 proposed‘the additibn of an‘éxcited n,m*
nitro group to an anilide carbonyl C=6 bond as the primary‘step_in the
photodecomposition of N-acyl-2-nitrodiphenylamines, 18. It was sugdested
thét‘the intermediate 19 so formed would subsequently fragment to an
acyloxy- and a nifroso radical (Scheme 6). ‘
Based on the photorearrangement of other N-acyl-2-nitroanilides
Amit 20, 21, 22 concluded that only tertiary amfdeé undergo a photo-

~induced reaction, and the oXygen is transferred from the nitro group to

the acyl mdiety. Furthermbre; he suggested that oxygen‘transfer from the

/
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nitro'group to the acyl unit.brecedes hydrogen‘abstractibn at the C-2 .
position of N-qcyl-oftho-nitrotetrahydroquino]ines.

0f all the N—acy]-Z—nf%roanf]ides thus far studied only the
5-substituted N-acyl-7-nitroindolines undergo photdso]vo]ysis rather than
photoreduction. - Chow 24, in his review on photochemistry of nitro-
-and nitroS; cpmpounds, states: "While the nitro group at the 7-position

(of:lg) is a requiréhent, its neéction battern,-anditherefore the
mechanism, find no analogy in the photochemistry of other o-nitfaéromat{é .

compounds”. -
Recently, Binkley 55 proposed that the mechanistic-pathway'
for the photoc]ea&age of N-acyl-2-nitroanilides is brimari]yva function
of the availability of the hydrogen attached to the carbon o to
the amide nitrogen (Scheme 7). According to Binkley's mechanistic
proposal, the pfimary stgp for the photofragmentation of 5-substituted
N-acy1-7—nitroihdo1ines would be the addition of an excited n,w*
nitro group to an amide carbonyl C=0 bond, just as was proposed by Haki .
However, due to the relatively rigid system of N-acy]—?-nitroindo]ings
the C-2 hydrogen is held toq far %rom the carbonyl group for abstraction
and thus a nitronic carboxy11c acid anhydride intermediate.(pathway B)
couid‘be formed which would account for the reported photosolvolysis of
'5-substituted N-acyl-7-nitroindolines (Scheme 20).
| Since both a nitroindoline and a nitrosoindole compound .were
isolated after irradiation gf N-benzoy]-5—bromo-7-nﬁtroindol1ne it would
appear that something other than C-2 hydrogen availability is the
governing mechanistic factor. Cbnsidering a]i the experihenta] results
of this study, in conjunction with the other reported photofragmentation
S '

~
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studies of N-acyl-2-nitroanilides, it-isiproposed that solvent
perthrbation of excited states determines the ﬁechanistic pathway of 10a
) photofragmentation. The solvent influences the yie]d of‘fiuorescencé;

the product distribution, quantum yield for disappearance.of‘lgi.and the
| lifetime of excited 195; Hechanisms which can account for the
éxperimenté] results are outlined in Scheme 21 and 22.

y

(i) Primary Photochemical Process in Aprotic Solvents

--Neither molecular oxygen nor 1,4-dimethoxybenzené were able to
quench the excited siate of lggfin CH3CN.‘ The failure to quench the
excited state in this nonfhydrogén-bonding solvent means that this
excited state is»veny short livea (1t <8 x 10-10 s). Such a short
fifetime suggests that the reactive state for 10a in CH3CN is the
| éinglet excited gtate._ Additiona1 evidence in support of a singlet
excited 10a in CH3CN comes from the obsefvation-of fluorescence in
CH3CN and the formation of products through both the singlet and
triplet excited states inltH3CN-H205‘ These results are under-
standable in termé of the postulaie that in non-hydrogen-bonding\so]vents
fragmentation of 10a oﬁcursyfrOm an excited singlet n, m * state
Tocalized in the carbonyl cHromophore. The‘postulaté presupposes that
thé'sihgiet n,T™* state, localized on the carbonyl, would be populated
with highyquantum efficiency and carbonyl photochemistry can competé with
deactivation to possibly a lower lying -nitro- localized state. ‘%herefore,
in non-hydrogen-bondihg solvents a Sp (n,% *) t--) 1D primary process
is suggested for 10a. | |

It shbu]a be noted that the proposal of a singlet (n,T*) --=>
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1p primafy'process for 10a in,CH3§N differé'ffom the generally |
regaﬁded view that (a) the tfip]et excited ;Eate is the reactiQe species '
for nitroaromati%s, and (b) a‘bromine subétituent enhances the |
probabi]ity-of a rédiqtion]éss process, such as S; ---> T, and T
— Sovintersystem crossing. Varma 30 recently demonsffate& the
complex photbphysica] behéviour of nitroaromatics in the picosecond and

nanosecond kinetic study of excited 3,5-dinitroanisole in CH3CN and

~ -

CH3CN-H20.
In sp{te of a brbmine substituént; 10a fluoresces in
acetonitrile. This implies_that th§ "heavy atom" effect does not

dominate, and bring about very rapid intarsystém crossing.
A possible kinetic scheme describing the relaxation of

electronicalTy excited 10a in non-hydrogen-bonding solvents ia_shown in

Scheme 23.
Sp (n, m*) carbonyl
k! :
IC Sy (n, mx)
]-D hv kF
So 4

Scheme 23 =~ -
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The.homo]ytic photofragmentation as the proposed initial .
photochemical transfofmation is ‘in comp]ete'centfasf to Binkley's 55
and Maki's 54 proposed mechanism (Schemes 6,and\7). Both of “these
authors proposed the addifion of an o*y—radjcal to the amide_C=O bond as
the initial step in the photofragmentation‘of N-acy1—2~nitroaﬁffides.
Low temperature e1ectron spin resonance studies'of‘lgg'in an
, acetonitri]e glass matrix indicated the 1ntermediacy of radicals, but,
Tittle structura] 1nformat1on could be gleaned from the resu1t1ng
spectrum. The dep1cted skewed triplet in the 1ow temperature €.S.r.
'sbectrum could be assigned thLJther a n1trox1de-carboxy b1rad1ca]:

similar to that proposed by Binkley, or to the aminyl radical 29
(Scheme 2£).'

The observation of 180 enriched benzoic acid in the mass
‘spectrum afte; photolysis of 10a in an 180, saturated acetonitr?ﬁe"'
solution provides suppoEging evidence in favour of a homolytic cleavage
of the amide bond. Both Shizuka 66 and Wiles 64 showed that in |
the photo—Fries rearrangement of N-ary]amides; benzoyl radicals which
escape the solvent cage will be ecaVenged'by 02 to give benzoic acid.

The Hammett-LFER study was also 1n-comp1ete agfeement with a_-
homolytic fragmentation rode. The 1bgqrithﬁTE”Vé1ue'of quantum yield for
disappearance of 10a is lineer1y re]ated to the ¢ scale proposed by
Jackson 93, Mak 54 in the photolysis of N- acy1 2 -nitrodiphenyl-
amines, 18, observed that the conveérsion of 18 to the photoproduct 20 was
most e%ficient when the acyl group is aromatic and\T?meamige‘pitrogen

‘substituent is capable of stabilizing a radical intermediate (Schem¢ 6).

'A1though the above experimental results clearly support the
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notion of a homolytic amide -C-N bond fraghéntation,:they do not prove'
that this prdcess is.the/brjmary photochemical .step. However, further
weight is added to this proposal sincé amide C-N bond fragmentation has
been amply cited in the 1itérature as the primary step in the photo-Fries
rearrangement; 'On the othethand,(thére are no known precedents for an
oxy—rédica] addition to an amide C=0-bond. The observatfon:of 5-bromo-
7-nitroindole as one of the photoproducts in tetrahydrdfuran solvent
supports the view of primary amide C-N bond homolys#s with subsequent

H-abstraction by either a. benzoyl- or tetrahydrofdran radical (54).

THF

'z
[ -4

NO2 =0 NGz oC=0

+

other products

(ii1) \ Secondary Processes in Aprotic -Solvents

After amide bond\ homolysis, the radicals in the solvent cage can

again recombine to starting material, combine to give a nitroxide-
arylaminyl diradical, or/diffuse from the so]vent‘cage.

| There is abundant evidence that nitroaromatics are quite
effective*ﬁgin traps for certain organic radita]s 47, 84, p key step
in the proposed mechanism is the cohp]ing of 28 at the nitro

functionaTity of 29 within the solvent cage to form the nitronic

carboxylic acid anhydride 31 as shown in equation (55) and Scheme 21.

)
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[ -4

(55) -

Shriner 107 in 1937 showed that the hydrolysis of a nitronic

carboxylic acid anhydride with aqueous sodium hydroxide led tJ benzoic

-acid and a nitro compound, and the reaction with phenylhydrazine led to

a hydrazide and a nitro product. This suggests that in the presence of a
nucleophile such as water intermediate 31 would be hydrolyzed to 1la and

12a.(57). Clearly, the formation of a -low gnergy,:;esonance stabilized,

photoproduct such as 1la would make the postulated nitronic carboxylic

acid-anhydride, §l, a very reactive intermediate. However, in the
absence of a nucleophile, él_might_be relatively stable.

‘Unambiguous evidence fbr a hydroiyzable nitronic carboxylic acid
anhydride ;intermediate comes from the product distribution in the

presence of nucleophiles other than water. Irradiation of 10a in ethanol
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_yielded, for example,.ethyl benzoate. Amides and thioesters have also
"been reported as phétofragmentation products 108,

D o

-

(57)

&

i1a » 12a

The complete mechanism of 10a photolysis in CH3CN is depicted

in Scheme 21.

9

iiv) | Primary Photochemfca] Process in H-bohding'Solvents
| Because of thg 16cafized excitation character of the nitro n,m *
state, Varma 30 conc]uded fhat the nitro n,m * states are not very
sensitive to‘the type of aromatic systems to which the NOp gfpuﬁ is
attached.. Thé m™,T* chargé transfer state, however, is_strongly
‘dependent on the type of aromatic system te which the N0y is attached,
and the solvent medium ysed. Solvent changes may invert the relative
energies of singlet and/or triplet excited states for aryl ketones and
nitroaromatics, i.e. n,w* and 7 ,m* may flip-flop eneréetica1jy. “In
- general, the energy of an n,m* state increases and that of the m,m*
decreases with increasing solvent polarity. Furthgrmore, when the
solvents contain é hydrogen bonding component, hydrogen bohding may take

place batween the 1w  m* charge transfer (CT) state and the solvent
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mo]ecu]e.'
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" The. exper1mentaf\?Esul,g_isom the Stern Volmer quench1ng ana]ys1s

(Figure 19) and the disappearance of fluorescence of 10a in aqueous
acetonitrile may alse:be interpreted in ferms of hydfogen bonding in the'T
excited state. As already mentioned prev1ous]y, 1,4- d1nethoxybenzene is
unab]e to quench excited 10a in CH3CN. However, effect1ve quencthg of
excited 10a with the same mo]eCU1e occurs in CH3CN- H20 (mole fraction

of water = .66). "The estimated 1ifetime T, of excited 10a in CH3CN- -

~ Hp0 increased by almost three orders of magn1tude, a phenomena a]so
“observed by Varma in his study of 3,5-dinitroanisoles 30, e - .
described the hydrogen bonded triplet state (T1, HB) decay as a two

step process 1n which the dissociation reaction is the rate 1imiting step

(58).
TLHB (m,m*)  —==> Ty, (n,m %)  —o> So . (58)

Selective triplet quenching of 10a with 1,3-cyclohexadiene showed
“that in a polar hydrogen bonding solvent products are possibly formed
~ from both the singlet and triplet excited stafe. |

Given the above experimental results it is propesed that, due to
a8 solvent induced shift of excfted states in 10a, intersystem crossing to
the triplet excited state effectively competes with fragmentation from
-the singlet state in polar, protic solvents. The product expected for
a-cleavage of 10a from a triplet ‘excited state is a radical pair 3D.

A kinetic scheme describing the relaxation of electronically

excited 10a in polar hydrogen bonding solvents is shown in Scheme 24.
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(v) Sécondardx;?rocesses in Polar H-bonding Solvents

- -

In polar H-bonding solvents, Spin trapping of the benzoyl radical
by the nitro group, within thg so]veht e;ge, is proposed. Since amfde
bond homolysis of 10a seems:tq occur from singlet and triplet excited
gtates, both a singlet and triplet nitroxide-ary]aminyl biradical are
predicted in aqueoﬁs acetonitrile.

As oué]ined preQious]y, the singlet nitroxide;arylaminylb
biradical 2§_and gg_coup1e§ to form_the%hitronic carboxylic acid
anhydpide_gl;- Subsequentvhydrdljtis of 31 in the presence of water would
‘then yield phbtobroducts 1la and lgg.(Schgme 21).

Relatively Tittle is known about the mechanism and rate
determining step for the-intfamo]ecu]ar decay of triplet biradicals.
Current evidence %avours intersystem croséing (ISC) to the singlet
biradical as the rate determiniﬁg step in the decay of small, flexible
triplet biradicals 109,

The possibility of the decay of a trib]et,biradical being‘
controlled by hydrogen bond{ng was suggested by Small and Scaiano 110
in a stud& of biradicals geﬁeratéﬁ in the Norrish t}pe I1 re;Etion. They
suggestea that fﬁtngfect @f %he solvents ?wdrogen bonding ability \
probably reflects changes in the 1nterac£ion between the radical sites in
the‘biradica1. This may be due as a result of either a change in the
overall conférmation, or a communication of the biradical ends involving
the solvent. Factors which enhance intersystem crossing in biradical
intérmediates in organic bhotochemistry have still not been tomp]ete]y

defined.

" Buchachenko 111 showed that nitroxides are also capable of
- «

AY
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hydrogen bond formati
. Y

is that in which the hydrogen bond is formed with participation of the

on with water. The most probable model he suggested

lone electron pair of the oxygen atom of the radical. In his o model,
“direct W'-type overiap between the odd electron orbital and the p;
. - ’ . . . N

atomic orbital centered on the oxygen atom of the solvent is assumed to

exist (F¥gure 23).

y4
y %
~ .
H ]
N g
4//€? |
- :
Figure 23: ¢ Model for nitroxide stabilization via hydrogen

Bonding. '» ‘

A solvent stabilized,trip]et‘nitroxidé arylaminyl biradical could
then, either fragmenf about the N-0 bond or intersystem:cross to form the
singlet nitroxide arylaminyl biradical. N-O bond homolysis would yield a
nitroso and a-benzoyloxy radical {Scheme 22). Oxygen transfer from the
nitro group has beeh 1nvdked as a majot step in the meéhanism of ’
photoreactions of nitroaromatic compounds 112 pirect -evidence for

an intramolecular oxygen atom transfer from a nitro group has been

demonstrated'by Amit 21 in the photolysis of N-benzoy|;1,2,3,4e

_’i/,f—¥———~tef:éhydro-8-nitroquinb1ine.

The temperature dependent yield of 1la and 25 in aqueous CH3CN
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- would also be cons1stent w1th the triplet nitroxide-arylaminyl b1rad1ca1
bQIng a common 1ntermed1ate for the photoproducts. Since a -cleavage of
the N-0 bond in the nitroxide arylaminyl biradical possesses a finite
activation enefgx, increased temperatures could lead to a fragmentgtion
rate enhancement.\ But, an incregse in temperature would have no effect
“on the intersystem crossing rate.
" Before escaping from the so]venf cage, or losing COp, the

highly reactiQe benzoyloxy radical apparently abstracts a hydrogen from
the Q(? position of the nitroso arylaminyl radical forming photoproducfs‘
1la and gg_(Scheme 22). This conclusion is supported by Amits report 6n;
the photocleavage of N-benzox]-l,2,3,4—tetrahydro—8-nitroquino]ines 21,

Although the postulated mechanism for the photofragnentat1on of
10a in H-bonding solvents™is consistent with the exper1menta1 resu]ts
other mechanistic pathways cannot be discounted. For example, a pathway

based on an electron transfer process prior to C-N bond homolysis would

also be in agreement with the experimental results.

I. UNIFYING CONCEPT

One interesting observation that comes out of this work is the
similarity -of 10a phototransformation and. other photoreactions. Despite
the structural similarity of 9 and 10a, Amit and Patchornik 21,22
assumed a different mechanism for their respective photofragmentatidns.
This concTusion’they based on 180 1abe111ng experiments and product
ana]ysié.

The .apparently unrelated photolysis reacti&ns of 3, 10a, and 18,
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however, could be mechanistically consolidated. Since relative

excited-state energies can be a]teredisy molecular distortion, and as

,'1hdicated previously, by so]vents,'it is- proposed that the reactive

-

excited state of the N-acy1;2-nitroaniTﬁde, rather than H-availability,
determines the photoproduct composition.

On idrradiation.of N-acyl-2-nitroanilides tHe primary
photochemical step is assumed to be amide bond Homo]ysis from either a
singlet or triplet excited state. For 9 21 and 18 54, in both H-
or non H-bonding polar solvents and 10a in polar H-bqnding solveﬁts only
a reactive triplet excited state has been postu]ated;, However, for 10a
in non-Hfbdnding solvents C-N amide bond homolysis seems to occur froﬁ
the singlet excited state.'

Rapid coupling of the singlet acyl -and arylaminyl biradical at
the nitro functionality will form a nitronic carboxylic acid anhydride.
Solvolysis of this acid anhydrid@vwould yield a nitfo compound and a
cérboxy]ié acid derivative as product of the N-acy]-Z—nitroani]ide
irradiation. _

Spin trapping of thé trip&et acyl and arylaminyl biradical, on-
the other hand, will lead to a nitroxide-arylaminyl- diradical
intermediaie. Due .to the slow intersystem crossing of the triplet
diradicals, the triplet nitroxide-arylaminyl diradical, could fragment

homolytically about thedN-O bond to form an acyloxy and ainitroso-

- arylaminyl radical. The ensuing reaction steps would produce a nitroso

compound either as an intermediate or the final photofragmentation

product (Scheme 25).
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J. CONCLUSION

N-Benzoyl-5-bromo-7-nitroindeline photo1ytica11y transformed into
products with a disappearanbe quantum yie]d of 0.01 to 0.05. 1In CH3CN,
benzoic acid and ‘5-bromo-7-nitroindoline were the only photop}odhcts
observed. When N-benzoyl-5-bromo-7-nitroindoline was photo]yzed.in an
H-bonding solvent system.S-bromo-7-nitroéoindo]é; in addition to benzoic
acid and 5-bromo-7-nitroindoline, waé also identified. 'Although the
photoﬁroduct yie]ds are vjrfua]]y quantitative its low fragmentation
gfficiency makes this system unattractive for the photo]ytjc.activation

of the charge mosaic membrane.

.

-

The resu]ts from this research led to the suggestion that the
unique fragmeﬁtation of N-benzoyl-5-bromo-7-nitroindoline is a function
‘of the relative energetics of the excited_states rather than availability
of C-2 hydrogen as proposed. by Binkley 55, Frgm the absence of
excited state quenching by l,4-d1methoxybenzeﬁe, the observation of,
fluorescence and the product distribution, a s§§g1et reactiye state of
10a in CH3CN was suggested. In fhe presence of a polar H-bonding
so]vensjpystem a so]veht induced shift of excited states faci]itafes
intersystem crossing to the triplet excited state. This postulate is
based on a Stern-Volmer quenching analysis, disappearance of
rluorescence, and formation of 5-bromo-7-nifrosoindo]e;

R [4
Whether the reactive state is a singlet or triplet, in each

~ instance homolysis of the C-N amide bond .is the proposed primary
photochemical process. The singlet biradical could.then recombine at the’

nitro functi?na1ity to form a nitronic carboxylic acid anhydride
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intermediate, which; in ‘the presence of water, can,hydro]yéerto 5-bromo-
7-nitroindoline and benzoic acid. Spin trapping of the triplet biradical
may form a triplet nithoxide;arylaminyl biradical intermediate: A
triplet nitroxide-ary]aminy1 biradicaT,‘on the other hand, seene-to
fragment about the N-0 bond. H- abstract1on by the benzoy]oxy radical

fron the C—2 pos1t10n of the nitroso ary]an1ny1 rad1ca1 ‘before escape

" form the solvent cage, wou]d account for~ the observat1on of ‘5-bromo-~

7-nitrosoindole as the third photoproduct in aqueous CH3CN.

Hpno1yt1c a -c]eavage about the RN=CORI bond coupled with nitro
spin trapping of the acyl radical is proposed as a mechan1st1c}pathway
commion to a]] N-acyl-2-nitroanilide photofragmentationsl

Although sufficient information has been accumulated to permit.
discussion of this complex transformation with a certain degree of
cohfidence, further work in some areas of 1the physical and chemical
phocesses of N-acyl-2-nitroanilides, particularly 10a, iggsti1j reqguired.
Since the presented evidence advocates a nitronic carboxylic acid
anhydr1de intermediate for 10a phototransformat1on 1n non H- bond1ng

so]vents it would be of 1nterest to probe further, in an inert sclvent

system,\th1s elusive intermediate by chemical and spectroscopic means.

Also, sensitization experiments might corroborate the triplet efcited

-

state as the precursor for 5-bromo-7-nitrosoindole. ,Fiha]]y, the
idehtity of the light emitting species in fluorescence and phosphor-
escence.measurements should be determined by monitoring emission
intensities as a function of time and possih]y investigate the basis of

the dual phosphorescence of N-benzoyl-5-bromo-7-nitroindoline.



CHAPTER III

EXPERIMENTAL METHCDS

A. GENERAL

. i K

(%) Materials

All of the reagents employed for the syntheses of N-acyl-Z-

Ritroanilides wére commefcial]y-avai]ab]e and were used without further
;purification. Acetonitfi]e_was purified and dried by distillation of
HPLC-gradé solvent from CaHp, and discarding the first and finaf 10% of
distillate. Tetrahydrofuran used for photoproduct analysis,
diséribution, and quantum yield studies was distilled from LiATﬁ4 prior
to solution preparation. Both acetonitrile and tetrahydrofuran were
stored in glass containers wréppéd with aluminum foil, and kept in a N2
glove bag. Purified water was pbtained byf}iltering distilled Qater '
through a péper filter, activated charcoal aﬁd fina]]y through an ion
exchange column. A1l other so]vents'used for the studies were either
.HPLC-grade, and used without further burification,.or reagent grade which

were redistilled prior to solution preparation.

3

Agueous NaOH solutions were prepared by dilution of a N/10 Na

w

solution obtained from BDH Chemicals Lfd. -Cyclohexadiene, supplied

- 119 -
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(iv) 13¢ NMR Spectra =

() Electronic Absorption Spectra

120

. - . ° / . : . .
by Aldrich Chemical Co., was redistilled just prior to solutio

preparation. For the electron trahsfer quehéhing‘studies‘i,4-dimethoxy~,

benzene was purified by recrystallizing the reagent grdde material from

~methanol-water then sqp]imihg thelrecrysta11ized fraction.

]

(i) Helting Points

Helting bo;gié were determined on a Reichert-Hotplate and are’

A Y
uncorrected.

(iii) 4 MR Spectra . \ SRR

Ly NHRhspectra were recorded oh either a Varian=EM 390, a

Bﬁukeq WM 250, or a<Bruker Al 500 spectrometer. Due to the widely o

different solubilities of the reaction products, various deuterated

solvents were erployed. Unless specified, 1H NMR spectra were recorded ™

at 90 MHz on a Varian EM 390 spectrometer, and resonances referenced to

©

internal TMS. (

]

The 13¢C MR spectra for photoproduct 25 were obtained at 62.9
MHz on a Bruker WM 250 spectrometer. All other 13C NMR spectra were

recorded ondé‘BrukerAwP80 sbectfometer at 20.1 MHz.

r'd

v

Absorption spectra were recorded on either a Hewlett Packard 8451

A, or a Perkin-Elmer Lambda 9 Spectrophotometer. All absorption spectra

-
1

were recorded with a mgtched pair 1 cm quartz UV cells, and referenced

4
>
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‘against the solution solvent system.

'(vi) (\Emissfon Spectra R _. 7
The emission spectra ofllgg'andlllg were measured using 5~ '

Perkin-Elmer LSLS fluorescence ‘spectrophotometer coupled to a

Perkin-E]mér 3600 data station. The output from this instrument was fed

into a Perkin-Elmer 660 printer.

(vii) Infrared Spectra

*

A Perkin-t]mer-283 IR Spectrophotometef was used to obtain the .

. _ o~
solution spectrum of 25. The specteum was obtained in CDC13 with NaCl

windows. Initially the KBr disk technique was attempted buf_no clear

intact window could be prbducgd. A1l other IR spectra were obtained: by

the KBr disk technique. Only major, and diagnostic bands are reported.
. .

(viii) Gas Chromatography

A Hew]étt Packard 5790A.ga5‘chromatograph coupled to a 339QA
iﬁtegrator wa§ used for monitoring of photo]ysis products. The samples
were injected inég a‘1/8" dia. x 10' long stain]eés steel Fluorad FC 431
column (Chromatographic Specialties Ltd.). Column temperature was

maintained at 150°C and the Ny carrier gas flow rate was set at

21 ml/min.
(ix)  Mass Spectra - X
L

Electron impact mass spectra were recorded on a VG7070 mass

spectfometer (VGFMicromass, Altricham, U.K.). Sampﬁes were introduced
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via a direct insertion probe system. The spectrg were acquired, and

processed, with a VG 2035 data system.

(x) UV Reactors

- Aﬁ] samples of 10a, 4'-substituted 10a and'llé were irradiated_in
v —_— :

a Rayonet Photochemical Reactor (Model RPR 100, Southern New England

Ultraviolet Co.) or a "homemade" UV reactor based on the Rayonet

Photochemical Reactor principle. Either RPR 3000 or RPR 3500 Yamps

(Southern New Engiand U]travio]ét Co.) were used inside the UV reactors

for the irradiation of the reactants.

B. SYNTHESIS

v

(i) 1-Acetylindoline

Acetic anhydride (43.85 g, 0;43 moles) was added dropwise to a

stirred mixture of indoline (47.29 g, 0.40 moles) in water (135 ml). The

resulting pfecipitate was filtered. Recrystallization from ethanol (95%)
yielded 49.4 g (76:7%) of white needles. NMR (CDC13): & 2.15 (s,

3H), 3.05 (t, TH), 3.90 (t, 1H), 7.1 (m, 3H), 8.15 (d, 1H).

(i) 1-Acetyl-5-bromoindoline

The title compound was synthesized according to the method of
Boeke]hejde 114; Bromine (14 ml1) was addéd dropwise to a stirred

“mixture of l1-acetylindoline (46.4 g, 0.29 moles) in acetic acid (300 ml).
The resu1ting reactipn mixture was allowed to stand*for another 5 minutes

and then was ﬁoufed into cold water (2.5 1). To the stirred aqueous



123

suspensibn Just enough sodium bisu]fite,was added_to remove the excess
bromine. The so]id was co]iected by fi]tratfonﬂ Recrystallization from
methanol yielded 55.7 g (81%) of co]our]gsg crystals. NMR (CDC13):
8§ 2.20 (s, 3H), 3.05°(t, 1H), 4.05 (t, 1H), 7.3 (m, 2H), 8.10 (d, 1H).
. . /'-
“(iii) 1-Retyl-5-bromo-7-nitroindoline '

Thé title compound was synthesized according to the method of
Boekelheide 114:"N—Acety]-S-bromoindo]ine (41.5 g; 0.146 moles) was
added in sma]f_portions to a stirred cold mixture (0-5°C) 6f fuming‘
nitric acid (9.7 ml); getic acid (50 m1) and concentrated sulfuric acid
{62 m1). 'During the addition of N-acetyl-5-bromoindoline and subsequeni
15 hours, the temperature of reaction mixture was maintained/hg}wéen 0
and 5°C; At the.end of the 15 hour‘rea&tion time the mixture was poured
onto cracked ice and the précjpitated solid was filtered, washed with -
water énd dried. ‘Recr&sta11ization~from 200 ml of methanol-acetone
mixture (1:2.3).yie1ded 8.2 9‘120%) of yellow needles, m.p. 200-201°C
(1it. 114 197-198°C). 1H NMR (CDC13): & 2.20 (s, 3H), 3.25
(t, 1H),.4.25 (t, 1H), 7.55 (t, 1H), 7.80 (d, 1H). IR (KBr):

1531 cm‘l/i7dé), 1675 cm-1 (c0).

—

(iv) - 5-Bromo-7-nitroindoline

A solution of l-acetyl-5-bromo-7-nitroindoline (10.0 g, 0.035
moles), ethanol (16 ml) and 6N HCl1 (42 ml) was .boiled under reflux for 6
hours. The mixture was then filtered, made basic with aquebus ammonia,
and the solid precipitate collected. Reérysta]iiiation from

acetone-methéno1 (1:1) yielded 5.84 g (69%) of orange-red crystals, m.p.

u
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131-132°C. 1 WMR (CDCT3): & 3.16 (t, 2H), 3.90 (t, 2H), 6.80 (s,
1H), 7.25 (t, 1H), 7.90 (d, 1H). Mass spectrum m/e 244 (P+2), 242 (P),
198,196, 117, 89. | ' |

- . --’ . L—./

e(vj 1—Benzoy1;5—bromof7—ﬁi%roindo1jhe

A solution of 5-bromo-7-nitroindoline (5.53 g, 0.023'mo1es), and
benzoyl chloride (9.53 g, 0.068 moles) in dry pyrieine (55 ml), was
heated to ref]ux under a nitrogen atmosphere After 13 hours of reflux
water (110 ml) was added to the‘react1on mixture. The slurry was then
poured into 200 ml1 cold 5% ‘aqueous NaOH, stirred for 3 minutes and
f11tered Recrysta111zat1on from 360 ml methanol-acetone (1:2.6) yie]ded‘
5.84 g (73%) of yellow needjes, m.p. 214-215°C. 14 NMR (CD3CN): &
3.16 (%, 2H), 4.21 (t, 2H), 7.48-7.86 (m, 7H). 13C NMR (20.1 MHz; .
CDC13): § 29.60, 53.36, 116.31, 125.89, 128.89, 132.26, 132.40, 134.46,

139.35, 169.98. UV (CH3gCN): - A 354 nm ( e = 3570 cm-l m-1).

(vi) 1-(4'-Ch10robenzey1)—5-bromo-7—nitroindo]ine _
, B qh&
A solution of 5-bromo-7-nitroindoline (5.59 0.023 moles) and

4-chlorobenzoylchloride (97%) (15.52 g, 0.086 moles) in dry pyr1d1ne (60
ml) was heated to ref]ux under a nitrogen atmosphere After 14 hours of
reflux, wgﬁ/; (100 m1) was added to the reaction mixture, stirred for 25
minuteé;ét ambient temperature, and then‘filtered. Thé crude reaction -
product was redissolved in acetone, filtered, and filtrate concentrated
under vacuum. The impure reaction mixture was aéain added to a solution

of pyridine (30 m1) and water (100 ml), refluxed for 2 hours and then
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poured into a 2% aTLeous NaOH solution (300 ml). Aft7r stirring the
. ~
solution for about

0 miputes; at ambié t température'the solid residue
-was fiTtered, washbd with water énd‘riﬁggd Qith methanol. VYield of
yellow needles wag 7.32 g (83%), m.p. 255lgss°c. 14 NAR (CDC13): 6 3.2
(t, 2H), 4.26 (i, 2H), 7.4-8.0 (m, sH)?\,kéc NMR (62.9 MHz, '
CDC»): & 29.81, 117.05, 125.89, 129,34, 130.45, 132.65,433.19,
135.45, 138.62, 139.92, 141.20, 168{?4.- W(THF): A 350 nm

(€= 4288 cm~1 M-1),

(vii) 1—(4‘—Méthy1benioy1)-5-bromo—7—nitroindo1ine

A solution of 5-bromo-7-nitroindoline (5.59 g, 6.023 moles) and
p-toluoylchloride (98%) (13.6 é, 0.086 moles) in dry pyridine (60 ml) was
heafed to reflux under a‘nitrogen atmosphere. After 14 hou;g-of ref]ux
water (llb m]i was added to the reaction hixture, stirréd for 25'minutes
at ambient]température and then fijtered. The crude reaction product was
redisso1véh in acetone, filtered, and filtrate concentrated unqef vacuum.
Recrystallization from methanol-acetone yielded 6;53 g (79%) of yellow
needles, m}p. 213-214°C. 14 NMR (CDC13): & 2.41 (s, 3H), 3.15
(t, 2H), 8.26 (t, 2H), 7.25-7.93 (m, 6H). 13C NMR (20.1 MHz,
60613): § 21.70, 29.51%, 53.36, 116.55, 125.69, 128.91, 129.41, 131.44,
132.19, 135.61, 139.41, 141.01, 143.00, 169.98. UV (THF): )

max
352 nm ( €= 3905 cm-1 M-1),

(viii) 1-(4'-Methoxybenzoyl)-5-bromo-7-nitroindoline
A solution of 5-bromo—7-nitroindo]ine (4.44 g, 0}018'mo1es) and

4-methoxybenzoylchloride (99%) (11.24 g, 0.066 moles) in dry pyridine

)
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(48 m1) was heated to reflux under a nitrogen atmosphere.. After 13 hoursb
\ . . -.

of reflux water (110 ml) was added to the reaction mixture. The

resulting slurry was then poured into a 2% .aqueous NaOH solution (300 m1)
étirred»for 4 mianss, fi]tered, and y?shed with water. The crude
reaction prdduct was redisso]ved in'aéeione, filfgred, and filtrate
concentrated under vacuum. Recrystallization from methanol-acetone
yie]de& 5.65 g of yellow crystals, m.p. 201:202°C.,~1H.NMR (CDC13):

5 3.16 (t, 2HO, 3.89 (s, 3H), 4.29 (t, 2H), 6.92-7.95 (m, 6H). 13¢
NMR (20.1 MHZ, CDC13): & 29.61, 53.52, 55.66, 114.07, 116.48, 125.80,
126.33, 131.07, 132.19, 135.85, 139.27, 140.98, 162.98, 169.72. UV

. - -1 M1
(THF): A pax 354 nm (€ = 4166 cm~l M-1),

(ix) 1-(4'-Cyanobenzoy1)-5—bromo—7—nftroindo]ine

A solution of 5-bromo-7-nitroindoline (2.43 g, 0.01 mole) and
4-cyanobenzoylchloride (5.01 g, 0.03 moles) in dry pryidine (30 ml) was
heated to reflux under a nitrogen atmosbhere.. After 15 hours of reflux
water (50 m1) was added to the reaction‘mixtu?e, and the siurty.pouredj
into a beaker containing water (100 ml). fhe precipitate was fi]teféd,
stirred for 5 minutes in a 2% aqueoUs NaOH solution, and remaining solid
again filtered. The crude reaction product was redissolved in-écetone,‘
filtered, aﬁd filtrate concentrated under vacuum. Recrystallization from
acetone yielded yellow crystals, m.p. 232-233°C. 13¢ NMR (20.1 MHz,
CDC13): ¢ é9.58, 53.05, 115.94, 117.72, 126.10, 129.41, 132.72, 138.44,
139.17, 168.03. UV (THF): A’max 350 nm ( € = 4648 cm-1 M-1).



C. EMISSION MEASUREMENTS

(i) Fluorescence

¢

-

”,

Rdomltemperature fTuorescence spectra of 10a-acetonitrile, or
acetonitrile-water' (mole fraction of water = .66) so]Utibns in 1 cm
quartﬁ f1udrescence cells were recorded. The so]utionslwere;eiézzr"air
saturated, 6; argon degassed prior to measuremeng. -Similar1y,

- fluorescence spectra df 1lla in acetonitri]g were recorded. An excf;ation
wavelength of 354 nm was employed, and the sample emission was monitored
from 400 to 650 nm. The‘samp1es were prepéred éuch thaf they had an
absorbancq of about 1 at 354 nm. For emission spectrum see Figure 6.

R B
(i) Phosphorescence

Solutions of.léé or 1la in 2;methy1tetrahydrofuran‘
(= 10‘4 M) were p1acéd in a quargz cell (3 mm 0.D.), and cooled
quickly in a dewar flask, containing liquid Np, to form a glass. ‘The
sample was then transferred into the Tiquid ﬁz cooled sample
'compartment of the Perkin-Elmer LS-E spectrophotometer, excited at
354 nm, and phosphoresﬁence spectra recorded with a gate setting of‘l.O
and delay. times rangiﬁg from 1.0 x 1075 to 1.0 x 10-3 seconds.

- )

For emission spectrum see Figure 7.

D. PHOTOPRODUCT DISTRIBUTION

(i) ‘In Acetonitrile as Solvent

Four ml of a 1-benzoyl-5-bromo-7-nitroindoline-acetonitrile
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solution (1.18'x 10-2 M) was transferred into'a quartz irradiafion T

vessel and dégassed-by four fréeze-pump—théw cycles. ' The éea]edﬁ§gﬁgaé ;j
| was irﬁédiéted_for.l4 hours with 7-RPR 3500 1amps. Immediate gas \\\\
chromatogS@phy analysis of irrad%éted so]uFion using a Fluorad column ;
shdwed no peak with a retentioh time typical of benza]dehyde. The
acetonjtrile wés evaporated leaving a reddish-brownAsolid._

The crude produEt of th irradiations'was disstved iﬁ methylene
chloride (5 ml), added to a solution of water (5 ml), and then to
saturated aqueous sodfum b%tarboﬁate (5 ml). Any non-acidic product was
separated from reaction mixture by repeéted extractions with methylene
chloride (6x5 m1). The methylene chloride extracts were combined, washed
with sodium bicarbonate (2x10 m1) then water (10 mt), dried (NapS04),
and solvent evaporated. .The IH NMR speétrum of the reddish-brown solid
indicated the presence of.5-bromoF7-nitroindo1ine and a minor amount of
benzojc acid. Complete separation of methylene chloride extract was /
achieved on preparative silica gel TLC plates. i ' ) s

The aqueous fraction‘wés neutralized (pH 7? with conc. HCi and
ext;acted with methylene chloride (3x10 m1). The combined methylene
chloride fractions were washed with water (10 m]); dried (NapS0g),
and solvent evaporated. The 1H NMR and mass spectrum of the solid

extracted were identical with benzoic acid.

~

(i1) In Acetonitrile-Water as Solvent
| A stirred solution of 1-benzoyl-5-bromo-7-nitroindoline
(.189 g, 5.43x10~% moles) in asetonitrile (100 m1) and water (50 ml)

was irradiated for 12 hours with 10-RPR 3500 lamps. After the
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irradiation the solvent was evaporated, the residual solid ;edfssolved in
methylene ch]dride (30 m1), and solution extracted wjth séturated aquedus
sodium bicarbonate (4x30 ml). |

The“aqheous bhase was-neutra1ized qith HC1 to a pH of 7, and
acidic photoproduct éxtracted with methylene éh]oride (4x30. m1). The
combined methylene chloride extract was_washéd with water (2*30 ml),

dried (N52504), ana solvent evapoétedf# The 1H NMR sﬁectrum of the
solid residue was jdéntica1 to benzoic acid.

.The methylene ch1oride phése contaiﬁing the crude non-acidic
photoreaction products was concentrated, and products éeparated on
preparative silica gel thin layer chromatography (TLC) plates using
chloroform as eluent. ' .

The band with an intense yellow-orange colour (Rf =.39) was
washed from the silica gel with acetone, and solvent subsequently
evaporbfed from the product. A 1H NMR spectrum of this component
indicated the presence of two compounds. Those two compounds were
completely separated on préparative silica gel TLC plates via repeated
deve]opmehts using methylene chloride-petroleum gthér (1:4) as e1ﬁent.
The componentywigklfhe highest Rf value was an orange-yellow solid.

14 NMR (250 MHz, CD3C0CD3): 6 6.66 (d, J=2.8 Hz, 1H), 7.53 _

(d, J=2.8Hz, 1H), 8.31 (d, J=1.4Hz, 1H), 9.19 (d, J=1.4-Hz, 1H), 11.67
(broad, 1H). 13C WMR J modulated spin echo (62.9 MHz, CD3COCD3):

§ 102.92 (em.), 111.94 (absorp.), 116.60 (absorp.), 131.12 (em.), 133.52
(em.), 134.97 (absorp.), 135.55 (em.), 155.55~(§bsorp.). UV (CH3CN):

214 nm, 270 nm (shou]der): 406 nm ( € = 6804 cm~1 M-1), 734 nm.

Mass spectrum (low reso1utioﬁ) m/e 226 (P+2), 224 (P), 196, 194, 115, 87,

T

TR
S
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57. Mags,spectfum (high resolution) observed mass = 223.9577
(CgHghp0Br). IR (CDCI3) cm-l 3470 (s), 2250 (w), 1480 (m),-
1450 (s), 1435 (s), 1425 (s), 1379 (m), 1318 (s), 1260 (m), 1215 (s),
1075 (s), 1052 (S);’ib30 (s). The 14 NMR, and mass.spectrum of the
other component was identical with 5-bromo-7-nitroindoline:

| As a fina1 product a burgundy red Band was separated from the
si]iga gel TLC plate.; This red phot0produc£ was only sparingly soluable

in chloroform, and gradually changed at -20°C from a‘burgundy red into a

- brown insoluable solid. Mass spectrum m/e 290 (P), 248, 149, 105.

(iii)  In Tetrahydrofuran as Solvent

| 108Lm1 of a 1-benzoyl-5-bromo-7-nitrodindoline-THF solution
(2.9x10-4 M) was transferred into a quartz vessel and the stirred
solution irradiated for' I hour with.15-RPR 3500 Tamps. The reaction

solutions of four irradiations were combined, and the solvent evaporafed.

Immediate gas chromatography (G.C.) analysis of irradiated solution on a

: 10 ft x 1/8 in. Fluorad column showed no peak with a retention time

typical of benzaldehyde. 1H.NMR'(CDC13), TLC (silica gel, CHoClp
-hexanes (1:15 as eiuent) and G.C. ané]ysis revealed a complex reaction
mixture. Out of /this complex mixture two major non-bo]yheric componénts,
aside from benzgic acid, were separated on preparative TLC by repeated
developments using CHéclz-heganes (1:1) as eluent.

The component with the highest Rf value waé a pale yellow

coloured crystalline solid. 1lH NMR (250 MHz, CDC13): § 6.68

(d,d, J=3.0 Hz, 1H), 7.42 (d,d, J=3.0 Hz, 1H), 8.10 (d,d, 1H), 8.29

(d,d, 1H), 9.91 (broad, 1H). Mass speétrumv(1ow.reso1ution);m/e 242
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(P+2), 240 (P), 196, 194, 149, 115, 88, 71, 57. Mass spectrum (high
resolution) observed mass:= 239.9543'(C8H§N2028r). | |

The second sebarated.tomponent from the TLC plates was. an orange
~ coloured solid. The lH NMR spectrum of this. photoproduct was identical

to 5-bromo-7-nitroindoline.

(iv) , In Tetrahydrofuran-Water as Solvent

A stirréd sé1ution'of 1-benzoyl-5-bromo-7-nitroindoline
(1.08x10-2 g,m3.12 x 10~3 moles) in THF (60 ml) and water (40 m1) ‘
was irradiated for 1 hour wfthAIS-RPR 3500 lamps. The reaction solution
of two irradiations were combined, and the solvent evaported. The 500 -
MHz 1H NMR (CDC13) of crude reaction mixtureﬂﬂepicgsd rgsdnance peaks
which éou]d all be assigned to three reaction ﬁrodﬁgts; benzoic acid,
5-bromo-7-nitroindoline and S;bromo—7—nitkospindo1é. The relative
product composition by peak integration was 92% 9?
5-bromo-7-nitroindoline and 8% of 5-bromo—7—nitroso{ndo1e. The

composit?bQ error by NMR peak integration is assumed to be less than
\ . ‘ _

bl

(v) In Ethanol as Solvent

. 100 ml1 of a 1-benzoy1-54broﬁb-7—nitroindo]ine—ethanol solution
(3.9x10-4 M) .was transferred fnto a quartz vessel, and fhe stirred
‘solution irradiated for 1 hour with 15-RPR 3500 lamps. The reaction
solutions of two irradiations were combined, and the so]venf evaporated.
The 500 MHz 1H NMR (CDC13) of crude reaction mixture depicted the’

presence of ethyl benzoate, 5-bromo—7-nitroindo]ine,;&;bromo-?-nitroso-'

3
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indole, and some polymeric .material. The relative product composition by

L4

peak integration was 96% of 5-bromo-7-nitroindoline and 4%/0?

5-bremo-7-nitrosoindole.

S
<

(Vi) - In Acetonitri1e-1,3—Cyc]ohexadiene I .

. A 100'ml stirred solution of l—bénzoyl-é-bromo?ffnitroindoline
(1.12x10-2 g, 3.23x10~5 moles) and'1,3-cyclohexadiene (1.25 g,
1.56x10-2 moles) in acetonitrile was irradiated for 1 hour with
15-RPR.3500 1amps. After the ‘irradiation the solvent was evaporated.

’Séﬁaratibp of thé crude reaction mixture on preparative silica gel TLC
using CHyClp-hexane (1:4) as eluent yielded 5-bromo-7- nitroindoline
and benzoic acid as the primary‘photbproducts. A minor amount of a red
solid compound was also separated byt its structure couTﬁ not be

identified since it turned within a day at ambient temperature into a

brown solid.
J

(vii)  In Acetonitrile-Water-1,3-Cyclohexadiene,

(a) One stage reaction (without 1,3-cyclohexadiene)

A 100 m1 stirred solution of &-benzoyl-5-bromo-7-nitroindoline
(1.12x10-2 g, 3.23x10-5 moles) in water (40 ml) and acetonitrile
was irradiated for 1 hour with 15-RPR 3500 lamps. .After the irradfatjon
the solvent was evaporated. The 500 MHzllH MR (CDC13) spectrum of
the crude reaction mixture depicted reséngnce ﬁeaks which could all be
ass{éned to three reaction products; benzoic acid, 5-bromo-7-nitro-

indoline, and 5-bromo-7—nitrosoindo1e. _ o - -
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(b) One stage reaction

— —— ——— — — — —

A 100 ml stirred solution of l-ben20y1-5-bromo—7—nitroindo1ine

'(1.12x10-2 g, 3.23x10-5 moles) in water-(40 m1), 1,3-cyclo-hexa-
diene (1.246 g,'l.56x10‘2 moles), and acetonitrile was irradiated for

1 hour with 15-RPR 3500 lamps. After the irradiation the solvent was
evaporated. The.500 MHz 14 NMR (CDC13) spectrum of the crude

reaction mixture depicted resonancé_peaks ascribable in part to
1-benzoyl1-5-bromo-7-nitroindoline, benzoic acid, and 5-bromo-7-nitro-

-

indoline. Major peaks at ¢§ 4.4, 4.6 and 6.0 and minor peaks at § 3.1

‘and 3.8 could not be assigned to any known photoproduct. '

(c) " One stage react1on (2 hour 1rrad1at1on)

Repeat of the above exper1ment (one stage reaction) with

&

irradiation time extended from 1 hour to 2 hours followed by preparat1ve
s111ca gel TLC separation with CH2C12 hexane (1 4) as e]uent y1e1ded
a black insoluable material as the predominant reaction product. Two

minor components were, however, separated from the TLC plates, but, coutld

not be identified.
.o a

— e —— e — —— e — E— e — e e e e — e — — — . —

(d) Two stage reaction (without 1,3-cyc10hexadiene5

. ' A 100 ml stirred solution qf l-benzoyl-5-bfomo—7—nitroindo1ine

(1.12x110'“2 g, 3.23x10-3 moles) in water (40 m1), and acetonitrile

was irradiated for 1 hour, left in tﬁé dark for 35 minutes and ifrédiéted
again for 1 hour with 15-RPR 3500 lamps. After the final irfadiation the

‘ solvent was e&aporated. A 500 MHz lH NMR (CDC13) of.the.crude

reaction mixture depicted a-spectrum identical to the spectrum obtained

-



) ) e
' 134
Y’ from the one stage reaction (without 1,3-cyclohexadiene).
+ (e) - Two stage reaction C '

‘ >A 100'h1 stirred solution of-1-benzoy1—5—brbmo$7?nitrodindd]ine
(1.12*10-2 g, 3.23x10-5 moles) in water (40 m1);‘andjacet9nitri1e ’ ‘1\;\\j

- was irradiated for 1 hour. During a dark period of 35 ﬁinufeé -
i,3—cyc1ohexadfene (1.25 g,ﬁ}:56x10‘2 moles) was added to the’

o irradiated so]ution,banq irradiated subsequently for anothgr‘i hour with

. 15-RPR 3500 lamps. After the final irradiation the solvent was';

L 4

evaporated. The 500 MHz lH (CDC13) spectrum of the crude reaction

-

mixture confirmed the complete conversion-of the starting material. ¢
Major resonance peaks could be ascribed to benzoic acid and 5-bromo-

]—nitrdindp]e; Although other major resthnce peaks again observed at .

§ 4.4, 4.6.and 6;0 could not be éssigned to any known photoproddct.'>

' o : )
E. PHOTOPRODUCT DISTRIBUTION X
(1) As a Function of Mole Fraction of Water
JE A 3.04 x 104 M solution of 10a in acetonitrile-water solvent

mixture with mole fraction of water = 0, ,24,..42,".66 and .81 were
prepared. 100 m1 .of the solution was transferred into a cylindrical
qu§rtz veése].‘ The stirred solution was then irradiated for 1 hour with
R_3500 Tamps at 7°C &nd/or ambient temperature. The ambiént_ >
temperature samples reached a solution témperaiure of 45°C at the-end ofi

irradiation. After photolysis the solvent was removed under reduced

pressure, the residue redissolved in a minimum of CDC13, and

-
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compositions analyzed on an Al 500 MHz Bruker FT-NMR spectrometer. The -

. . 7 .
mole % of 25 was calculated from the H3 and H6 NMR integration of

photoproduct 25 ( 6 6.66 H3 and & 9.I9 H6) and H2 and H6 integration
« " b |
of photoproduct 1la ( & 3.90°H2 and/or & 7.90 H6). Percent conversion

»

of 10a was based on its remaining ( § 4.21 H2), pluc the 1lla and gi;

integration values.

(i) As a Function of NaOH Concentration

Solutions for photopr6§’kt distribution ﬁéasurements were
prepared by pipetting 10 ml of a 10a-acetonitrile stock so]utioQ _
(2.8x10-3 M), and 40 ml of a O'M, 1.0x10-4 M, 5.Ox10f4 M, q
8.0x10-4 M, 1.0x10~3 M and-1.0x10-2 M aneous NaOH solution
into a.100 ml vg1dmetric flask. The system was then diluted to the mark
with acetonitri]e,_ﬁransferred into a quartz vessel and the stirred‘
soiution irradiated for 1 hour with 11-RPR 3500 lamps. ‘After irradiation
the solvent was.evaporated, aﬁd the residual solid washed (3 times) with '
methylene chloride (10 ml), and saturated aqueous sodium bicarbonate
(10 m1). The combined methylene chloride extract was washed with water
(1x10 m1), dried (Na2504), and solvent evaporated. Methylene
chloride (1.5 ml), and hexane k1.5 ml) were syringed back into the round
bottom flask. The photoproduct composition was measuréd on a high
pressure liquid chromatography (HPLC) apparatus (Variah 5000 COUP]Ed.tO a
Varian Vista 402 data’processpé) equfpped with a>§I—é, 15 cm x 4 mm I.D.
co]hmn, and using a 254'nm UV monitor settiﬁg. The HPLCAwas programmed

to have a flow of 1.5 mli/min., and a continuous ‘mobile phase change for

the initial 30 minutes (t = O minutes 100% hexane, t = 30 minutes 70%
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hexané and 30% dichloromethane). From the area count of thé peaks for
- photoproduct 1la and 25 and their respective extinction coefficients at
254 nm their % (mo1e),va1ues were calculated. The peakAarea, and °
extinction coéffici;nt (e 254) va1375 are'given in Tab]g 11.

F. ELECTRON SPIN RESONANCE (e.s.r.)

(i) Equipment ' *

. The e.s.r. fragméntation study was conducted on a Bruker ER 100D

- spectrometer equipped with a Te102 rectangu]ar‘cavity. Attaghed was:

a Bruker Var%ab]e temperature ynit ER 4111 VT, and a Bruker microwavé
bridge ER 040 X. To the samplerrdbe a UV light source Qas attached such

~ that the sémp]e could be continuously monitored for e.s.r. signals while
irradiated.

(1) Irradiation in E.S.R. Probe

About. .2 ml of a 1.4 x 102 M solution of 10a in acetonitrilte
- or acetonitrile-water was placed/in an e.s.r. quartz tube (3 mm -0.D.,
Wilmad Glass Co Inc. 705 PQ) joint to a g]asg adaptor with a sidearm.
\The sample in the glass sidearm was degassed with three freeze
(77°K);pump—thaw cycles, sealed, and subsequently transferred into the -
quartz e:s.r. tube. lwhi1e the sample was irradiated, for approximg}glx/lfkﬁ;/’
hour (Philips SP 500W glass or quartz lamp), in the e.s.r. probe at
120-195°K, the signals were recorded. After the low temperatufe
irradiation the sample was remove from the cav1ty, and/Poth sample and

e.s.r. probe warmed to amb1ent temperature. An e.s.r. spectrum of the
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_previously irradiated sample was again recorded at ambient témperature.
Simi]ar]y, a .2 ml solution of 1la in acetonitrile was degassed,
irradiated in the e}s.r. probe, and spectrum recorded-at low and ambieﬁt

temperatures.

G. FREE BENZOYL RADICAL INTERCEPTION '

Five ml of a 10a-acetonitrile solutiﬁﬁ (1.39 x‘10‘2 H) was
transferred into an irradiation cell equipped with a micro stirring bar
(for description of glassware see "Iq'Acetonitrile—water as So}vént
(degassed)" pagei43 ). Onto a vacuum line both the 100 ml giass bulb
containing the 180, (oxygen-180, gas, 92.9 atom % 180,
MSD-Isétopes)-andlthe ifradiation cell were hounted:in a manner _
appropriate“for a bulb to bulb distillation. The lggfaééfonitrilé |
léo;ﬁ;ion in the irradiation cell was -then degassea with four freeze
(77 K)-pump-thaw cycles, the stopcbck to vacuum line closed, and the sea]l
to 180, bulb broken. ~While exposed to the 180, rich atmosphere
the solution was stirred vigoroué]y at room temperature for about 10
minutes, coo]ea to about —76°C, sea]ed; and 1802 saturated sglution
irradiated at ambient témperature with 11-RPR 3500 Tamps. OA%“ hp1e.was
irradiated for 1 hour, another for 6 hours. | |

|  After irradiation the solvent was evaporated, .and the crude
reaction product separated on preparatiQe silica gel TLC, using
CH2Ci2 as eluent. A1l éomponents-with an Rf va]ug of approximate -
zero Qere collected, and a mass spectrum obtained. -

>
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o H. DISAPPEARANCE QUANTUM YIELD MEASUREMENTS

-

(i) oOptical Bench (PRA)

The light source consisted of an 0§ram high'pressure 150W Xenon

Tamp contained in a Photochemical Research Associate (PRA) lamp housing
(ALH 215) and connected to a PRA (M‘%93) power supb1y. A water IR filter
mounted between the lamp and monochrqmator (Jobin Yv0n.H.10) remo&ed the
infrared radfation. The enﬂrance ana exit slit setting on the mono-

" chromator allowed a 10 nm béndpass at the 366 nm wave]ength selection.
In order to remove higher order wavelengths the light was again filtered
Jjust before co]]imation; The emitted light was then split by a quartz
plate positioned 45° relative to the beam. Approximately ;0% of the
iight from the source was directed to a UV enhanced silicon photodiode
(EG & G Instruments, UV 040° BQ) detector mounted 90° to the main beam g
(comparison défector). The remainder of the ]féht passed into the sample
cell which was located immediately in front of another silicon photodiode

~ detector (main detector). Ubon light impingement the diode signals were
Cconverted to digital output by a two channelndigital current integrator.
The éntire optical system was mounted onto an .aluminium rail inside a

light-tight box.

*

(i1)  Optical Bench (Kratos)

The light source consisted of an Osram HBO 200W super pressure ’~’////
mércuny Tamp contained\in a Kratos Lamp housing, and connected to a
Kratos‘LPS 25T"pow¢r supply. The grating monochromator (qutos GM‘iOO),

attached to the lamp housing, was set at 366 nm and the entranceiqnd

L4
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" exit slits used allowed a 24 nm band pass. A Corniﬁg glass filter with a

322-383 nm w1ndow was placed immediately after the monochromator, and in
front of a water IR f11ter. Inside a 11ght—t1ght box the filtered light
was then split by a quartz p1ate (7% mm x 725 mm x 1. 5 nm) pos1+1oned 45°
re]atlve to the beam. Approx1mate1y 10% of the 11ght from the source was
directed to a. UV enhanted s1]1cone photod1ode (EG & G Instruments uv 040
BQ) detector mounted 90° to the ma1n beam (comparison detector). The
remainder of the 11ght passed into the sample cell which was located
1mmed1ate1y in front of another silicon photod1ode detector (main
detector). Upon Tight impingement the diode signals were converted to
d1g1ta1 0utput by a two, channel d1glta1 current 1ntegrator. The ent1re

optical system was mounted onto an aluminium rail.

»

e . / -

(iii)-  Actinometry A , P

fhe lightlgbsorbed by the'sample during quantum yield
meaeurements was éLantifjed-by the comparison detector, and di$p1ayed as
number of counts. Fo110w1ng every second quantum y1e1d measurement the @
comparison detector in turn was .calibrated - aga1nst a potass1um
ferrioxalate solution 94,115,

A 0.06 M ferrioxalate solution.was transferred into a 22 mm 0.D.
x 10 mm quartz actinometer‘tell, p1aced in front of_the main detector,
irradiated for a brief peried and comS%ri%on detector count recorded.

The number of photons 1nc1dent on the act1nometr1c solution were
determ1ﬂed according to the method of Parker 115, and used to
calibrate the comparison detector as photons/count.

Experimenta1cconditioqs during quantum yield and actinometric
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measurements were such that the solutions- did-absorb all the light, and

»
no traversed light was recorded by-the main detector.

14

(iv) Isobestic Point Determination
S\\\_; A4 m]hsq1ution of 1-benzoyl-5-bromo-7-nitroindoline (1.45 x

10-4 M) in acetonitrile or acetonitrile-water $mole fractfon of w;tér_

=..53) wés transferred into a 1 cm x 1 cm UV-cuvette équipped with a
pyrex sleave, degésséd by fhree freeze-pump-thaw c§c1es, and subsequently -

sealed. The samples were irradiated with 15-RPR 3500 lamps. UV spectra

of the so]ﬁtion were ‘obtained at 0, 30, 60, 90, 150 and 450 seconds total

irradiation times. .

(v) In Acetonitrile-Water as Solvent (aerated)

Quantum yier values for disappearance of 10a in.acetonitrile-

d

water (aerated) were obtained on the PRA optical bench. .

: Irrédiation utions with various mole fractions of water were

\prepared“by ﬁ{;;;;:jzgi,ml of a 10a-acetonitrile stock solution-into a 50
ml vo1um¢tric flask, and diluting.the stock solution with acetonitrile |
and 0 mi, 2 ml, 5 ml, 10 m{,’20'm1, and 30 ml of water. 5.5 ml of‘fhe
solution to be irrédiated was ihtroduced.from calibrated pipettes'into a
22 mm 0.D."x 20 mm actinometer cell, placed in front of the mainbdetector;
of the PRA optical benéh, aﬁd ifradiated for about 2 hours. After
irradiati&n, a UV spectrum of the solution was ‘Oobtained on the Hewlett-
Packard 8451A SpectrOphqﬁomete({ and the absorption value of A max

in the 350 nm region recorded. Similarly, a spectfum of the unirradiated

solution was obtained and again the absorption value of A max in

-
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“... the 350 nm region recorded. The raw quantum yield data are given in

Tab1e 12.

(vi) In Acetonitrile-Water as Solvent (degassed) |

| Quantum yield values for disappearance, of. 10a in acetonitrile-
_ water (degassed) we;e obtained on the Kratos optical bench. The
giassware uséd‘fof thelirradiation of the samples consisted.of a 22 mm
0.D. x 20 mm c&]indrica]lquartz cell aftéchéd via a side arm to a
heavy-walled pyrex glass tubing. On top of the'gTéss tubing was an
o O-rjngitype stopcock with a B 10/19 external joint.
“ Irradiéfion solutions wifh various mole fractions of water were*
prepared by pipetting 6 ml of a lggfacetonitriTe stock-so1uti6n,into a
25 ml volumetric flask and df]uting the stock solution with acetonitrile
and 0 ml, 1 ml, 2.5ml, §ml and 10 ml of water. 5.5 ml of tHe solution
to be irradiéted was’introducéd from calibrated pipettes through the
stopcock port into the glass tubing. Thg stopqock was thén.assembled,'
and solution degassed with‘fqur freeze (77 K)-pump-thaw cycles. After .
.degassing Brocedure the solution Qas transferred frbm the glass tubing
séctjon into the cylindrical quartz cell. Thé‘éssemb]y wés b1aced in
front of the main detector of the Kratos optical bench, and irradiated
for 2.5 hours. Immediately after irradiation 2 ml of the ‘solution was
pipettéd into a 5 ml volumetric flask, and diluted with the appropriate
soMvent sysfem, A UV absorption spectrum bétwéen 320-400 nm was obtained
on the Perkih—E]mer Lambda 9 spectrophotometer and the absorption value
of A in 350 nm region recérded. Sim{larly, 2 ml of the

max

gnirradiated solution was pipetted into a .5 m}_vq}umetriC‘flask,_again

/‘-.
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d11uted with the appropr1ate solvent system, and the absorpt1on va]ue of

A max in 350 nm reglon recorded. The raw quantum yield data for

'10a d1sappearance in degassed aceton1tr11e-water are g1ven in Table 13

»

(vii) * In Tetrahydrofuran-Water as Solvent (aerated)

The experimental procedure for the ‘disappearance quantum yield of

10a in tetrahydrofuran-water (aerated) was identical to "In Acetonjtrile- |

\ : b .- : .
Water as Solvent (aerated)" with the exception that the solutions were

prepared with tetrahydrofuran fnstead of acetonitrile as.the solvent.

The raw guantum yield data—fqrMIOavdiséppearance in éerated

tetrahydrofuran-water are given in Table 14.

’

(viii) In Tetrahydrofuran-Water as So‘vent (degassed) .. X

The experimenta1 procedure for the disappearance quantum yield of

10a in tetrahydrofuran-water (degassed)/was identical to "In

Acetonitrile-Water as ‘Solvent (aerated)" with the except1on that the

so]ut1ons were prepared with tetrahydrofuran 1nstead of acetonitrile as

-

'the solvent. ’ Also all so]utlons were degassed with three freeze

(77 K)-pump-thaw cycles. uThe raw quantum yieid data for disanpearance of .

10a in degassed tetrahydrofuran-water are given in Table 15.

(ix)J ' E]ectroh Transfer Quenching ’ ,' "q

All quantum y1e1ds for d1sappearance of 10a in the presence of
the 1,4- dTmethoxybenzene quencher weré obta1ned us1ng the Kratos 0pt1ca1
bench.

The appropriate amount of 1,4-dimethoxybenzene was weighed into &

. . , : . - N (/"\\\
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25 ml volumetric flaskK, 5 ml of a-10a-acetonitrile stotk sd]ution
pipetted into the saﬁe'volumetrjc‘flask, and contents diluted with
acetonitrile. For quantum yield measurements 1n aqueous aceton1tr11e |
so1ut1on the 1,4- d1methoxybenzene stock so]ut1on was diluted w1th 10 ml
of water and then acetonitrile. 5.3 ml of the so]ut1on to be irradiated
was transferred into a 22 mm O.D. x 20 mm actinometer cell, pTaced in
front of the main detector and irradiated for 2.5 hours. After .-
irradiation 2 m1 of the solution was‘pipetted into a 5 ml volumetric
-f1ask, and.diluted with the appropriate solvent éystem. A UV absorption
spectrum between 320-400 nm was obta1ned on the Perkin- E]mer ~Lambda 9

‘ spectrophotometer.and-the absorption value of A‘max in 350 nm

'region reqcrdéd. S%mi]ar]y,'z ml of the unirradiated so]gtien was
~_pipetted into.a 5 ml vo1umettfc flask, again diluted with the appropriate
solvent system,.and the absorptﬁon vaAUe of 'X}nax‘in 350 nm region
. recorded. ’ » |

: The raw quantum yield data for disappearance of 10a in aceto-
n1tr11e and 1,4-dimethoxybenzene are given in Table 16. Table 17 lists

the data for 10a disappearance in acetogitri]e-water and 1,4-dimethoxyben;ene.

(x) Triplet State Quench1ng

uantum yield values for’ d1sappearance of 10a in the presence of
1,3—cyc1o_exad1ene quencher were obtained using theuKratos opticaT™bench.
The‘g1assw re,_fr}adiation procedure, and‘suBsequent quantitative

ana]ysie wdre similar to experimental proceeare outlined in "In A

tonitrAle-Water as Solvent (degassed)". ' s

Solutions with O M, .0208 M, .0305 M, .0460 M, .0842 M, and

N
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.1549 M 1,3-cyciohex§diene wére prepared by first-weiéhing the -
appropriate-amoﬁnf 6f.1,3nc§c1ohexadiege.into az2sml vo]umetf%c'flask,
thenbpipetting 5 ml of a lggfacetbnitfi1e sfock so]ution'and.lo ml of
water into the same flask. Finally, the,mixture was'di1uted to the mark
. with acetonitri]e 5.0 ml of the solution/to be irra 1ated was

transferred into the sealable 1rrad1at1on ce]] degassed, and irradiated
: >, . :
on the opt1ca1 bench:

. The raw quantum yield data for disappearance of 10a in

acetonitrile-water and 1:3—cyc1ohex$ﬁiene are given in Table 18.

. : ) - _
{(xi) As a Function of 4'-Substituent (Hammett-LFER)

Quantum yleld values for d1sappearance of 4'—subst1tuted 10a 1n
tetrahydrofuran water were obtained for X = H, C1, Me and OMe on the PRA
optical bench and for X = CN on the Kratos optical bench. The quantum
yields were determin;d fér aerated tetrahydrofuran-water solutions where
‘the mole fraction of water was .33.

n The exper.mental procedure for irradiation on the PRA optical
bench, and subsequent quantitative qna]ysfs, was similar to "In
Acetonitrile-Water as Solvent (aerated)" pagei41 . The éxpérimenta1
procedure for irradiation 6n the Kratos optical bench was siﬁi1a>\to
. procedure outlined in "E]éttron transfer quench{ng" page 144 , except
1,4-dimethoxybenzene quencher was deleted.

Raw quantum yield data for d1sappearance of 4'-subst1tuted 10a in

tetrahydrofuran water are given in Table 19.
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I. CYCLIC VOLTAMETRY

.(i) . ‘Egufgmené

. ‘Cyclic voltametric reduction meaéﬁréments of‘igg weré'performéd
on a.cv-27 éyc]ic vo1tamogfapﬁ. For graphing of curreht-vo]tage
measdrements an Omnigraph 2000 X~Y recorder was attached to the
‘vo1tamograph. A Micro—V’magnetic stirrer funct}oned both as a sfaﬁd and
as a spirriné mechanism for the solution inside a 20 ml g]éss sample
C?]1f Inside the samb]e‘éél1 was also a wgyking electrode with'a
‘p1atinum bead (0.03 cm2) embedded on a cobalt glass seal, a platinum
wire (0.42 mm dia.) auxiliary electrode, -and a saturated calomel
‘reférence electrode (SCE, Metrohm AG, Switzer]ahd). In order to prevent

contamination, the SCE was isolated frcm the substrate solution by a

glass frit.

(fi)' Measurements

- A so]ut{on of tetraammonium perchlorate (0.1 M)lin 3 ml of
acetoﬁitri]e, or acetonitri1e—water, was introduced iﬁip the sample cell.
Prior to placing ﬁhe electrodes into the sample cell éhéy were rinsed
with acetone, atetonitri]e, and then wiped 9ry. The electrodes were
placed close together in the solution in order to minimize the ohmic
resistance. After deoxygenation of the solution with dry argon a
bgckground scan was run over the scan range 0 to -1.8 V to ensure no
reducible substances were present. 10a was then dissolved in the same

solution to make a 1-2 mM substrate concentration. Again the sojution

was comb]ete]y deoxygeﬁated with dry argon, and scahnedasuch”that scan

e

‘o
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reversal. occurred just after the first maximum cathode peak with scan

rates of .1, .5 and 1.0 vVs-1,

¢



CHAPTER IV
¢ '

APPENDIX

A. CALCULATION OF QUANTUM YIELD ( ¢)

'

The quantum yield for the disappearance of a photolyte is

defined by:

¢, = ’number‘of reacted molecules of X _ ‘1‘ (59)

number of quanta of 1ight absorbed by X

Equation (44) can be rewritten 115 as:

o, = G Y x - (60)

t k
fo odt 1000

where C;j is the concentration (mo1es/1itér) at t=0, Cf is the
instantaneous concentration (moles/liter) at time t, Q are the'Einsteins
of light absorbed at time t, and V is the'vo1ume (m1) of solution
-irradiated. o i

The photochém1c51 reaction of 10a was monitored by recording

156
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_electronic_absorption spectra of eath solution prior to ang.after each
'irra&iatibn: -By solving thg»Bee ~Lambert equation A = é c 1 for ¢ and
substituting into equation (60) alfo accountfng for the difference in

irradiation and monitoring concentrations then

i

- v . C.
¢ = (Ai Af) Clrr , : P

*

. . | o
€1 fo Qdt 1000 C , (61)

_. - | )
Substituting the average value aot for the integral fs‘th yields:

ws

¢ = (Ai " Af)" v ?irr—
* N * . (62)
1)‘000 CA

m
[
0l

Furthermore, the average value 66t was measured by using silicone
diode counters which were calibrated against potassium ferrioxalate.
After substituting counts * I for Qpt the quantum yield, & , for the

disappearahce of 10a was calculated from the following equation:

= (Ai - Af) * * Tirr

(63)

s 1 1000 counts I c

; * * * * A

~



where Aj;

Af

counts

(' | | - | 158

absorbance at t=0

absorbance after irradiation

“Volume of irradiated solution in ml

concentrqtion of irradiatedAso1ution ' /
extjnctionAcoeffiCienf of compound frradiated

path length of UV-cuvette in cm

codnts by silicon diode

Einsteins/codnt

concentration of~so1utfon'from which UV-absorbance data

was obtained.
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