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ABSTRACT

In the presence of hydrochloric acid, singlet pyrene sensitizes
photodecomposition of proton-associated N-nitrosodimethylamine (NND) under
nitrogen. In the same acidic medium but under oxygen, NND photolytically
adds to l-arylpropenes regiospecifically to give érythro— and threo-a-amino
nitrates which can be reduced to give g-amino alcohols, or which can

undergo substitution reactions.

Photoexcitation of naphthols and anthrols in the presence of NND in
neutral media induces a novel photonitrosation of these phenols to give
quinone monooximes. The mechanism of photonitrosation of l-naphthol (1-NpOH)
with NND was investigated. Excitation of NND failed to induce the
photonitrosation of 1-NpOH, indicating that the ground state of 1-NpOH (pKa
= 9.2) is not acidic enough to form préton—associated NND,(H+...NND). The
similarity in quenching rate constants obtained from measurements of 1-NpOH
fluorescence lifetimesb(kq = 7.6 x 10° M 's™!) and from measurements of
quantum yields af the photonitrosation (kq = 6.8 x 102 M 1571 strongly
supports the view that the nitrosation is initiated by the singlet excited
state of 1-NpOH. The quenching rate constant aetermined from 1-NpOH
fluorescence intensity (kq =11 x 107 ML) is larger than those quoted
above. The discrepancy is attributed in part to the formation of a ground
state complex of 1-NpOH with NND. Deuteration of 1-NpOH at the oxygen did

not change k_ significantly. The lack of isotope effect suggests that

d
singlet excited 1-NpOH and NND interact at the encounter- controlled rate
via a hydrogen bonded exciplex. Proton-acceptors, such as triethylamine,

water and N,N-dimethylformamide, quenched the nitrosation by competing for

the proton from singlet excited 1-NpOH. The quenching results together
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with the lack of photonitrosation of l-methoxynaphthalene with NND suggest
that within the exciplex, singlet excited 1-NpOH (pKa(sl) = (0.5) transfers
a proton to NND to give H+...NND. An energy migration from singlet excited
1-NpO~ to H'...NND causes the latter tp decompose to dimethylaminium and
nitric oxide radicals..Electron transfer from 1-NpO~ to dimethylaminium
radical gives 1-NpO® which combines with nitric oxide to provide
1, 4-naphthoquinone-4-oxime. Proton transfer was found to be substantially
retarded by donor-type hydrogen bonding solvents, e.g. methanol and ethanol.
A ground state complex of 1-NpOH with NND was detected by means of
UV-visible absorption spectroscopy and lH—NMR, and was shown to be
photostable. The photonitrosation of l-anthrol with NND exhibited a similar

pattern.

o
Photophysical studies of NND revealed a so->Tl {n,7 ) electronic

transition in methylcyclohexane at 456 nm(e = 0.064 M ‘em 1) and

phosphorescence around 490-650 nm. The lowest triplet and singlet excited

state energies were determined to be Ep = 58-59 kcal/mol and Es = 72-73

kcal/mol.
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CHAPTER 1
INTRODUCTION

1.1 N-Nitrosodimethylamine

Photochemistry of N-nitrosodimethylamine (NND), the simplest

chemically stable dialkylnitrosamine, has been extensively investigated.l_4

The ground state electronic configuration of NND was assessed by SCF
calculation5 to possess a 48% contribution of the polar resonance form la.

Such a resonance contribution has been substantiated by electron diffraction

6

studies™ of NND and X-ray studies7 of its cupric chloride complex,

revealing the coplanarity of the CoN,0 moiety and the partial double bond'

]
character of the N-N bond (1.3440 A)7. The latter gives rise to the

1

magnetic nonequivalence of the two methyl signals in the “H-NMR spectrum at

3.0 (cis to the nitroso oxygen) and 3.8 ppm (frans to the nitroso oxygen),8
respectively, and the activation energyg’lo for free rotation at the N-N
bond was determined to be 23.4 kcal/mol. The bond dissociation energy of
the N-N bond in NND is 40.7 kcal/mol.lo The extensive contribution of the
polar form la causes the high electron density at the nitroso oxygen atom
leading to protonation at the oxygen at higher conéentrations of sulfuric

2,11

acid (>2M). At lower concentrations of the acid (<2M), the association

through hydrogen bonding is the primary mode of interaction as shown in

2.1,2,4 12

The pK, of protonated NND™" is about -1.8, close to those of

amides, e.g. the pK, of PhCONH. is - 13
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NND exhibits the n->7 transition band at 350 nm (e = 100 M lem™)
and the r->7r band at 230 nm (e = 6,000 M lem 1), but neither fluorescence
nor phosphorescence is observed on excitation of these bands.2 The lowest
singlet and triplet excited energy levels ,Es and ET, of N-nitrosopiperidine
(NNP), estimated from the onset (366 nm) of its absorption and quenching of
Vtriplet excited states of naphthalene and of 1,2'-binaphthyl gener;ted by
flash phétolysis in acidic medium, are about 78 kcal/mol and 59 kcal/mol,
respectivelyls. The corresponding values for NND should be close to those
for NNP. The failure to observe emission from dialkylnitrosamines causes

difficulties in elaborating their photochemical and photophysical behavior.



1.2. Photodecomposition of NND in Acidic Solutions

Photodecomposition of NND in solution at room temperature is strongly
dependent on the acidity of the medium. At high concentrations of acid,
e.q. 4M H2504, nitrosamines do_not undefgo photodecomposition,17 presumably
because of the formation of protonated nitrosamines which are not
photolabile. On the other hand, at low concentrations of the acid (1-2M),

the hydrogen-bonded complexes of nitrosamines are thtoreactive, and have

1,2,4,14-16

been studied extensively. It has been established that the acidic

complex decomposes from its singlet excited state to generate a transient

14-16

aminium radical and nitric oxidez' (Scheme 1-1). Aminium radicals,

being electrophilic, efficiently initiate additions to various types of

unsaturated carbon-carbon bonds, followed by scavenging of the C-radicals by

17-22

nitric oxide or oxygen (if under oxygen atmosphere). The addition has

been shown to proceed by a stepwise radical mechanism (Scheme l—l).l'22

Aminium radicals also electrophilically attack some fused aromatic

22

hyvdrocarbons. Anthracene, for example, being a typical singlet sensitizer

(rs = 5 ns, E, = 76.3 kcal/mol, ¢, = 0.27)23, sensitized the

photodecomposition of NNP in acidic ethanol solution under nitrogen to give

9-piperidinoanthrone-10-oxime 4 in a 70% yield, as shown in Equation 1-1.22

The process may be represented by the mechanism shown in Scheme 1-2',22

where anthracene (ArH) acts as a singlet sensitizer as well as a substrate.

H NC5H1O
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In contrast to the ‘photoiability of NND in acidic media, NND is

stable toward UV irradiation in neutral solution24_27, except that NND

28 and undergoes decomposition, followed by

3

undergoes syn—anti isomerization,

fast recombination of the amino and NO radicals.” The photodecomposition of

NND in neutral media has been a topic of continued interest for organic

photochemists.

ix
ArH + CehygNN=O -ﬁ—”—- ArH + CgHigNN=0~H* —=

ArH + "[C5HiONN=0~H*] —= ArH + CcHygNH? + NO' —=4

Scheme 1-2



1.3. Excited state Acidity of Naphthols

The acid-base properties of the excited states of aromatic compounds

have been topics of great interests2? 34

. These properties are closely
related to electronic structures of the excited states, which are
considerably different from those of the ground states. A number of studies
of acidity constants of the excited states, pKa(Sl) or pKa(Tl) of the
aromatic compounds have been reported showing that the values are
dramatically different from those in the ground states, pK (S.).>> “C some
PK, values are collected in Table 1-1:

Table 1-1 Ground and Excited State pKa-Values for Some Aromatic Compounds31

Reaction Molecules pKa(So) pKa(Sl) pKa(Tl)
~OH+H,0 & -0 +H30" Phenol 10.0 4.0 8.5
1-Naphthol 9.2 2.0 -
0.5
2-Naphthol 9.5 3.1 7.7
2.5-2.8%
-NH;+H,0 & -NH,+H;0" 2-NpNH," @ 4.1 -1.5 3.1
~CO,H+H,0 @ -CO, +H,0" 1-NpCOOH P 3.7 10-12 4.6
>C=0"H+H,0 & >C=0+H,0" Aéetophenone -6.5 . -4.7 1.0
Benzophenone ~5.7 ~4.2 -0.4

a. 2-Naphthylammonium. ‘b. 1l-Naphthoic acid.

c. C;ted from the ref.48. d. Cited from the ref.29.



Examination of the data in Table 1-1 reveals the following features:

l.  For phenols and the protonated aromatic amines, the lowest singlet
excited state is much more acidic than the ground state by a factor of
10°- 10°.

2. Conversely, aromatic acids are mu¢h weaker in S1 than in the ground

state.

3. Aromatic carbonyl compounds become much stronger bases in Sy.

The PK, values of excited states can be estimated using the FOrster

29,36

cycle,29'30'35'36 fluorescence titration curves, or triplet- triplet

absorption titration curves. 41r42

These methods involve the assumption that
proton transfer in the excited state is so fast that the acid-base
equilibrium between the excited acid (e.g. phenol, HA*) and its conjugate
base (phenolate, 2™") can be established during their excited lifetimes

(Equation 1-2). The Forster cycle is the simplest and least time-consuming

technigque of the three methods.

HA + hv' A + hv"

This method is based on determination of an energy gap between the ground

- and excited states for the acidic form and a gap for the basic form, of an
aromatic compound molecule. In Figure 1-1, AH and AH* are, respectively,
the enthalpies of reactions in the ground and the excited states; AEHA and
AEA- are the energy differences between the two states of each species,
whose values can be determined by absorption and emission spectroscopy.

Equation 1-3 follows from Figure 1-1, assuming that the entropy of



dissociation is the same in both ground and excited states.

Subsequently,
Equation 1-4 is generated:
_ *_ *
AEHA - AEA = AH - AH = AG - AG 1-3
pKa(So) - pKa(Sl) = hAv/(2.303 RI) 1-4

here R is the gas constant, A, Planck's constant, and 7 the tem erature; Av
p

is the difference in the frequency of absorption or emission of HA and A~

measured with the 0-0 bands.
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Figure 1-1 FOrster cycle for deriving pKa(Sl) values for excited states.
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Examination of Table 1-1 shows that for phenols, the order of pKa
values is pKa(sl) < pKa(Tl) <pKa(S°). This sequence can be accounted for by

resonance theory.43

Using the phenol molecule as a mcdel, the wavefunctions
for its So and S1 states can be approximated by mixing the wavefunctions

corresponding to structures 4, 5 and 6.

@-OH §H 5}4

The important difference in 5, and TlAlies in the greatly enhanced
contribution of structure 5 to the resonance hybrid constituting sl, which
leads to greatly increased positive charge onlthe oxygen atom and hence to
greatly increased acidity of 51' Structure 5, which implies the transfer of
a pair of electfons from the oxygen atom to the aromatic nucleus, does not
contribute significantly to the T, state because spin correlation tends to
keep electrons with parallel spins apart. For the same reason, structure 6
contributes mainly to the T, state. Hence the oxygen atom is less

positively charged in Tl than in 51' leading to the observed sequence.
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1.4 Reactions Promoted by Excited State Acids

A report44

claiming that the enhanced acidity of the singlet excited
state of 2-naphthol promotes the photodecomposition of nitrite ion via an
excited state intermolecular proton transfer from 2-naphthol to nitrite ion
has been disputed on the grounds of the low quantum yield value of 10_4 for

45

" the reaction. Recently, however, the excited state intramolecular proton

transfer leading to photohydration of o-hydroxy-phenylacetylene 7 to give

o-hydroxyacetophenone was reported.46

The pH-dependence of the relative
quantum yields for the photohydration of 7 as compared to that for
o-methoxyphenylacetylene 8 (Figure 1-2) indicates that the intramolecular
proton transfer in Sl is probably the key step in the photohydration as
shown in Scheme 1-3. The curve for 7 exhibits an inflection point at ca pH

8 closely coinciding with the known value of pKa(So) = 8.6 for the ground

state dissociation constant of 7.

O— OH— OH
czch =0 NczcH 2= @c CH|— @C-CHZ
. : pH7"50 : pH0~7
by ' 7 H,0
OH OH *

* 0 L0 _OH»
S| O
CHy —H “CHy

Scheme 1-3
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&/ Do

Figure 1-2 Plots of quantum yield ratio ¢/¢o against pH in the
photohydration of 7 and 8 in agueous acetonitrile,
where ¢° is the quantum yield of the product

formation from 8 at pH 7.46
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1.5 Research P;oposal

The dramatically enhanced acidity of phenols in their singlet excited

states, e.gq. pKa(Sl) = 0.5 for l-naphthol (l—NpOH),48 leads us to speculate

that the singlet excited 1-NpOH might function as a proton donor as well as

an energy-transfer sensitizer to cause the sensitized photodecomposition of

NND in neutral media, On the basis of this assumption, we have chosen

several phenols such as naphthols and anthrols to sensitize

photodecomposition of NND for the following reasons.

1.

They possess low pKa(Sl) values (<3), high singlet excited energies
(72-91 kcal/mol), and long singlet excited state lifetimes (10-17 ns).
(see Table 1-2).

These phenols would provide a less aromatic reaction site relative to
benzene, whereby it might be possible to use them in a dual role of
the sensitizer and the substrate in the investigation of the
decomposition ¢f NND.

They generally abscrb light strongly in the 300-400 nm region,23'47

providing the opportunity to excite phencls selectively.



14

Table 1-2 Spectroscopic Data® of Several Phenols (ArOH)

ArOH Eg @ re PK_(S)) Eg (ar07)f
kcal/mol ‘ (ns) kcal/mol
(nm) B (nm)
1-Naphthol 91.3 0.18 10.6 2.5 79
9 (313) 0.5° (360)
2-Naphthol 86.7 0.27 13.3 2.8 77
10 (330) (370)
2-Al1yl-1-naphthol gg.of - - - 77
1 (325) (370)
1-Allyl-2-naphthol 87.0% - - - 77
12 (330) , (370)
1-Anthrol 72.0° - 199 -0.07° 62
13 (400) (460)
9-Anthrol | 72.0f - - 0.69 60
14 (400) | (480)
9-Phenanthrol | 73.4f - - 1.8° 64
15 (365) . (450)

a.-e. From references 23, 48, 49, 46, and 50, respectively.

f. These values were calculated from the overiapping wavelengths (the data
in brackets) of absorption and fluorescence spectra for phenols in MeOH and
Phenplate in MeOH-KOH at room temperature, assuming that the Stoke's shifts
were small.

g. Determined using a single photon counting technique (see CHAPTER 2).
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The aims of this research project can be outlined as follows:

l. To identify the products from the sensitized photodecomposition of NND
by some phenols 9-15 (Table 1-2).

2. To investigate the multiplicity of the reactive excited-state involved
in the photochemical reaction by éuenching'and sensitization
techniques, and by kinetic studies.

3. To investigate the solvent effects on the reaction quantum yield for
the system of i-NpOH and NND, and to determine the reaction quantum
vields for other phenols at various concentrations of NND.

4. To investigate the kinetics of the sensitization process using static
‘and dynamic fluorescence quenching technigues as well as quantum yield
measurements.

5. To establish a sensitization mechanism of proton-transfer and energy-
migration from singlet excited 1-NpOH to NND with gquenching the
reaction by some proton-acceptors. -

6. To establish a general reaction pattern for the sensitized

photodecomposition of NND.

Two matters related to this project were also investigated. One was
to search for So—>Tl spin-forbidden absorption together with phosphorescence
of NND in order to determine its triplet energy level. Another was to
investigate the applications of oxidative photoaddition of NND to

l-arylpropenes in acidic media .
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CHAPTER 2

PHOTODECOMPOSITION OF N-NITROSODIMETHYLAMINE

PROMOTED BY ENHANCED EXCITED STATE ACIDITY

2.1 Results
2.1.1 Photonitrosation of Phenols with NND; Preparation of Quinone

Monooximes

Irradiation of a neutral solution containing the phenol (ArOH in Table
2-1) and NND at 15°C under nitrogen was investigated using a Pyrex filter
to excite both the phenol and NND. The photolysis caused decomposition of
NND to afford gquinone monooximes (as shown in Table 2-1) and dimethylamine;
this photoreaction is referred to as the photdnitrosation of the phenol
with NND. As the irradiation progressed, the photolysate generally turned
dark brown except for the phenol 14. érogress was followed by monitoring
the concentration change of the phenol with GC 6r HPLC analysis. From the
photolysate a relatively small gquantity of an ether-insoluble black solid
(vide infra) was obtained which was not investigated further. The
ether-soluble fraction gave the gquinone monooxime, unreacted phenol and NND.
The quinone monooxime was isolated by column chromatography or
recrystallization, or a combination of the both. These monooximes were
identified by elemental analysis and spectroscopic data, and were confirmed
by the comparison of their IR and lH NMR spectra with published spectra or
with those of authentic samples. The presence of the gquinone monooxime
moietf was demonstrated by IR bands near 3100-3400(0QH), 1620(C=0), 1580(C=N)
and 980(N-OH) cm t.°1 The intensity and the exact position of the bands

varied from case to case depending on the structures of quinone monooximes.

Dimethylamine was identified by a preparation of the
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N,N-dimethyl-4-nitrobenzamide derivative. In each case, a control experiment
in the dark showed no chemical changes of either NND or the phenols. This

ascertains that the nitrosation is indeed induced by photoexcitation.

Table 2-1 Photonitrosation of Phenols (ArOH) with NND in Dioxane

ArOH Product Yield Convefsion of Arom®

(%) (%)
1-Naphthol 1,4-Naphthoguinone- 52 80
9 4-oxime 16
2-Naphthol 1,2-Naphthogquinone- 60 36
10 l-oxime 17
Z-Allyl—l-naphthol 2-211yl-1, 4-naphthoquinone- 45 74
11P t-oxime 18 ‘
1-Allyl-2-naphthol  -° - -
12
1-Anthrol 1, 4-Anthraquinone- | 532 61
13 4-oxime 19
9-Anthrol 9,10-Anthraquinone- 84 100
14P 10-oxime 20
9-Phenanthrol 9,10-Phenanthraquinone- 348 | 100
15b 10-oxime 21

a. The percentages were determined by GC and/or HPLC analysis with an
internal standard.
b. The solvents were toluene (for 1l1l), THF (for 14), and benzene (for 15).

c. No photonitrosation was observed.
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Photolysis of 1-Naphthol and NND

Photolysis of l-naphthol (1-NpOH) and NND was carried out in dioxane,
THF, acetonitrile, or methanol using a Pyrex filter at 15°C under N2. HPLC
analysis showed that the disappearance of 1-NpOH was fastgr in dioxane than
in other solvents. Preparative-scale irradiation of 1-NpOH and NND in
dioxane led to a photoproduct of 1,4-naphthoquinone-4-oxime (16) (yellow
51

needles) as shown by the identical IR spectrum with that reported

(Equation 2-1).

OH , 0
+ (CH3}NN=0 —/:—— O‘] + (CH3)NH 2-1
2
]
NOH
9 16

The material balance of the reaction (Equation 2-1) was determined by
GC analysis, and plotted in Figure 2-1. Firstly, the concentration of 16
increased quickly during the first'2.5 h during which the photolysate
turned dark-brown. The rate of the formation of 16 dropped off as the
reaction proceeded. Secondly, the sums of [1-NpOH]+[16] at various intervals
were always lower than the initial concentration of 1-NpOH (0.05 M)
indicating the presence of unisolated minor products. The decrease of
[1-NpOH] and the increase of [16] were nearly linear (i.e. a zero-order

reaction) in the first hour of photolysis.

In the presence of hydrochloric acid, the similar photolysis of 1-NpOH
and NND gave 16 and an unidentified compound with retention time (Rt) =

2.08 min. Similar photolysis of 1-NpOH and NND in dioxane but under 0,
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(Equation 2-2)  afforded 2-nitro-l-naphthol (5%) and an unknown compound (8%,
Rt 11.4 min) in addition to 16 as shown by GC-MS analysis.
2-Nitro-l-naphthol was confirmed by GC peak-matching with an authentic
sample. The conversion of 1-NpOH was estimated from the GC trace to be 24%,

and the yield of 16 to be 60%.

OH ~ OH

However, irradiation of l-methoxynaphthalene (1-NpOMe) and NND in
neutral THF or dioxane under conditions similar to those uséd for 1-NpOH
caused no decomposition of NND and no photoproduct formation as shown by
HPLC analysis. The singlet excited 'state properties of l1-NpOMe (Es = 89.3
kcal/mol, éf = 0.36 and Te = 13 ns)23 are reasonably close to those of
1-NpOH (Eg = 91.3 kcal/mol, ¢, = 0.18 and T¢ = 10.6 ns‘)23 with the
exception of the lack of a dissociable hydrogen. The absence of
photonitrosation of 1-NpOMe with NND can be téken as an indication that

excited state acidity is required in the decomposition of NND.

Photolysis of 2-Naphthol and NND

Irradiation of 2-naphthol (10) and NND in dioxane under conditions
similar to those used for 1-NpOH except using a Corex filter, led to a
photoproduct (Table 2-1), identified as 1,2-naphthoguinone-l-oxime 17 on the
basis of spectroscopic data and elemental analysis. Its IR spectrum is
identical with ;hat reportedSI. The lH‘NMR spectrum shows a singlet at

17.52 ppm (D50 exch.) indicating an intramolecular hydrogen-bonded hydroxy
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group. Prolonged irradiation up to 76% conversion of 2-NpOH (for 16 h)

yielded other by-products as shown by six minor peaks in the GC trace.

Similar irradiation of 2-NpOH and NND in dioxane with a Corex filter
but under O, led to three more photoproducts besides 17. The dark-brown
photolysate was shown by GC-MS analysis to contain unknown A (31.3%, Rt
3.93 min, m/e 189 M+), unknown B (16.1%, Rt 3.93, m/e 189 M'), 17 (38.3%,

Rt 4.42 min) and unknown C (14.2%, Rt 11.55 min, m/e 212 M+),

NOH

10 17
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Figure 2-1 Material balance of photonitrosation of 1-NpOQH

with NND in dioxane at 15°C.
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Photolysis of 2-Allyl-l-naphthol and NND

Irradiation of 2-allyl-l-naphthol (11) and NND in wvarious solvents
such as dioxane, THF, acetonitrile, toluene and methanol led to a single
product as shown by GC. The disappearance of 1l in the first four solvents
was shown to be much faster than in methanol, and the photolysates turned
dark brown except in toluene (red-brown). Light brown crystals (mp
134-135°C) were obtained from the preparative photolysis in toluene under
conditions similar to those used for the system of 1-NpOH and NND, and were
assigned to 2-allyl-1l,4-naphthoquinone-4-oxime 18 on the basis of‘
spectroscopic data. The vinyl group was indicated by three vinylic proton
signals at 5.19, 5.22 and 5.97 ppm with characteristic coupling pattern
(Figure 2-2). Surprisingly, neither photocyclization product 22 nor
photoadduct 23 of NND to the C=C bond in the allyl group (Equation 2-3) was
detected. The former was observed by GC-FT-IR and GC-MS analyses in

pnotolysxs of 1l in benzene without NND under the same conditions as above.

The material balance during the photoreaction of 11 and NND in
toluene is plotted in Figure 2-3 to show the similarity of the
concentration curve shapes of 11 and 18 to thdse of 1-NpOH and 16 in Figure
2-1. It was noteworthy that while the formation of 18 ceased after one hour

of irradiation, the decrease of 11 continued.

Attempted Photolysis  of 1-Allyl-2-naphthol and NND

In contrast, prolonged ir;adiation of l-allyl-2-naphthol (12) and NND
for 16 h under conditions similar to those used for 11 in various solvents
such as dioxane, THF, acetonitrile, toluene or methanol led to no
photoproduct detectable by GC and HPLC analyses , even though the

photolysates turned to light yellow and the amount of 12 decreased 3-7%
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after irradiation. It is speculated that the failure of the photonitrosation

of 12 might arise from the blockage of the C-1 position by the allyl group.

22
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Figure 2-2 The NMR signal of H° in 18.
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Photolysis of l-Anthrol and NND

Photoaddition of N-nitrosopiperidine to anthracene in an acidic medium
has been previously shown in Equation 1-1 to give.
9—piperidinoanthrone—lO—oxime.22 Preparative irradiation of l-anthrol (13)
and NND in dioxane gave orange crystals (Equation 2-4) which showed the
expected IR absorptions and NMR signals for l,4-anthraquinone-4-oxime (19)
These data are similar to those of 16. No detectable photoadduct from

addition of NND to the 9,10~ positions of the anthracene ring was found.

OH 0
0 ey A
NND, N
il 2-4
NOH
13 19

Photolysis of 9-Anthrol and NND

52,53 that the keto-enol tautomeric reaction of

It was reported
anthrone and 9-anthrol in toluene was catalyzed by bases, e.g. triethylamine
(TEA) or pyridine, and that the tautomeric equilibrium was also displaced
to the side of the enol form by these bases. The absorption spectra of
anthrone in THF in the absence and presence of NND (0.10 or 0.17 M) were
determined, and shown in Figure 2-47 An absorption shoulder in the spectra
of anthrone-NND in THF appears at 410 nm, and is assigned to the absorption

of 9-anthrol based on the comparison of the spectra with those reported52

for the mixture (anthrone and 9-anthrol) and for 9-anthrol.

Anthrone was used as a 9-anthrol source, because it is difficult to

obtain pure 9—anthrol.52 Irradiation of anthrone and NND in THF through a
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Pyrex filter gave 9,l0-anthraquinone-10-oxime 20, according to spectroscopic
data. The structure was confirmed by comparison of its IR and NMR data with
those of an authentic sample. That the photonitrosation is initiated by
9-anthrol but not by anthrone was substantiated by selective irradiation of
the former, using a filter solution to cut off light with'wavelength <410
52

nm, since anthrone shows no absorption at wavelengths longer than 390 nm™“.

The photonitrosation reaction may be depicted by Equation 2-5.

0 OH 0
=D OO0
NND, N2
NOH
14 20

Photolysis of 9-Phenanthrol and NND

Preparative photolysis of 9-phenanthrol (15) and NND in benzene was
carried out with RPR 300 nm lamps at 31°C to give orange crystals. The
crystal was shown by lH-NMR to possess an intramolecular hydrogen bond with
resonance at 17.06 ppm, and was assigned to é,lo—phenanthraquinone 10-oxime
21 according to the expected spectroscopic data. The assignment was
confirmed by the identity of the spectra of 21 to those of an authentic

sample.
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Figure 2-4 Absorption spectra of anthrone (0.005 M) in the absence
and. presence of NND in THF at 20°C; the curves 1, 2
and 3 contained [NND] of O, 6.10 and 0.17 M, respectively.
The absorption band at 407 nm in the curves 2 and 3 is due

to 9-anthrol.
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2.1.2 Wavelength-Dependent Irradiation

Irradiation of Phenols

The reactive state in photonitrosation was determined by selective
excitation of 1-NpOH or NND at different wavelengths. The absorption
spectrum of 0;025 M NND in dioxane shows a transpérent window around 300 nm
(curve 3 in Figure 2-5) where 1-NpOH absorbs strongly (6300 = 3,600
M_lcm—l, in dioxane). The NND solution is photostable, showing no
substantial change in absorption spectrum after irradiation through a Pyrex
filter for 2.25 h (curve 4 in Figure 2-5). The NND solution was used as a
filter to selectively excite 1-NpOH in the presence of NND in dioxane. The
reaction afforded 16 in a 53% yield with a 40% conversion of 1-NpOH, as
determined by GC analysis. As a control, a solution identical to the one
above was irradiated under similar conditions except for use of a Pyrex

filter. It gave 16 in 45% yield with 65% conversion of 1-NpOH. Therefore

direct excitation of 1I-NpOH undoubtedly leads to the photonitrosation.

Solutions of 1-NpOH (0.050 M) and NND (0.050 M) in dioxane, THF or
methanol were irradiated at room temperature with an Excimer Laser (0.3

watt) at 308 nm, where 1-NpOH absorbed at least 99% of the laser emission:

el—NpOH/(el-NpOH + eNND) = 3200/(3200 + 24) = 99.3%

In dioxane, pulsing of 1-NpOH for ten minutes led to the formation of 16 in
a 80% yield with a 11.5% conversion of 1-NpOH, and in THF, a 40% yield with
a 9.2% conversion. In methanol, however, similar pulsing for twenty minutes

gave no photoproduct.
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Pulsing of 2-NpOH with NND in dioxane for 20 minutes under similar
conditions gave the guinone monooxime 17 in a 53% yield with a 16.7%
conversion of 2-NpOH, but similar solutions in THF or methanol yielded no

monooxime 17.

Irradiation of NND

Direct irradiation‘of NND (0.050 M, cut-off < 390 nm) in the presence
of 1-NpOH (0.025 M, cut-off < 340 nm) through a GWA filter (cut off <340
nm, see Figure 5-2 in Experimental) for 6 h yielded no quinone monooxime 16
detectable by GC analysis. The result clearly indicates that the direct
excitation of NND causes no photonitrosation. In other words, the NND

decompésition is sensitized by an excited state of 1-NpOH.

2.1.3 Triplet Sensitization and Quenching Studies

To investigate the possibility of a triplet pathway in
photonitrosation of 1-NpOH (Ep = 58.6 kcal/mol)23, xanthone (Eq = 74.1
kcal/mol)23 or 2-acetylnaphthone (ET = 59.4 kcal/mol)23 was used as a
triplet sensitizer. In these experiments, enoﬁgh sensitizer was added to a
dioxane solution of 1-NpOH (0.025 M) and NND (0.025 M) to absorb larger
than 90% of incident light( > 380 nm) by using a G&A filter. GC analysis of

the photolysates gave no detectable product 16 in either case.

Furthermore, 1l,3-cyclohexadiene (CHDE) which has E
3

g = 97 kcal/mol and

Ep, = 52.4 kcal/mol2 failed to quench the photonitrosation in the

concentration range of 0.001 - 0.009 M on irradiation with the 300 nm light

source in THF at 31°C.
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Figure 2-5 Absorption spectra of dioxane solutions of:
(1) 1-NpOH (0.050M); (2) 2-NpOH (0.050 M); (3) and
(4) NND (0.025 M), before and after irradiation,

with a 450 watt Hanovia lamp for 2.25 h at 15°C.
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Under these conditions, the quantum yield of 16 formation was determined as
a function of the CHDE concentration, and shown to be virtually unchanged

in the plot of box’ /¢ox against [CHDE] in Figure 2-6.

The failure of triplet sensitization and failure of gquenching
indicates that the photonitrosation of 1-NpOH with‘NND probably occurs from
the singlet excited state of l-naphthol (l*l-NPOH) rather than from the
triplet state. This suggestion is consistent with the fact that NND
photodecomposition in acidic media occurs from its singlet excited state
1,2,4'

This is further confirmed by fluorescence intensity and lifetime

quenching studies (vide infra).

2.1.4 Steady-State Fluorescence Quenching Studies

Since the emission of 1-NpOH around 345 nm overlaps with the
absorption of NND (Figure 2-7), an internal "trivial quenching” processsq'_56
can occur and can lead to spurious results using a routine illumination
technique (Figure 5-6). Quenching of fluorescence intensity of 1-NpOH
(0.0002 M) by NND (0.0002-0.0020 M) in methanol, acetonitrile or dioxane
was determined using routine illumination techhique at room temperature; one
of them is shown in Figure 2-8. The Stern-Volmer correlations between I°/I
and [NND], based on Equation 2-6, were calculated from least square

analysis to give quenching rate constants kq (x 10lO M"ls"l

): 5.86 (in
methanol, correlation coefficient, r = 0.997), 4.85 (in acetonitrile, r =

0.999) and 4.45 (in dioxane, r = 0.996).

<I>f°/¢1>f = (I°/I) max - 1 * quo[NND] 2-6
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Figure 2-6 Relative quantum yields of 16, égx/éox, in the
photonitrosation of 1-NpOH and NND, where égx and
éox are quantum yields in the absence and presence

of various concentrations of CHDE, respectively.
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FLUORESCENCE RELATIVE INTENSITY

Figure 2-7 Absorption spectra of (1) 1-NpOH (0.0002 M) and (2) NND
.(0.012 M), and (3) fluorescence spectrum of 1-NpOH

(0.0002 M) in methanol at 20°C.
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RELATIVE
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Figure 2-8 Quenching of 1-NpOH (0.0002 M) fluorescence in dioxane at
20°C by NND with excitation a£ 300 nm using the routine
illumination technique: curves 1-7 contained [NND] of O,
0.004, 0.008, 0.012, 0.016, 0.020 and 0.025 M,

respectively.
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In Equation 2-6, ¢f° and éf are the fluorescence quantum yields of 1-NpOH
in the absence and presence of various concentrations of NND; I° and I are
the fluorescence intensities at the maximum emission wavelength of 1-NpOH in

the absence and presence of NND; o is the fluorescence lifetime of 1-NpOH

without NND. Obviously, the k_ values larger than the diffusion controlled

q
rate constant must arise from the trivial quenching process. Furthermore, in
a higher NND concentration range (0.004-0.025 M), guenching of 1-NpOH
fluorescence with the routine illumination technique showed gradual shifts
of the fluorescence band up to 390 nm (Figure 2-8). At [NND]=0.070-0.100 M,
the main 1-NpOH fluorescence band at 340 nm disappeared and was replaced by
a band at 390 nm (Figure 2-9). These observations led us to misinterpret

1 57

*
the 390 nm band as emission from an exciplex of 1-NpOH and NND.

These
phenomena can be clearly attributed to reabsorption of the emission from

l*
1-NpOH by NND.

The front-face illumination technique can circumvent the "trivial
quenching” process, since the path length of emitted light is almost

negligible54’55

(see Figure 5-6 in Experimental). The gquenching of 1-NpOH
fluorescence in dioxane by NND using the front-face illumination technique

is shown in Figure 2-10. The Stern-Volmer plot of 1°/1 against [NND]

yielded a straight line (Figure 2-11) with the slope of kqfo = 117 M—l, and
a kq value of 11.0 x 10° M~ 1s71 using r, = 10.7 ns in dioxane (vide -infra
Table 2-3).

No fluorescence of NND in dioxane was detected with excitation at
either 280 nm or 340 nm. These observations are consistent with a previous
report from our laboratory.2 Nor was fluorescence of quinone monocoxime 16

in dioxane detected with excitation at 300 nm.



37

"'
1/2]3] 4

>—
[
%)
s
w
—
Z
1]
=
B 1\2\ 3\ 4
—J
w
a4

/\.\ N N i : N 3

320 400 ) 480

A(nm)

Figure 2-9 Fluorescence spectra of 1-NpOH (0.0002 M) in Fhe
presence of NND in acetonitrile at 20°C with
excitation at 300 nm using the routine illumination
technique; curves 1-4 contained [NND] of 0.01, 0.03,
0.07 and 0.10 M, respectively; curves 2-4 were

normalized at 390-410 nm with respect to the curve 1.
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INTENSITY

RELATIVE

340

Figure 2-10 Quenching of 1-NpOH (0.002 M) fluorescence with NND in
dioxane at 22°C with excitation at 300 nm using the
front-face illumination technique; curves 1-7 contained
[NND] of 0, 0.0025, 0.0050, 0.0075, 0.0100, 0.0125 and

0.0150 M.
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Figure ;-11 The Stern-Volmer plot of I°/I vs [NND] in dioxane

at 22°C, the data of I°/I were measured at 342 nm

from Figure 2-10.
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Quenching of l-anthrol (1-AnOH) fluorescence by NND was studied with
the routine illumination technique, because the fluorescence of 1-AnOH lies
around 400-600 nm (see Figure 2-23), well separated from the absorption

band of NND.

At 77K, the fluorescence spectra of 1-AnQOH (0.0002 M) in isopentane-
methylcyclohexane (l1l:1, by volume) were recorded in the absence and presence
of base, e.g. NND (0.013 M), TEA (0.150 M) or potassium hydroxide (0.002 M)
as shown in Figure 2-12. The l1-AnOH fluorescence maximum at 440 nm is
displaced to 456 nm by NND and to 520 nm by TEA or by potassium hydroxide,
respectively. These observations are in agreement with those in a previous
report58 of the 77K fluorescence spectra of 1-NpOH in the presence of some
bases, e.g. N,N-dimethylformamide (DMF), TEA or potassium hydroxide; the
1-NpOH fluorescence maximum at 340 nm in ether was shifted to 360 nm by
DMF, to 400 nm by TEA and to 420 nm by potassium hydroxide. Since singlet

excited 1-NpOH possesses enhanced acidity , the authors58

suggested that the
emission at 360 nm band was from the hydrogen-bonded exciplex between DMF
and the fluorescent state of 1-NpOH (Equation 2-7), and that the emission
at 400 nm band was from the excited state ion pair quuation 2-8) which was

1

*
formed from proton transfer from 1-NpOH to TEA.

1* 1* .
1-NpOH + DMF & [~ 1-NpOH' **DMF] 2-7
=

1*1_NpOH + Et.N [1"1-8p0” EtNH"] 2-8

3
In analogy to the shifts of the 1-NpOH fluorescence maxima, those of 1-AnOH
are interpreted by the same scheme, e.g. hydrogen-bonded exciplex with NND
and an ion-pair with TEA. A shoulder around 440 nm in curve 2 in Figure

2-12 is assigned to the emission from the free 1-AnOH.
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Figure 2-12 Fluorescence spectra of 1-AnOH (0.0002 M) in isopentane-
methylcyclohexane (1l:1, by volume) at 77K with excitation
at 400 nm; curves 2, 3 and 4 contained [NND] = 0.013 M,
[KOH] = 0.002 M ( in ethanol-isopentane-methylcyclohexane,

1:2:2, by volume) and [TEA] = 0.150 M, respectively.
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At room temperature, quenching of 1-AnOH (0.0002 M) fluorescence by
NﬁD (0.008-~0.040 M) in various solvents e.g. THF, dioxane, acetonitrile,
methanol or ethanol was determined using the routine illumination technique.
The fluorescence maximum of 1-AnOH around 435-450 nm decreased with
increasing NND concentration (Table 5-6). A typical run in THF is shown in
Figure 2-13; the intensity ratio, I°/I, at the maximum emission wavelength
of 442 nm was plotted against [NND] according to Equation 2-6 to give a

1

straight line with a slope of k = 26.0 M ~ (Figure 2-14). The plots of

q’o
I°/I against [NND] in other solvents also yielded straight lines with the

slopes of k = 46.2 (in acetonitrile), 37.7 (in dioxane), 13.4 (in

q7o
methancl) and 11.7 M'l (in ethanol), as shown in Figure 2-14. Accordingly,
solvents can affect this quenching process; hydroxylic solvents, in

particular, can retard it.

Quenching of 1-AnOH fluorescence by NND in dioxane was examined at
various temperatures from 10 to 50°C. The fluorescence intensity ratio of
I1°/I at 440 nm was determined as a function of [NND]. The correspondihg
Stern-volmer plots of I°/I against [NND] yielded straight lines (Figure
2-15). The slopes increase with increasing temperature. It was reported59
that the kqfo value of dynamic fluorescence guenching increases with
increasing temperature, whereas the value of static fluorescence quenching
decreases. Thus, dynamic and static quenching can be distinguished by their

temperature dependence. Remarkably, the positive‘temperature effect in

guenching of 1-AnOH by NND indicates its character of dynamic quenching.

Using the lifetime of 1-AnOH in dioxane, T = 19.1 ns (Table 2-6),

the corresponding quenching rate constants were also calculated (in Table

2-2).
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Figure 2-13 Quenching of 1-AnOH (0.0002 M) fluoresence by NND
(0.007-0.0375 M) in THF at 22°C: the excitation wavelength
was 400 nm with emission range from 390 to 620 nm, and curves
1-6 contained [NND] of 0, 0.0075, 0.0150, 0.0225, 0.0300 and

0.0375 M, respectively.
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Figure 2-14 Stern-Volmer plots for quenching of 1-AnOH (0.0002 M)
fluorescence by NND in various solvents at room

temperature.
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Table 2-2 Kinetic Parameters for Fluorescence Quenching

of 1-AnOH by NND in Dioxane®

-1 -9 1ot :
T (K) kq7o (1) kgx1077 st r
283 29.0 * 0.6 1.52 + 0.03 0.999
298 37.7 £ 0.8 1.97 + 0.03 0.999
308 42.7 + 0.8 2.24 % 0.04 ' 0.999
323 50.4 % 1.3 2.64 % 0.07 0.999

a. [1-anOH] = 0.0002 M, [NND] = 0.007-0.035 M, kex 400 nm,

kem = 440 nm, and o = 19.1 ns.
The Arrhenius plot of logarithm of'quenching rate constants vs 1/T yielded
a straight line (Figure 2-16) with an activation energy of 2.54 kcal/mol

and log A = 11.2 ; these values are consistent with those reported60 (Ea =

2-3 kcal/mol and log A = 10-12) for the diffusion-controlled quenching

process.

log kq = log A - Ea/(2.303 RT) 2-9
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Figure 2-15 The Stern-Volmer plots of 1°/1 vs [NND] for quenching

of 1-AnOH (0.0002 M) fluorescence by NND in dioxane at

various temperature.
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Figure 2-16 The Arrhenius plot of log kg vs 1/T for gquenching

of 1-AnOH fluorescence by NND in dioxane.
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2.1.5 Time-Reso;ved Fluorescence Studies

Fluorescence lifetimes for 1-NpOH, O-deutero-l-naphthol (1-NpOD) and
1-AnOH in the absence (ry) and in the presence (r) of the various
concentrations of NND were determined with pulsed laser (a synchronously
pumped, cavity—dumped and mode locked dye laser system) excitation at Rex =
300 nm and using the single-photon-counting method.sl'62 The apparatus was
made available by the courtesy of Professor M.L.W. Thewalt. The data were

treated with the Stern-Volmer equation to give quenching rate constants:

/T =1+ quo (¥ND] 2-10
In addition, transient fluorescence spectra were recorded at various delay

times.

The steady-state fluorescence of 1-NpOH in methanol at room
temperature was determined with an excitation wavelength of 300 nm and
showed a maximum emission at 340 nm. Addition of 0.002 M potassium
hydroxide as a proton acceptor shifted the emission maximum to 460 nm,
which indicated that the origin of the emission was l*l—NpO- (see Figure
5=5, in Experimental). The transient fluorescence spectra (Figure 2-17) of
1-NpOH (0.0006 M) in acetonitrile were recorded at 20°C using laser
;xcitation at 300 nm and scanning. from 320 to 520 nm at various delay times
(1-20 ns). These transient spectra §how a similar shape to the steady-state
fludrescence spectrum. Similar measurements in the presence of NND (0.006 M)
in acetonitrile (Figure 2-18) and in the presence of NND (0.060 M) in THF

(Figure 2-19) were examined.
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Figure 2-17 Transient fluorescence spectra of 1-NpOH (0.0006 M) in
acetonitrile at room temperature; the excitation

wavelength was 300 nm.
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Figure 2-18 Transient fluorescence spectra of 1-NpOH (0.0006 M) in
acetonitrile in the prescence of NND (0.006 M) at room

temperature, the excitation wavelength was 300 nm.
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Figure 2-19 Transient fluorescence spectra of 1-NpOH (0.0006 M)

in THF in the prescence of NND (0.060 M) at room

temperature,

the excitation wavelength was 300 nm.
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Inspection of transient spectra in Figures 2-18 and 2-19 reveals no
change in the spectral shape at various delay times. Furthermore, the shape
of the emission spectra is unaffected by the lower concentration of NND
(0.006 M);(see Figures 2-17 and 2-18), but distorted by the higher
concentration of NND (0.060 M) (Figure 2-19). The spectra show an emission
maximum at 390 nm and a shoulder at about 340 nm. This pattern is similar
to that observed in the steady-state fluorescence spectra (Figure 2-9). The
shoulder is caused by the distortion of the spectra, owing to reabsorption

of emission at 340 nm by NND at its high concentration (see Figure 2-7).

The fluorescence lifetimes of 1-NpOH in dioxane at room temperature in
the absence and presence of NND (0.0004-~0.025 M) were determined at
emission wavelengths of 330, 345 and 400 nm, respectively, with the
excitation wavelength of 300 nm. The decay curves are single-exponential
both in the absence and in the presence of various concentrations of NND,
as shown in an example in Figure 2-20. The measured lifetimes are
independent of the moﬁitoring emission wavelength and decrease with
increasing concentration of NND (Table 2-3). Based on Equafion 2-10, the
linear Stern-vVolmer plot (Figure 2-21) of ro/r at 345 nm against [NND]
vielded a slope of 81 ML from which the quenching rate constant was
calculétad to be'kq = 7.6 x 102 M 1s7Ll, This kq value is somewhat smaller
than that obtained from fluorescence intensity quenching in the same solvent

(ky = 11.0 x 10° M2s71y, This observation implies that the static

quenching process is of minor importance (vide infra).
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- Table 2-3 Fluorescence Lifetimes of 1-NpOH (0.0002 M) in the
Absence and Presence of Various Concentrations

of NND at Various Emission Wavelengthsa

[NND] x 103 r (ns)

M) 300 nm 345 mm 400 nm

0 10.60 10.70 10.70

0.4 10.10 10.20 10.10

1.2 9.17 9.36 9.01

2.0 | 8.90 8.80 8.30

4.0 7.15 . 6.94 7.02

8.0 6.48 6.45 6.33
12.0 5.10 5.10 5.05
16.0 4.55 T 4050 4.43
20.0 4.05 | 4.06 3.90
25.0 3.47 3.42 3.27
kqTo S 802 81+3 85+3
kg ® 1079 (v 1s7Ly 7.640.2 7.60.3 7.9%0.3
r 0.997 0.997 0.997

a. The samples were excited in dioxane solution at 300 nm at

room temperature.
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LOG COUNTS

Figure 2-20 Decay curves of 1-NpOH (0.0002 M) in dioxane at room
temperature in the absence (curve 1) and presénce of
NND (0.0012 M, curve 2); the sample solutions were

excited at 300 nm and monitored at 345 nm.
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Figure 2-21 The Stern-Volmer plot of ro/r vs [NND] for quenching
of fluorescence lifetimes of 1-NpOH (0.0002 M) by NND

in dioxane at room temperature.
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Fluorescgnce lifetimes of 1-NpOH (0.0002 M) in methanol in the absence
and presence of various concentrations (0.030-0.180 M) of 1,2-
epoxyethylbenzene (EPO) were determined with excitation at 310 nm and
monitoring at 355 nm. All decay curves are also single-exponential. The
lifetimes (Table 2-4) are almost indepéndent of the concentration of NND,
although the quenching of 1-NpOH fluorescence by EPO was measured previously

3 9 -1l -1

in our laboratory6 q = 1.4 x 10" M “s ~. Obviously, this

to give k

indicates a static quenching character in the system of 1-NpOH and EPO.

Table 2-4 Fluorescence Lifetimes of 1~NpOH (0.0002 M) in

Methanol in the Absence and in the Presence of EPOZ

[EPO] M *® ns

0 7.69 % 0.06
0.030 | 7.53 £ 0.16
0.050 7.59 % 0.06
0.080 7.50 = 0.07
0.130 7.46 = 0.03
0.180 7.24 = 0.06

a. The sample solutions were excited at 310 nm
and monitored at 355 nm.

b. Each r value was averaged from three runs.
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The decrease of the 1-NpOH fluorescence lifetime with increasing [NND]
implies that the quenching process is dynamic. Both the single-exponential

decay curves and the transient fluorescence spectra at various delay times

1

*
indicate the existence of a single emitting species of 1-NpOH. In other

1

v _ ‘
words, neither 1-NpO (emitting at 460 nm in Figure 5-5) nor an exciplex

1

”%*
of 1-NpOH with NND is detectable by using time-resolved fluorimetry.

2.1.5.2 O-Deutero-l-naphthol

The transient fluorescence spectra (Figure 2-22) of 1-NpOD (0.00034 M)
at various delay times (1-17 ns) in dioxane in the presence of NND (0.025
M) measured under conditions similar to those used with 1-NpOH show no
change in spectral shape and no new emission at 460 nm from l*l-NpO—. The
fluorescence decays of 1-NpOD in the absence and presence of NND
(0.0050-0.0250 M) also show the single-exponential pattern and about the
same 7 values as those of 1-NpOH (see Tables 2-3 and 2-5). The guenching
rate constant of kq = 8,1 X lO9 M—ls-l is close to thaF for the system of

1-NpOH and NND (7.6 x lO9 M_ls-l), indicating no substantial deuterium

isotopic effect.

2.1-503 1"Anthr01

A steady-state fluorescence spectrum of 1-AnOH in THF, recorded with
excitation at 350 nm at room temperature, showed an emission maximum at 445

nm, which was shifted to 610-620 nm by the presence of potassium hydroxide

. . _
(0.0020 M). This maximum is assigned to the emission from L 1-An0 (Figure

2-23). Adding Hzo to the THF solution of 1-AnOH also generated the emission

from 1"1-An0~ (Curve 3 in Figure 2-23).
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Figure 2-22 Transient fluorescence spectra of 1-NpOD (0.00034 M) in
the presence of NND (0.0250 M) in dioxane at 20°C; each

sample solution was excited at 300 nm and scanned from

320 nm to 480 nm.
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Table 2-5 Fluorescence Lifetimes of 1-NpOD (0.00034M) in Dioxane

in the Presence of Various Concentration of NNDZ

3

[NND] x 107 (M) T NS ‘ ro/r

0 11.15 (r)

5.0 7.64 1.15
10.0 5.83 1.91
15.0 4.77 2.33
20.0 3.98 2.79
25.0 3.39 3.27
Kk r (ML) 90 + 1

q’o * |
kg % 1072 " 1s7Y 8.1 ¢ 0.1
r . 1.000

a.EBEach sample solution was excited at 300 nm

and monitored at 345 nm at 20°C.

The transient fluorescence spectra of 1-AnOH (0.6002 M) with NND
(0.025 M) in dioxane at various delay times (from 0-1.3 to 27-37 ns) were
recorded using the same apparatus and conditions as those used for 1-NpOH
except for scanning from 310 to 708 nm. The spectra show the emission of
1

1-AnOH around 413-460 nm, but no emission around 610 nm from * 1-an0~.

Spectra for two delay times are shown in Figure 2-24.
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Figure 2-23 Fluorescence spectra of 1-AnOH (0.0001 M) in: (1)
THF, (2) KOH (0.002 M)-THF, and (3) HZO—THF
(4:6, by volume), respectively, with excitation at
350 nm at room temperature; the maximum intensity
of curves 2 and 3 was adjusted equal to that of

curve 1.
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Figure 2-24 Transient fluorescence spectra of 1-AnOH (0.0002 M)

in the presence of NND (0.025 M) in dioxane at 20°C;
the sample solution was excited at 300 nm and scanned
‘from 310 to 708 nm with delay times: (1) 0-1.3 ns,

(2) 27-37 ns.
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In the absence and presence Of various concentrations of NND,
fluorescence of 1-AnOH decayed with a single-exponential pattern (Figure 2-

25), giving lifetimes (Table 2-6), from which the Stern-Volmer parameters of

KqTo = 24.4 M ' and kg = 1.28 x 10° M 's™" were obtained. These

observations are similar to those for 1-NpOH. The lack of an emission band

at 610 nm in the transient spectra together with the single-exponential

*
decay pattern indicates that a single transient species of 1 1-AnOH

possesses a lifetime long enough to emit.

Table 2~6 Fluorescence Lifetimes of 1-AnOH (0.0002 M) in

NND-Dioxane Solution®

[NND] x 10° () 7 ns : /T
0.0 19.06 (r,)
5.0 16.87 1.130
) 10.0 15.27 1.248
15.0 13.82 ‘ 1.380
20.0 12.69 1.502
25.0 11.82 ’ 1.613
keTo (M71) ' 24.4 * 0.4
k, X 1077 (M"s") 1.28 + 0.02
r _ 0.996

a. Each sample solution was excited at 300 nm and

monitored at 435 nm at 20°C.
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Figure 2-25 Fluorescence decay curves of 1-AnOH (0.0002 M)
in the absence (1) and in the presence (2) of
NND (0.0150 M) in dioxane at 20°C; each sample
solution was excited at 300 nm and monitored

at 435 nm.



64

1.8
184 Kq To= 244 M
kq = 1.28 X 109 M7's™!
r = 0.997
~
™S L4-
~
1.2-
1.0-F T T 1
0.00 0.01 0.02 0.03

[NND] (M)

Figure 2-26 Stern-Volmer plot of r_/r against [NND] for
quenching of 1-AnOH fluorescence lifetime

by NND in dioxane at 20°C.



2.1.6 Quantum Yield Determination

A basic reaction mechanism for the photonitrosation of 1-NpOH with NND
is proposed in Scheme 2-1, based on the following findings: (i)
photonitrosation leading to quinone monooxime 16, (ii) dynamic quencping of
1-NpOH fluorescence by NND, (iii) singlet-exponential decay of 1-NpOH
fluorescence in the presence of NND, (iv) neither triplet sensitization nor
triplet quenching of the photonitrosation, (v) no photonitrosation by diréct
irradiation of NND, and (vi) no decomposition of NND by irradiation of

1-NpOMe.

hv, I -
1-NpOH ——> 1"1-NpoH 2-11
1* ke
1-NpOH -~———> 1-NpOH + hv' 2-12
1* kic
1-NpOH ——> 1-NpOH + A ' 2-13
1* kst 3* .
1-NpOH ————> 1-NpOH 2-14
1* kq
" 1-NpOH + NND ——> C, 2-15
-k
c, —E> 16 + (Me),Nm 2-16
Ko ,
Cl ———> by-product 2-17
%y
C1 > 1~NpOH + NND 2-18

Scheme 2-1



In Scheme 2-1, Cl is an exciplex assumed to be formed from the

collisional interaction of L

*

1-NpOH with NND. C, could dissipate primarily
by three pathways, i.e., collapsing to the final products (Equation 2-16),
to other unidentified by-products (Equation 2-17), or back to the starting

materials (Equation 2-18). The kinetic equations 2-19 and 2-21 were derived

from Scheme 2-1 using the steady state approximation (see Appendix 1I).

The quantum yield of NND disappearance, QN' or of the formation of
quinone monooxime 16, éox' was determined as a function of NND
concentration for the photonitrosation of 1-NpOH in” various solvents. The Py

values were also determined for the other phenols in acetonitrile or

dioxane.
Yoy = 1/8 + 1/{fk 7, [NND]} | | 2-19
where 8 = @ox(llm) = kp/(kP + kb + kp,) 2-20
/&g = 1/8' +- 1/{ﬁ'quo[NND]} | 2-21
where f'= @y(lim) = (ky + kyi)/(ky + ky + ko) 2-22

Combination of Equations 2-20 and 2-22 yields:
k 1 ‘ = ' - -
p'/kp = B'/B8 -1 2-23

ky/kg = (1 - 8")/8 2-24
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If the proposed Scheme 2-1 is valid, a Stern-Volmer plot of either l/d)ox
against 1/[NND] or 1/<I>N against l/[NND] should be linear based on Equations
2-19 and 2-21. From each plot a common quo value but different intercept
should be obtained. The values of @ox(lim), @N(lim) and the ratios

(kp:kb:kp.) can be obtained accordingly.

2.1.6.1 Photonitrosation of l-Naphthol

The éox value (Table 2-7) for the photonitrosation of 1-NpOH (0.050
M) in dioxane at 19°C was determined as a function of [NND] (0.005-0.050 M)
using a 450 Watt Hanovia lamp as light source through a Pyrex filter. The
light intensity was determined by the benzophenone-benzhydrol actinometer in

benzene, which has a quantum yield of 0.'74.64

The incident light absorbed
by 1-NpOH was corrected for that absorbed by NND. The Stern-Volmer plot
(Figure 2-27) of 1/<I>ox against 1/[NND] yielded a straight line with slope

and intercept of 0.154 M and 11.1, respectively, from which and

1

o =
tho

@ox(lim) were calculated to be 72 M - and 0.091, based on Equations 2-19

and 2-20.
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Table 2~7 Quantum Yields of 16 Formation in Photolysis of

1-NpOH (0.050 M) and NND in Dioxane at 19°C®

[NND] x 10° (M) By 1/[NND] (1/M) 1/8,,
5.8 0.0270 174 37.0
7.7 0.0315 130 31.8
9.6 0.0364 104 27.5
14.4 0.0449 69.4 22.3
19.2 0.0528 . s2.1 19.0
24.0 0.0559 41.7 17.9
28.8 0.0610 36.7 16.4
38.4 0.0680 26.0 14.7
48.0 0.0736 - 20.8 13.6
KqTo ) 72 £ 4
ky X 1079 is~hb 6.8 * 0.4
By (1im) 0.091 + 0.003
r ‘ 0.998

a. The sample solutions were irradiated under the same
conditions with a 450 watt Hanovia lamp through a Pyrex
filter for 100 min to cause 5-15% conversion of 1-NpOH.

b. To = 10.6 ns from Table 2-3.
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Figure 2-27 Plot of l/<1>Ox against 1/[NND] in dioxane according to
Equation 2-19; slope = 0.154 -+ 0.004 (M), intercepf =

11.1 + 0.4, and r = 0.998.
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Determination of éox as a function of [NND] was also carried out in
acetonitrile, benzene, toluene and methanol under the same conditions as in
dioxane. The measured data are listed in Appendix II, and the calculated

Stern—-Volmer parameters are summarized in Table 2-8.

Table 2-8 The Stern-Volmer Parameters for the Photonitrosation of

1-NpOH with NND from Measurement of §ox in Various Solvents at 19°C2

Solvent keTo (1) kx1077 (ki +ky ) /K, ,, (1im) r
ortsth

Dioxane® 724  6.8%0.4 10.0+ 0.3 0.091 £ 0.003 0.998

Acetonitrile® 81+ 9 11.0 1.0 11.5* 0.6 0.080 = 0.004 0.993

Benzene® 3344 3.1%0.4 21,7420 0.044%0.004 0.998

Toluene® 45+ 9 4.3 +0.8 30.3%4.0 0.032%0.00&4 0.993

Methanol® 85+5 11.1 0.6 58.8% 3.5 0.017 *0.001 0.996

a. [1-NpOH] = 0.050 M, [NND] = 0.008-0.050 M; the conversions of

1-NpOH were 5-15%.

b. 5 23

10.6 ns in nonpolar solvents.

c. 74 7.7 ns. This was determined in methanol (Table 2-4) and
assumed to be the same in acetonitrile.

d. (kp', + kb)/kp = (1/8) - 1 (see Equation 2-20).



71

Quantum yields of @ox and @N for the photonitrosation of 1-NpOH with

NND were determined in various solvents under conditions comparable to those

used éarlier, except that RPR-300 nm lamps were used as the light source at

31°C. The observed data are listed in Appendix II. Analysis of these data

from Equations 2-19°and 2-21 yielded the Stern-Volmer constants, limiting

quantum yields, quenching rate constants and rate constant ratios; all these

data are listed in Table 2-9.

Table 2-9 Stern-Volmer Parameters for Photonitrosation of 1-NpOH with

NND from Measurements of Both§°x and §N in Various Solvents®

Solvent ®,, -monitoring ¢, -monitoring
kq7o B, (lim) r kemo By (1lim) r kp:kp' :k,®
oty CR
Dioxane 74%7  0.08+0.01 0.997 93%9  0.15%0.01 0.996 1.0:0.9:11.0
MeCN 899  0.089+0.005 0.995 74%9  0.19%0.01 0.993 1.0:1.0:9.0
THF 69+9  0.094+0.006 0.993 6045 0.24%0.01 0.999 1.0:1.6:8.0
EtOH 60+5 0.034%0.002 0.997 110420 0.081+0.005 0.990 1.0:1.6:26.4
MeOH 82+13 0.020£0.002 0.991 - & - - -
a. [1-NpOH] = 0.030 M, [NND] = 0.007-0.022 M, the conversions of 1-NpOH

were 3-20% with irradiation at 300 nm at 31°C. See Table 2-8 for

other parameters.

b. Calculated from Eguations 2-23 and 2-24.

c. The change of [NND] during irradiation was too small to be determined.
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Inspection of the data in Tables 2-8 and 2-9 suggests the following
points: (i) The linear Stern-Volmer plots of both l/<I>ox vs 1/[NND] and l/<I>N

vs 1/[NND] together with the similarity of k values measured from dox

q’o
and from @N in three solvents, dioxane, THF and acetonitrile, strongly
support Scheme 2<1. (ii) The limiting‘quantum yields @ox(lim) are sensitive
to solvents and increase in the order : ethanol =~ methanol < benzene =
toluene < dioxane =~ acetonitrile =~ THF. (iii) Photonitrosation is retarded

by the hydroxylic solvents, such as methanol and ethanol, in relation to

the other solvents.

2.1.6.2 Photonitrosation of O-Deutero-l-naphthol

For the system of 1-NpOD and NND, the quantum yield $ i Was
determined in carefully dried dioxane as a function of [NND] under similar
conditions to those used in the experiments of Table 2-9. The observed data

listed in Table 2-10 are close to those obtained for 1-NpOH in Table

N

T .
r

the Stern-Volmer parameters are, within experimental errors, the same as

those measured for 1-NpOH in the same solvent (compare Tables 2-7, 2-9 and

2-10). This indicates the lack of deuterium isotope effects in

photonitrosation of 1-NpOH.

2.1.6.3 Photonitrosation of the Other Phenols

The gquantum yield, ¢N' for photonitrosation of the other phenols was
determined as a function of [NND] under similar conditions to -those used in
Table 2-9. The observed data are listed in Appendix III and the
Stern-Volme; plots of l/<I>N against 1/[NND] yielded straight lines with
reasonably good correlations (r = 0.993-0.996), indicating that the

mechanism proposed for the reaction of 1-NpOH and shown in Scheme 2-1 may
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also operate in the reactions of these phenols. The calculated limiting

guantum yields @N(lim), k and rate constant ratios kb/(kp+kp.) from the

g’o

slopes and intercepts are summarized in Table 2-11.
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Table 2-10 Quantum Yield5§ox for the Photonitrosation of

1-NpOD (0.030 M) with NND in Dioxane®

[NND] x 103 () 1/{wND] (1/M) 1/ ®ox
Run No.l
5.0 200 0.0246 40.6
7.5 133 0.0318 31.5
10.0 100 0.0383 26.1
12.5 80.0 0.0435 23.0
15.0 ' 66.7 0.0465 21.5
17.5 57.0 0.0508 19.7
Run No.2
7.5 133 0.0400 25.0
10.0 100 0.0473 21.1
12.5 80.0 0.0530 . 18.9
15.0 66.7 0.6562 17.8
17.5 57.0 0.0614 16.3
20.0 50.0 © 0.0679 14.7
Run rio.l Run No.2
RqTo S i) 78 + 4 80 + 8
ky X 1079 s 7.0 + 0.4 7.1 + 0.7
,, (1im) 0.087 % 0.003 0.107 + 0.006
r 0.999 0.997

a. Conversion of 1-NpOD was 5-12% at 31°C,.
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Table 2-11 Stern-Volmer Parameters for the Photonit;osation of

Phenols (ArOH) with NND from Measurements of §Na

ATOH kqr, k, /(kp+kp') @N(lim) : r
(Solvent) ™Y

1-NpOH
(Dioxane) 74 £ 7 5.7 0.15 £ 0.01 0.996
(MeCN) 89 + 9 4.3 0.19 £ 0.01 0.993
2 -NpOH 79 £ 10 13.2 0.071 £ 0.005 0.993
(MeCN)

11 59 £ 9 1.9 0.35 £ 0.04 0.994
(MeCN)

1-AnCH 34 £ 8 4.4 0.19 £ 0.04 0.993
(Dioxane) -

9-AnCH 79 £ 8 3.4 0.23 £ 0.01 0.996
(Dioxane)

15 38 £ 6 4.7 0.18 + 0.02 0.996
(THF)

a. The sample solutions of [ArOH] = 0.030 M and [NND] = 0.007-
0.020 M were irradiated at 300 nm at 31°C to cause 3-20%

conversion of the phenols.
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2.1.7 Quenching of Photonitrosation of 1-NpOH

v*
In order to examine the crucial proton transfer process from 1 1-NpOH
to NND in photonitrosation, a proton acceptor (B), such as HZO' TEA or DMF

was used as a competing substrate (Equation 2-25):

X X . «
¢, «—— Yiwpow —— i-wpo” + mm* 2-25
NND B

B = HZO' TEA or DMF

where kq is the quenching rate constant for the exciplex Cl formation from
l*1-Np0H with NND and kc that for a proton transfer process from lwl-NpOH
to the base. It was expected that the quantum yield of the photonitrosation
at a fixed concentration of NND should decrease és the concentration of B
was increased. The kc value was evaluated. from Equation 2-26 (for
derivation, see Appendix I):

-}

dy/by = 85y /%0,.= 1 + k_r[B] 2-26

where the superscript "On

indicates the absence of the base, and 7 is the
v*
lifetime of 1 1-NpOH at a fixed concentration of NND, but in the absence of

B.

2.1.7.1 Quenching by Water

Water- is the most commonly used proton acceptor in studies of proton

29,65-68

transfer from the singlet excited state phenols. In fluorescence

spectra (Figure 2-28) of 1-NpOH in dioxane—H20 (25-40%), for example, two



bands appeared at 340 and 460 nm with an isosbestic point at 420 nm. With

1

%*
increasing Hzo percentage, the intensity at 340 nm for 1-NpOH decreased,

1

E'3 _ .
and that at 460 nm for 1-NpO increased. This observation strongly

supports the proton transfer process shown in Equation 2-27:
1"1-vpon + H,0 = [1"1-np0” Hy0"]
. 2-27

A = 340 nm A = 460 nm

In the HZO concentration range of 0.50 to 5.0 M, the quenching of
1-NpOH fluorescence in THF was recorded at 20°C as shown in Figure 2-29.
The intensity was decreased, and the spectra were made more complex and
broader by the presence of HZO' The Stern-Volmer plot of the intensity
ratio I°/I against [Hzo] yielded a straight line with a slope of kc(HZO)-rO

= 0.325 Ml (Table 2- 11). The k_ value was evaluated to be about 3.5 x

g X
—ls-l

107 M ; adopting the s value of 9.3 ns which was determined in THF

(see Section 5.7.3 in Experimental).

For the photonitrosation of 1-NpOH with NND in THF solution, the
gquantum yields, @ox and @N ; Wwere respectively determined as a fﬁnction of
[HZO] in the range of 0.50-5.00 M under the same conditions (Tabie 2-12),
and treated according to Equation 2-26 to give slopes: k (H,0)r = 0.188 Mt
and 0.233 M-l, respectively. These data led to kc(HZO) values of 4.6 x 107
M2s™1 and 5.7 x 107 M1s71, adopting the r value of 4.1 ns which was
determined in dioxane at [NND] = 0.020 M in Table 2-3, and assumed to be
the same as in THF in the presence of 0.020 M NND. Accordingly, the kc(HZO)
value ﬁeasured from the quenching of fluorescence intensity is consistent

with that from quantum yield measurement.
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Figure 2-28 Fluorescence spectra of 1-NpOH (0.0002 M) in
dioxane—Hzo; H20 concentrations were 25% (14M), 30%
(17M) and 40% (22M) for curves 1, 2 and 3,

respectively.
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Figure 2-29 Fluorescence spectra of 1-NpOH (0.0002 M) in THF at
room temperature in the absence and presence of HZO with
excitation wavelength at 300 nm; curves l-7 contained [HZO]

of 0, 0.50, 1.00, 2.00, 3.00, 4.00 and 5.00 M, respectively.
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Table 2-12 Effects of Water on Photonitrosation of 1-NpOH (0.030 M)

with NND (0.020 M)® and on Fluorescence Intensity of 1-NpOH

[ry0] ) ®ox q’;x/ ®ox oy &y °/ %y 1o/1°
0 0.0570 0.111

0.50 0.0476 1.20 0.111 1.00 1.14
1.00 0.0441 1.29 0.100 1.11 1.22
2.00 0.0372 1.53 0.0870 1.28 1.57
3.00 0.0333 1.71 0.0717 1.55 1.93
4.00 0.0296 1.93 0.0652 1.70 2.27
5.00 0.0283 2.01 0.0544 2.04 2.54
k. (H,007 (M7T) 0.188 + 0.011 0.233 * 0.012 0.325 * 0.010
k. x 1077 (M 7T 4.6 + 0.3 5.7 + 0.3 3.5 % 0.1
r 0.994 0.994 0.998

a. Each sample solution in THF was irradiated with RPR lamps at 300
nm at 31°C for 20 min to cause 6-13% conversion of 1-NpOH.
b. The excitation wavelength was 300 nm, and the monitoring one. was

340nm in THF at room temperature in the absence of NND.

2.1.7.2 Quenching by TEA

It is well known that TEA adiabatically quenches the fluorescence of

58,69-71

naphthols by a proton transfer mechanism. 2-Naphtholate anion

fluorescence at 445 nm , for example, was detected in acetonitrile solution

9

of 2-NpOH and TEA by both static and time-resolved fluorimetry.,6 The

fluorescence quenching experiments for the systems 1-NpOH/TEA and 2-NpOH/TEA
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were carried out in acetonitrile at room temperature with an excitation
wavelength of 300 nm. In the former system (Figure 2-30), with increasing
the concentration of TEA, the fluorescence intensitf at 350 nm (1-NpCH)
decreased and a new broad emission band, assigned to emission from
l-naphtholate (l-NpO—), appeared around3460—480 nm}with aﬁ isosbestic point
at 440 nm (compare with Figure 5-5). The Stern-Volmer plot of I°/I vs [TEA]

at 350 nm gave k_r_ = 31.6 M+

g o

provided similar results (see Figure 5-7 in Experimental).

with r = 0.992. The system of 2-NpOH/TEA

The quantum yield (¢ox) of the photonitrosation of 1-NpOH (0.030 M)
with NND (0.020 M) in dioxane was determined as a function of [TEZ]. With
increasing concentration of TEZ, the ¢ox value first decreased then leveled

off as shown in the plot of ¢°x°/¢ against [TEA] in the insert of Figure

oxX
2-31. The Stern-Volmer correlation for the initial part of quenching gave
kc(TEA)r = 3.08 M-l. In the same solvent, gquenching of 1-NpOH (0.0002 M)
fluorescence without NND by TEA was also determined at 18°C, showing no new
-emission around 460 nm, and the pertinent data afe summarized in the same
table for comparison with the gquenching of photonitrosation. The two kc

values obtained under ‘these conditions show substantial discrepancy (Table

2-13).

2.1.7.3 Quenching by DMF

1

*
The emission of the hydrogen-bonded exciplex between 1-NpOH and DMF

at 360 nm was detected at 77 K.°% The nature of phenol-DMF and phenol-NND

ground state hydrogen-bonded complexes was also investigated by IR

spectroscopy giving equilibrium constants K = 60 M—l and 13.5 M-l,

respectively, at 25°C in carbon tetrachloride.72
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Figure 2-30 Fluorescence spectra of 1-NpOH (C.0002 M) in acetonitrile
at room temperature in the absence and presence of TEA;
curves 1-6 contained [TEA] of 0, 0.004, 0.010, 0.01ls,

0.024 and 0.036 M.
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Figure 2-31 Quenching of 1-NpOH (0.0002 M) fluorescence by TEA
(0.004-0.020 M) in dioxane at 18°C; the insert is
the quenching of photonitrosation of 1-NpOH (0.030 M)

with NND (0.020 M) by TEA (0.010-0.200 M).



' -1

Table 2-13 Effects of TEA on Photonitrosation of 1-NpOH (0.030 M)

with NND (0.020 M)2 and on Fluorescence Intensity of 1-NpOH

[TEA] (M) B g @0/ oy | [TEA] () 10/1¢
0 0.0438 0
0.010 0.0418 1.04 0.004 1.08
0.020 0.0405 1.08 0.008 1.16
0.050 0.0370 1.18 0.012 1.23
0.100 0.0331 1.32 0.016 1.28
0.150 0.0331 1.32 0.020 1.36
0.200 0.0318 1.37

k. (TEA)r (M 1) 3.08 + 0.01° 17.0 £ 0.7

k (TER) x 1078 ("ts7h 7.5 £ 0.2 16.0 £ 0.6

r 0.994 0.995

a. Each sample solution in dioxane was irradiated under the same
conditions, with a 450 Watt Hanovia lamp thtough a Pyrex filter
at 18°C for 120 min to cause 5-15% conversion of 1-NpOH.

b. The correlation was established from the first four data, and
r value was determined to be 4.1 ns at [NND] = 0.020 M
(see Table 2-3)

c. [1-NpOH] = 0.0002 M, the excitation wavelength was 300 nm and

the monitoring one was 344 nm in the absence of NND at 20°C.
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The quantum yield, ¢ for the photonitrosation of 1-NpOH (0.030 M)

ox'
with NND (0.010 M) in dioxane was determined as a function of [DMF] (0-1.3
M) at 31°C. Quenching of 1-NpOH (0.0004 M) fluorescence by DMF (0.030-0.300

M) was also measured in the same solvent at 20°C, as shown in Table 2-14.

Table 2-14 Effects of DMF on Photonitrosation of 1-NpOH (0.030 M)

with NND (0.010 M) and on Fluorescence of 1-NpOH in Dioxane

[DMF] (M) 0,2 @0/ oy [DMF] (M) 10/1P
0 0.0429 0.030 1.46
0.10 0.0364 1.18 0.060 1.68
0.40 0.0346 1.24 0.120 2.39
0.70 0.0316 1.35 0.180 3.08
1.00 0.0292 1.47 0.240 3.47
1.30 0.0271 1.58 : 0.300 41
ko (DMF)r (M 1)C 0.34 + 0.02 10.1 = 0.3
k (OMF) x 1077 (M71s7h) 6.0 + 0.4 | 94 + 3

r 0.994 0.997

a. Each sample solution was irradiated under the same conditions
by RPR lamps at 300 nm at 31°C for 20 min to cause 5-15%
conversion of 1-NpOH.

b. The excitation wavelength was 300 nm and the monitoring one was 344 nm
in the absence of ﬁND at room temperature.

c. The 7 value was determined to be 5.7 ns at [NND] = 0.010 M in

dioxane (Table 2-3).
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DMF quenches fluorescence of 1-NpOH fifteen times more efficiently than it
quenches photonitrosation. This might be attributed to the reported tendency
for DMF to form a ground state complex with 1-NpOH, leading to efficient

quenching of 1-NpOH fluorescence.

2.1.7.4 Quenching by Quadricyclene

Murov and Hammond73 reported that quadricyclene (QC) is a very

effective quencher of fluorescence of aromatic hydrocarbons. The guenching
was suggested to proceed via an electron-transfer process.74 Fluorescence of
1-NpOH (0.0002 M) was quenched by QC (0.020-0.100 M) in THF at room
temperature with a reasonably good Stern—Volmer correlation to give k. r =

g'o
2.30 M™% ang kg = 2.47 x 10° MLs™! (the r_ value was determined to be 9.3
ns in THF).'However, the quantum yields ¢N for photonitrosation of 1-NpOH
(0.030 M) with NND (0.0075 M) in THF were not significantly changed in the
range of [QC] = 0.10-0.32 M (Table 2-15). Failure of gquenching of
photonitrosation by QC can be rationalized in terms of the assumption that

74

QC acts only as an electron donor but not as a proton acceptor in the

guenching process.

2.1.8 Ground State Complex of 1~-NpOH with NND

2.1.8.1 Studies by UV-Vis Absorption Spectroscopy

75,76

Ground state complexes of naphthol with TEA formed by H-bonding

have been investigated by UV spectroscopy. The association constant K for
the complex [1-NpOH'®°TEA] in heptane at 25°C was evaluated to be 112-129

M-l,75 according to Equation 2-287%;



CA(OD° - 0D') + CA'(OD - 0D°)
K = 2-28

Table 2-15 Effects of QC on Photonitrosation of 1~NpOH (0.030 M)
with NND (0.0075 M) and on Fluorescence of 1-NpOH

(0.0002 M) in THF

[oc] g2 &/ 8y [oc] 10/1P
(M) (M)

0 0.0697

0.10 0.0693 1.01 0.020 1.04
0.16 0.0670 1.04 0.040 1.10
0.20 0.0676  1.03 0.060 1.13
0.24 0.0659 1.06 0.080 1.18
0.28 0.0668 1.04 0.100 1.23
0.32 0.0629 1.10

ko (QC) 7o (M) ° 2.3

k. (QC) x 107% 7ls71h 0 2.7

r 0.996

a. Each sample solution was irradiated under the same
conditions by RPR lamps at 31°C for 21 min to cause
3-10% conversion of 1-NpOH.
b. The excitation wavelength was 323 nm, and the monitoring one was

342 nm in the absence of NND at room temperature.
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where OD°, OD and OD' are the absorbances at a fixed wavelength for three
solutions containing proton-acceptor concentrations of zero, CA and CA',

respectively, at a fixed concentration of a proton donor.

Differential absorption spectra (Figure 2-32) of a solution of 1-NpOH
and NND in dioxane were recorded at 20°C against a referehce which was a
double-compartment cell, each one containing double the concentration of
1-NpOH and NND as in the sample cell (see Figure 5-9, in Experimental). The
OD and OD'values were obtained at various wavelengths, and K was calculated
from Equation 2-28 (Table 2-16); an average K value from the measurements
at the various wavelengths and two concentration sets is 7.3 % 1.0 M-l. The
reasonable constancy of K wvalues in the various concentrations of NND . may
be taken as an indication that the 1l:1 ground state complex of 1-NpOH®®‘NND

is formed (vide infra).

Table 2-~16 Association Constants (K) for the Complex of 1-NpOH

(0.0003 M) and NND at its Various Concentrations in Dioxane at 20°C

Monitoring oD oD' (ML)

wavelength(nm) [NND](M):0.030 0.050 0.150 0.030-0.150 0.050-0.150

398 0.0058 0.0095 0.0180 5.5 8.2
400 0.0053 0.0084 0.0160 6.5 8.0
402 - 0.0050 0.0080 0.0150 6.7 8.5

1

K(average)= 7.3x1.0(M ) 6.2 8.3
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Figure 2-32 Differential absorption spectra of 1-NpOH (0.0003 M) and
| NND in dioxane at 20°C; curves 1-3 contained [NND] of 0.03,
.0.05 and 0.15 M, respectively. The base lines were recorded
when a sample cell contained the same solutions as in a
reference cell. The éurve 4 was an example of these

base-lines, (see Figure 5-9 in EXPERIMENTAL).
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A ground state complex of 1-AnOH with NND was also studied by
absorption speciroscopy. Absorption spectra of 1-2nOH (0.0001 M), NND (0.080
M) and the mixture of 1-2nOH (0.0001 M) with NND (0.010-0.080 M) in
cyclohexane were recorded at 21°C. No absorption beyond 510 nm appears for
either -1-AnOH (0.0001 M) or NND (0.080 M) solution‘(Figure 2-33). For the
mixtures of 1-AnOH (0.0001 M) and4NND (0.010-0.080 M), however, the
absorption in the 450 nm region increases, and a new broad band appears at
530 nm. The absorbance at 530 nm increases with increasing NND
concentration (Figure 2-33). The 530 nm band could be assigned to the
absorption of the ground state complex, [1-AnOH®°°NND]. The absorbances at

530 nm were determined as a function of [NND], as shown in Table 2-17.

Table 2~17 Absorbances of the Complex of 1-AnOH (0.0001 M)

with NND (0.010-0.080 M) in Cyclohexane at 21°C

[NND] (M) 1/[NND] (1/M) OD (at 530 nm) 1/0D
0.010 100 0.0013 769
0.020 50 0.0023 435
0.040 25 0.0045 222
0.060 26.7 0.0058 172
0.080 12.5 0.0093 108

..l .
K (M) 5.1 + 0.2
Based on Equation 2-29,77

a linear regression analysis of 1/0D and 1/[NND]

yielded the slope = 7.42 M and intercept = 38.1 with r = 0.998; the K
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value was calculated from the ratio of intercept/slope to be 5.1 M-l.

1/0D = {ecl[l—AnOH]}'l + {e 1[1-anoH] [NND]K} 1 2-29

Here OD is the absorbance of the compiex at 530 nm, €q is the corresponding
extinction coefficient, 1 is the optical length, and K is association

constant for the complex.

2.1.8.2 1H-NMR Studies of the Ground State Complex

Studies of ground state complexes by 1H—NMR spectroscopy can provide

the association constants and allow interpretations of complex

78-82

geometry. Formation of complexes of nitrosamines with aromatic

molecules has been demonstrated by lH-NMR spectra8’83r84

and the geometry of
the complex has been suggested to be a "face to face sandwich" type
association in which the in-plane benzene axis is parallel to the N-N bond

of nitrosamine.83

The NMR resonances8

of the two magnetically noneguivalent methyl
groups of NND (c¢is and trans) shift upfield in the presence of 1-NpOH in
carbon tetrachloride at 20°C; the signal of the trans methyl group shifts
upfield faster than that of the cis group with increasing [1-NpOH] as shown
in Figure 2-34. The difference, A8, is defined in Egquation 2-30.

cis (&6, 3.0 ppm) CH 0

SN
N-N
/

trans (8, 3.8 ppm) CHq

As = 6(CC14) - 5(CC14—NpOH) 2-30
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Figure 2-33 Absorption spectra of (1) 1-AnOH (0.0001 M), (2) NND
(0.080 M) and (3)-(7) the mixtures of 1-AnOH (0.0001 M) and
NND in cyclohexane atv21°C; curves (3)-(7) contained [NND]
of 0.010, 0.020, 0.040, 0.060, and 0.080 M, respectively;
the curve 2 shows a weak band at 455 nm, which was

further investigated in Chapter 3.



93

40-1

Trans
30

o0 ' 1.0 15 2.0
[t~ N, 0] (M)

Figure 2-34 Plots of chemical shift differences AS§ for methyl

groups of NND against [1-NpOH] in CCl, at 20°C.
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Chemical shifts of the aromatic ring protons of 1-NpOH (0.070 M) were
determined in the absence and presence of increasing NND concentrations
(0.081-0.649 M) in CCl4—CDCl3 (7:3, by volume) solution at 20°C. The

chemical shifts (in ppm) are assigned according to Lucchini's report:85

(8.1)
Hg OH
(7.4) H, H, (6.8)
(7.4) Hg Hy (7.2)
Hg H,

(7.7 (7.3)

Chemical shift differences, A8, (defined in Figure 2-35) for each proton in
1-NpOH with increasing [NND] are tabulated in Table 2-18 and plotted in
Figure 2-36. The shifts are upfield for protons H3 to H, and downfield for

protons H2 and Ha. The other chemical shift difference, A. in Figure 2-35,

(o]
is defined as the difference for each proton between uncomplexed 1-NpOH (§)
and the complexed one (ac) in the 1:1 complex with NND; the Ao value can be

180

determined from Equation 2-3 on the assumption that 1:1 complex is

formed, as in determination of an equilibrium constant of K.
1/A6 = 1/K e l/AO e 1/[NND] + l/AO 2-31
The plots of 1/Aé against 1/[NND] for each proton from Hy to H, yielded

straight lines (Figure 2-37) to afford Ao and K values, listed in Table

2-19.
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Figure 2-35 Definition of chemical shift wvariables; & and 8c
are the chemical shifts of aromatic protons in the
"free" 1-NpOH and in the 1:1 complex of (1-NpQH'''NND),

respectively; &_ 1s the observed chemical shift

m

for the equilibrium mixture. Thus the equations,

AS = & - 5m and Ao = § - 6c’ are established.
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Table 2~18 The AS Values in Hz for Each Aromatic Proton in

1-NpOH (0.070 M) in the Presence of Various

Concentrations of NND2

. g b b.
[NND] H, Hq H, Hg Hg Ho Hg

(M)

0.081 -17.6 8.0 18.4 10.4 12.0 12.0  -15.0

0.162 -22.0 15.2 32.4 19.6 20.0 24.0 -19.0

0.324 -21.2 27.2 50.4  33.6 32.0 36.0 =15.0

0.486 -14.4 38.8 65.2  45.2 44.0 48.0 -6.0

0.649 -11.6 44.4 71.6 50.4 52.0 53.0 -2.0
1

a. “"H-NMR spectra of 1-NpOH in the absence and presence of

increasing [NND] were recorded in CC14—CDC13 (7:3, by volume)

at 20°C using Bruker WM-400 (MHz) spectrometer.

b. Moved downfield.
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Figure 2-36 Plots of Ad against [NND] for HZ—H8

protons in 1-NpOH

in CC14-CDC13 (7:3, by volume) at 20°C.
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Table 2-19 Association Constant K and Ao Values for Protons H3-H7

in 1:1 Complex of 1-NpOH"°‘°NND

1/[NND] 1/A86 (1/Hz)
_.l “
M) Hy H, Hg Hg H
12.4 0.125 0.0544 0.0962 0.0833 0.0833
6.17 0.0658 0.0309 0.0510 0.0500 0.0417
3.09 0.0368 0.0198 0.0298 0.0313 0.0278
2.06 0.0258 0.0153 0.0221 0.0277 0.0208
1.54 0.0225 0.0140 0.0198 0.0192 0.0189
Ao (HZ) 139 125 125 73.4 116
g 12 1.32- 2.14 1.13 2.40 1.46
r : 1.000 1.000 1.000 0.998 0.997

a. The association constant K was averaged from these five data

to be K = 1.7 + 0.5 M ' in CCl,-CDCl, (7:3, by volume) at 20°C.
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Figure 2-37 Plots of 1/Aé against 1/[NND] for each proton of

Hy-Hq in 1-NpOH.
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The K values obtained from monitoring the various protons vary
slightly (1.13;2.14 M’l)‘giving an‘average of 1.7 = 0.5 M-l. The linear
plots of 1/Aé against 1/[NND] (Figuré 2-37) together with the constancy of
K values indicates that the assumption of a 1l:1 complex of 1-NpOH'“'NND is
valid. That the Ao values vary in order Hy > H, = Hg > Hy > He shows that
these protons interact with NND in the complex to unequal extents. The
chemical shift difference (A8§) curves of Hz and H8 in Figure 2-36 are more
complex than the others. The complexity is at present unexplained. Control
experiments showed that without NND the chemical shifts of the aromatic
protons varied less than 4 Hz, és'[l-NpOH] was changed from 0.017 to 0.070

M. These observations exclude the possibility that the effect on the

chemical shifts arises from association between 1-NpOH molecules.

2.1.8.3 Excitation of the Ground State Complex 1-NpOH®®°NND

As shown in Figure 2-32 the ground state complex (GSC) of
1-NpOH™* °"NND absorbs in the 370 - 410 nm region, which is above the
absorption range (Figure 2-7) of either 1-NpOH (0.0002 M) or NND (0.012 M).
On excitation of an acetonitrile solution containing 1-NpOH (0.0002 M) and
NND (0.012 M) at 370 nm, a brbad fluorescent band 430 - 600 nm peaking at
480 nm was recorded (Figﬁre 2-38). No fluorescence, however, was.detected
in this region for either 1-NpOH or NND under the same conditions (Figure
2-38). The new fluorescent band could be assigned to an "excited state

complex" derived from direct excitation of GSC, as shown in Scheme 2-2.
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Figure 2-38 Fluorescence spectra of the ground state complex

1-NpOH®°"°*NND in acetonitrile at room temperature with
excitation wavelength of 370 nm; curve 1, [1~NpOH] =
0.0002 M and [NND] = 0.012 M; curve 2, [1-NpOH] = 0.0002 M;

curve 3, [NND] = 0.012 M; curve 4, solvent only.
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1 [1-NpOH® * "NND] —F—= 16 + (Me),NH
Thv
1-NpOH + NND === [1-NpOH'®'NND]

GSC

Scheme 2-2

The direct irradiation of GSC in acetonitrile or dioxane solution of
1-NpOH (0.030 M) and NND (0.027 or 0.054 M) using a GWV filter (cut-off <
380 ;m) for 31.5 h caused the formation of a trace amount of quinone
monooxime 16 (<0.0007 M on the basis of barely detectable peaks in HPLC
analysis). Thé quantum yields of 16, using the potassium ferrioxalate
actinometer23, were estimated to be 0.0005 to 0.0008, depending on the
initial concentrations of NND. No peak of 16 was deteétable by GC. Since
the concentration changes of NND during irradiation were too small to be
accurately determined by HPLC, the quantum yield of NND:disappearance, ¢N’
was estimated for only one run to be 0.0015 (Table 2-20). The negligibly
small quantum yields (@ox) suggest that 16 is not generated by the direct

irradiation of GSC. This confirms the point that the photonitrosation

i »*
results from the dynamic collision of 1 1-NpOH with NND.



Table 2-20 Quantum Yields §ox under Irradiation of GSC at 19°C

103

Solvent [1-NpoH] 2 [NND]oa [16]x10% x10*
(M) (M) (M)

Dioxane 0.030 0.027 4.28 5.23

Dioxane 0.030 0.054 6.80 8.31

Acetonitrile 0.030 0.027 4.51 5.50

Acetonitrile® 0.030 0.054 6.50 7.90

a. Before irradiation.

b. QN = 0.0015.
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2.2 Discussion

2.2.1 Mechanism of Photonitrosation

Photonitrosation of naphthols and anthrols with NND has been shown to
be a no§el and general reaction when these phenolic compounds‘are
photoexcited, although phenol itself has been shown not to undergo
photonitrosation. Failure to prométe the nitrosation by excitation of NND
clearly indicates that the ground state of 1-NpOH (pKa = 9.2) is not acidic
enough to hydrogen-bond with NND, and therefore can cause no decomposition

1,2,4,14

of NND. For the system of 1-NpOH and NND, the similarity of k

q
values from quenching of fluorescence lifetime (kq = 7.6 % 109 M_ls-l) and
from quantum yield measurements for photonitrosation (kq = 6.8 x 109
M_ls'l) strongly supports the view that the photonitrosation is initiated by
collision of singlet excited state of 1-NpOH and NND. The»kq value from
quenching of fluorescence intensity (kq = 11.0 x 10° M™3s71) is somewhat
larger than those quoted above. The differeﬂce is due to the formation of
the GSC of 1-NpOH with NND. Indeed, this kq value is contributed by both
dynamic and static quenching (vide infra). The.failure of triplet
sensitization by'xanthone and by 2-acetonaphthone and the failure of
quenching‘of this reaction by 1,3-cyclohexadiene also suggest that the
singlet excited state of 1-NpOH is involved in the photonitrosation. The
basic mechanism proposed in Scheme 2-1 agrees with the kinefic results
obtained‘from quantum yield measurements, i.e., the consistent kqfo Qalues
(Table 2-9) provided by plots of 1/¢,, vs 1/[NND] and 1/@y vs 1/[NND]. The
photonitrosation of 1-NpOH with NND is used as a model for the discussion

below.
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In Scheme 2-1 we assume that the hydrogen-bonded exciplex (Cl), i.e.
[1*1-NpOH"'NND] is formed by a collisional.process. The crucial guestion to
be answered is " By what mechanism does the exciplex lead to the final
products?”. Several possible pathways (Schemes 2-3 to 2-6) will be discussed
in an effort to answer this question.‘However, it must be amphasized that

*
L 1-NpOH to NND cannot be used to explain

simple energy transfer from
photodecomposition of NND, since the singlet excited state of NND without
an associated proton cannot decompose and would decay to the ground

state.l’z’l4

A straightforward interpretation might be a direct hydrogen-atom

transfer process from lwl—NpOH to NND as shown in Scheme 2-3.

[1"1-Npo-#° * "0=N-N(Me),] ——> [1-NpO' NO'] + (Me),NH

|
)

Scheme 2-3

This radical mechanism is, however, inadmissible on the grounds that singlet
excited lwl—HpOH is not a hydrogen-atom donor while the triplet excited
state of 1-NpOH (3"1-NpoH) is.%9r 8689 pocently, shizuka8? reported that
3*l—NpOH pro&uced by benzophenone triplet sensitization can effectively
transfef a hydrogen-atom to ground state benzophenone through formation of a
triplet exciplex of [3*1-Np0H"’O=C(Ph)2], to give a l-naphthoxy radical
1-NpO* and a ketyl radical (Ph)zé-OH (Scheme 2;4). In -the present case,
éince the photonitrosation of 1-NpOH is unambiguously initiated froﬁ its
singlet excited state, and since the triplet sensitization causes no

reaction, the radical mechanism can be positively excluded.



' 106

»®
1-NpOH = (Ph),C=0 —= [-NpOH-0=C(Ph)y ] —=

1-Npd + (Ph)aC-OH —= REACTION PRODUCTS

Scheme 2-4

Alternatively, a sensitization mechanism by electron transfer might be

used to explain photonitrosation. The possibility of electron transfer from

%* .
. 1-NpOH to NND (or from NND to l*1—NpOH) can be examined with reference to
the Weller equation:go_92

AGet = 23.1 (on - Ered? = Eg_(1-NpOH) 2-32

where AGet is a free energy for an electron transfer; E and Ered are the

ox

oxidation and reduction potentials for the species being oxidized and for
the species being reduced , respectively; Eo_o(l-NpOH) is the singlet

excitation energy of 1-NpOH.

v
First, electron transfer from 1 1-NpOH to NND is considered; the

calculated AGet value is -25.8 kcal/mol, when on(l—NpOH) = 1.25 v,93

94

E oq(NND) = -1.584 v®* and Ej_,(1-NpOH) = 91.3 kcal/mol®. The large

negativeAGet indicates the high possibility of electron transfer from
%*
! 1-NpOH to NND within the exciplex. Therefore, a mechanism of an electron

transfer followed by proton transfer can be considered, and quinone

monooxime 16 could be formed by the mechanism proposed in Scheme 2-5.
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Unfortunately, this Scheme cannot be used to explain why a hydroxylic
solvent, e.g. methanol or ethanol, retards the photonitrosation of 1-NpOH

and why a proton-acceptor, e.g. water, TEA or DMF, quenches the reaction.

["1-NpOH-+0=N=-N(Me), ] —= 1-NpOH" +§~N-N(Me),
Cs

—= 1-Np0 + HO-N-NMel,— | ] | —16 +(Me),NH
H"N-OH
| N(Me),

Scheme 2-5

Secondly, the Weller equation for electron transfer from NND to
. .
1 1-NpOH gives a positive AGet = 6.88 kcal/mol, using values of EOX(NND) =
z . 95 _ _ 93 _ = o1 23 ,
2.05 v, Ered(l NpOH) = -2.2 v, and EO_O(l NpOH) = 91.3 kcal/mol“~. This

1

*
suggests the lack of an electron transfer from NND to 1-NpOH.

The foregoing discussion indicates that a new mechanism should be
postulated to explain the sensitized photodecomposition of NND within the
exciplex. The following findings allow us to propdse a mechanism involving
a protonktransfer from l*1—Np0H to NND folloﬁed by energy migration, as
shown in Scheme 2-6:

1. All these phenolic compounds possess tremendously enhanced acidity in
their singlet excited states ranging pKa(Sl) = -0.07 to 2.8 (Table
'1-2). This should be a driving force for proton transfer to NND.

2. Although l-methoxynaphthalene (1-NpOMe) is an effective singlet

3 Eg(NND) = 72 kcal/mol’], it

sensitizer [Es(l—NPOMe) = 89.3 kcal/mol,2
does not induce the photodecomposition of NND, because of the lack of

a labile proton.
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3. The photodecomposition of NND occurs from the singlet excited state of
proton-associated NND.1r2/4,14-16
4. Water, TEA and DMF quench photonitrosation of 1-NpOH by accepting a

1

¥*
proton from 1-NpOH in competition with NND.

l*
1-NpOH to NND

In Scheme Z—é, the kH step, i.e. proton-transfer from
within the exciplex C,, must take place prior to the intramolecular energy
migration in the kE step. The singlet excited state of proton-associated
NND rapidly decomposes in the kD step by the mechanism proposed in Scheme
1—11'2 to dimethylaminium and nitric oxide radicéls. The former converts
subsequently to dimethylamine by accepting an electron from 1-NpO~ in the
ke step leading to 1-NpO°; the latter combines with 1-NpO°® to formithe
quinone monooxime 16 as shown in the kco step. From the exciplex C1 the
other two collapsing processes lead to by-products in the kp.step and to
the starting materials by a normal energy transfer in the kb step. Direct
excitation of GSC does not lead to 16 as demonstrated. Since fluorescence
decay measurements on 1-NpOH in the présence of NND indicéte that the
decays are single-exponential, the "feedback" step, k_. , is

d
négligible.l49’150
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k : k
* q * H * - .
""1-NpOH + (Me),NN=0 ——= [’ NpOH=++ O=NN(Me), ] —= ['"1-NpO~ H"---0=NN(Me), ]
k_ C
q “
“ ke |energy migration
(1-NpO™ '"H" +- 0=NN(Me), |
energy trans.
o]
[1-NpO~™ (Me),NH! NO- ]
| kelelectron trans.
hv by-products , :
l'NpOH + O=NN(M€)2 [l_Npo. No.] + (b’ie)ZNH
‘ kcol
vyt

ddiv L

1-NpOH + (Me),NN=O = [1-NpOH***(Me),NN=0] —» C, —¥+ 16 + (Me),NH

t ) GSC i

Scheme 2-6
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2,2.2 Exciplexlcl Formation

A simple mechanism for a proton transfer in solution is Eigen's three

1,96’97

steps proposa as shown in Scheme 2-7.

k k -'
AH* + B Kl [AH*.B"] ==2== [A--HB] ===A+ HB
k_‘ k-2 k-3
encounter H' -transfer separation
Scheme 2-7

Of special interest in the Scheme 2-7 is kz,'the rate constant of proton
transfer. It is now apparent that direct measurement of ko independent of

the other five contributing steps, i.e., kl' k-l' k_2, k3 and k_3, is

97

exceedingly difficult. In particular, the coupling of the various steps is

troublesome when AG* for proton transfer is = 0, i.e., k2 is much faster

than kl' and the rate-determining step is the formation of an encounter
complex.99

1

*
Several findings in the reaction of 1-NpOH with NND also suggest

that the rate-determining step is the formation of the exciplex. For
example, the agreement of quenching rate constants determined from quenching

of fluorescence. lifetime (k. = 7.6 x 10° M 1s7l) with that determined from

q

quantum yield measurements (kq = 6.8 x 10° M 1s™1) implies that the rate
*

determining step is the dynamic quenching of 1 1-NpOH by NND, leading to

the exciplex formation. This conclusion is confirmed by the lack of a

deuterium isotope-effect,
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kq(H)/kq(D) = 1 (Table 2-21), which indicates no substantial proton

migration in the rate determining step.

Table 2-21 Comparison of Stern-Volmer Parameters in Photonitrosation

of 1-NpOH and of 1-NpOD in Dioxane at 31°C

-9 -1 -1 .

Substance LN (ns) kq x 10 M 7s 7) éox(llm) r
1-NpOH 10.6 6.8 0.078 0.996
1-NpOD 11.2 7.0 0.087 0.999

7.1 0.101 0.995

The single-exponential deca& curve of 1-NpOH in the presence of NND
and the failure to detect emission from 1 1-Np0~ (at 460 nm) indicate that
the acid-base equilibrium between l*l—NpC)H and l"(l—Npo- cannot be
established within their lifetimes, owing to various reasons (vide infra),

and that the reverse‘step (k_q) in Scheme 2-6 is insignificant.

The k_ values shown in Table 2-8 are dependent on solvent viscosity.

d
For example,'when the solvent is changed from acetonitrile (n = 0.36
- -— e
cp/20°C,_23 kq = 11.0 x 109 M ls l) to toluene (n = 0.59 cp/20°C,2‘ kq = 4.3

x 10° M 1571y and to benzene (7= 0.65 cp/20°C,23 kg = 3.1 % 102 M 1571,
the kq value decreases in the order of the increasing viscosity. The

dependence of the k_ value on the solvent viscosity is a feature of a

59 Tne kq value of 6.8 x 10° M 1s™! in dioxane,

however, is larger than that in toluene, in spite of the fact that its

q
dynamic quenching process.

viscosity (n = 1.54 cp/20°C) is greater than that of toluene.



112

Thus the formation of hydrogen-bonded exciplex Cl in encounter step
(kq) is the rate-determining one in photonitrosation. The rate constants for

each 0f the subsequent steps (kH, k and kb) from the exciplex Cl must be

pl
larger than that for the kq step, since they occur within an ordered

exciplex.

2.2.3 Dual Proton- and Energy-Transfer

In Scheme 2-1 (section 2.1.6), three competitive steps to collapse the
hydrogen-bonded exciplex Cl are described as oxime formation (kp),

by-product formation (k_.) and re-formation of the starting materials (kb).

P

In Scheme 2-6, we further propose that the kp

D’ ke and kco' In order to simplify the

step consists of a series of

consecutive steps i.e. k kg, k

H' TE’

dicussion of some effects on the proton transfer step, we assume kp = kp.
(see in Table 2-9) , therefore, kb/(kp + kp,) = kb/ka. Since the ratio of

ky/{ky + K

D p') is measurable, this assumption provides a way to

quantitatively elucidate the following effects on the proton transfer step.

The hydroxy-group location, C-1 or C-2 position, in the naphthalene
ring strongly affects photonitrosation. Table 2-11 shows kb/kp ~ 8.6 and
@N(lim) = 0.19 for 1-NpOH in acetonitrile, and kb/kp = 26.4 and @N(lim) =
0.071 for 2-NpOH in the same solvent. This significant difference can be
rationalized in terms of the difference of the electron density distribution
in their lowest singlet excited states. The singlet excited states of
naphthols most likely possess a high degree of charge-transfer (CT)

31,32,34,100 l*Z-NPOH (dipole moment,

152’65,66 the

Since the CT character of
1

character.

’ *
3.5D)152 is weaker than that of 1-NpOH (dipole moment, 5.8D)

¥*
rate constant of proton transfer from 1

1

2-NpOH to a proton-acceptor must be

¥*
smaller than that from 1-NpOH. The rate constants of proton transfer to
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1l 0 1 -1

* —
water from 1-NpOH (2.1 x lOl s l) and *Z—NpOH (7.5 x lO7 s 7) , for
example, were determined by Clark65 using picosecond time-resolved
spectroscopy. This difference was also explained with the difference of

their CT characters.65

The éetermination of quantum yield (éox) as a function of [NND] shows
the solvent dependence of éox(lim) in the following order (Table 2-8):
dioxane [éox(lim) = 0.091] > MeCN (0.080) > benzene (0.044) > toluene
(0.032) > MeOH (0.017). The calculated ratios of kb/kp for these solvents
are in the opposite order (Table 2-8): dioxane (kb/kp = 9.0) < MeCN (10.5)
< benzene (20.7) < toluene .(29.3) < MeOH (57.8). This ratio kb/kp might
provide some information about the proton transfer process. The largest
kb/kp value in MeOH, for example, shows that hydrogen bonding interacton

101

between NND and MeOH molecules retards NND to accept a proton from

l*1-=-NpOH, resulting in depopulation of the exciplex Cl via a normal energy
transfer leading to the starting materials. The smallest kb/kp in dioxane

or in THF (kb/kp = 8.0, from Table 2-9), therefore, it means that proton
transfer is fast in these solvents. A hydrogen-bonding acceptor solwvent such
as dioxane or THF favors the proton transfer step, but a hfdrogen—bonding

donor solvent such as MeOH or EtOH retards the step.

2.2.4 Electron Transfer from 1-NpO~ to (Me)znuf

As aminium radicals are good electrophiles, they readily attack C=C

bondsl'2'4(5cheme 1-1) or aromatic rings22

(Scheme 1-2). Since both
dimethylaminium radical and l-naphtholate have high and opposite charges,
the normal course of the reaction is assumed to be an electron transfer to

form (Me)zNH and l-naphthoxy radical; the latter couples with NO° to give

16 (see Scheme 2-6). The failure of (Me)zNHf to attack the C=C bond in the
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photonitrosation of 2-allyl-l-naphthol 11 suggests that the electrophilic
radical attack is not as efficient as electron transfer, and thereby 23

(Equation 2-3 in section 2.1.1) is not formed.

2.2.5 Ground State Complex

Electronic absorption and L

H-NMR spectroscopic studies of 1-NpOH in
the presence of NND show ground state complex (GSC) formation with K = 7.3
+ 1.0 (M_l) in dioxane at 20°C. Since direct excitation of the GSC
absorption band in MeCN causes insignificant photonitrosation (¢ox = 5-8 x
10'4), but generates fluorescene at 430-600 nm, a second exciplex C2 (see
Scheme 2-6) formed from excitation of GSC must be proposed. This exciplex

C2 differs from Cl, which is generated by dynamic collision of l*l--Np0H and

NND and undergoes the nitrosation process.

The different behavior of the two exciplexes leads us to seek
explanations from their geometries, since they possess finite structures and

lifetimes, and since they do not interconvert within the lifetimes. A

"sandwich" geometry is commonly accepted102

103-107

in aromatic hydrocarbon-diene

108

exciplexes and in pyrene- N,N-dimethylaniline exciplexes -~°. In the

system of l-NbOH and NND, the exciplex C2 should inherit the GSC geometric

109. If the structure is inappropriate for proton transfer, energy

structure
transfer should prevail within its lifetime, and no photonitrosation can
occur. Two geometric structures are proposed as shown in Figure 2-39. In
each exciplex, the optimum geometric structure should allow maximum
7-Oorbital overlap102 between the naphthalene ring and the partial double
bond of N-N-O. Note that the GSC does not involve hydrogen-bonding in

69-71

contrast to the GSC of phenols with bases such as TEA. In the GSC,

the NO group direction should orient opposite to the C-OH axis in 1-NpOH to
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allow the dipole-dipole interaction between 1-NpOH and NND, and the ring is
attracted by the positive charge on the ﬁitrogen of amino group and
repelled by the negative charge on the oxygen of nitroso group (see Figure
2-39). In the exciplex Cl, however, the NO group should orient parallel to
OH group in l*1—NpOH to favor the forﬁation of a hydrogen bond of
OH"’0=NN(Me)2. The suggested different orientation of NO group in C2 from
that‘in C, is based on the tremendous enhancement of acidity in 1*l—NpOH
[pK_(S;) = 0.5]*% with respect to that in 1-NpOH [PK_(S,) = 9.21%3. The
lack of hydrogen bonding in the GSC is suggested to be a rationale for its
photostability, because proton transfer occurs along a preexisting hydrogen

bond.lSl

exciplex Cl - exciplex C2

(GSC)

Figure 2-39 Proposed "sandwich" structures of exciplexes Cy and C,.

The following observations from lH—NMR studies of the GS8C amply
support the proposed structure. (i) Figure 2-34 shows that with increasing
[1-NpOH] the resonances of the protons in a trans methyl group in NND shift
to high field more rapidly than those of the corresponding cis protons.

This is consistent with the fact that the trans protons are closer to
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naphthalene ripg than the c¢is ones in the GSC, as shown in the Figure 2-39.
This observation is in agreement with the systems of benzene—NND8 and
benzene—DMFllO. In both cases the faster high-field shift of the resonances
of trans protons over those of the cis ones with increasing the
concentration of benzene suggests stereospecific association between the
benzene ring and NND (or DMF), whereby the the ring is also attracted by
the positive charge on the nitroéen and repelled by the negative charge on

106

the oxygen. (ii) The linear plots in Figure 2-37 indicate the formation

of the 1:1 GSC, i.e. 1-NpOH"°''NND based on the assumption-’s_80

in the
derivation of Equation 2-31. This conclusion is also supported by the
constancy of the K value measured by UV-Vis absorption spectroscopy in
various concentrations of NND (Table 2-16). (iii) Figure 2—36 shows that
with increasing [NND] the resonances of Hy-H, in the ring of 1-NpOH shift

to higher field, they might be located in the shielding zone of the N=N

bond as shown in Figure 2-39.
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2.2.6 System of 1-AnOH and NND
The following observations suggest that photonitrosation of 1-AnOH

with NND essentially follows a similar mechanism to that for the system of

1-NpOH and NND.

(1) The measurements of Quenching of 1-AnOH fluorescence inténsity
(Table 2-2) and lifetime (Figure 2-16), and of guantum yield éN (Table

2-11) provided consistent k_ values (in dioxane at 20-31°C) as shown in

q
Table 2-22; this indicates that photonitrosation of 1-AnOH is also initiated
*
from 1 1-AnOH and also encounter-controlled.

Table 2-22 Comparison of quO and kq for System of 1-AnOH and NND

in Dioxane from Various Measurement Approaches

Measurement t Koo kg % 107 r
approach (°C) o1y M 1s™Ly

I°/I - [NND] 25 37.7 1,97 0.999
10/1 - [NND] 20 24.4 1.28 0.999
l/‘i’N - 1/[NND] 31 33.6 1.76 0.995

(ii)The single—expohential decay of l*1—AnOH in the presence of NND
shows that the reverse reaction from the exciplex, [l*l-AnOH"’O=NN(Me)2],
(like the step of k_q in Scheme 2-~6) is negligible. This observation
together with undetectable émission from l*;—AnO' by time-resolved
fluorimetry means that the acid-base equilibrium of 1*1-anon @ 1™1-mno™ +
H' can not be established during their lifetimes, owing to rapid excited

* -—
energy migration from 1 1-An0 to proton-associated NND.
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(iii) Figure 2-16 shows a positive temperature effect on the kq
values for quenching of 1-AnOH fluorescence by NND in dioxane, providing Ea
= 2.54 kcal/mol and log A = 1l1.2, which are in agreement with Ea = 2-3

kcal/mol and log A = 10-12, for encounter-controlled duenching processesso.

(iv) Figure 2-14 shows that the kqfo value decreases as the solvent

is changed from acetonitrile (quo = 46.2 M 1) to methanol (13.4 M 1). The
difference between the kqfo values suggests that the quenching of 1-AnOH
fluorescence involves an exciplex having hydrogen-bonding, because methanol
as a hydrogen-bonding donor solvent can retard the exciplex formation via

hydrogen-bonding interaction between methanol and NND molecules.101

(v) The electronic absorption spectroscopic studies of 1-AnOH in the
presence of various concentrations of NND (Figure 2-33 and Table 2-17) show

the electronic absorption of the ground state complex, (1-AnOH®®°NND), at

530 nm in cyclohexane. A linear plot of 1/0D against 1/[NND] gave K 5.4

M—l for the 1l:1 complex at 20°C. The K value was also calculated to be 13.3

ML in dioxane at the same temperature according to Equation 2—33:lll

I1°/1 = {l+qu°[NND]}{l+K[NND]} = l+(kqfo+K)[NND] 2-33

which involves two terms of dynamic and static quenching processes; quo is

a Stern-Volmer constant. in dynamic quenching (i.e. equal to the value
measured from quenching of 1-2nOH fluorescence lifetime in Table 2-22); the
term involving K arises from static gquenching. Since quenching of 1-AnOH
fluorescence intensity includes both dynamic and static gquenching processes,

the observed slope from the plot of I°/I against [NND] is equal to k + K

= 37.7 ML, where k r_ = 24.4 MY, thus K = 13.3 M1,

g o

q"o
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2.2.7 Conclusions and Further Research Proposals

The investigation of the mechanism for photonitrosation of 1-NpOH with
NND provides an application of excited state acid to promote an
irreversible organic reaction. The following conclusions are drawn from the

work presented in this Chapter:

(i) Photoexcitation of naphthols and anthrols in the presence of NND
in neutral media causes decomposition of NND and nitrosation of these

phenolic compounds to give the corresponding quinone monooximes.

(ii) Photonitrosation of 1-NpOH (or 1-AnOH) is initiated by its

singlet excited state, and is encounter-controlled leading to a

1

. *
hydrogen-bonded exciplex C, in which proton transfer occurs from - 1-NpOH

”* - -
(or 1-AnOH) to NND followed by excited energy migration from 1*l-NpO to

proton-associated NND.

(iii) A hydrogen-bonding donor solvent such as methanol or ethanol can
retard the photonitrosation; a hydrogen-bonding acceptor solvent such as

dioxane or THF can assist the reaction.

(iv) Direct photoexcitation of a 1:1 ground state complex,
[1-NpOH® * *NND], cannot lead to the photoproduct 16 but to an exciplex Cy
which emits at 480 nm. The configuration of the ground state complex is
suggested to involve dipole-dipole interaction other than hydrogen~bonding,
which is suggested to be involved in the exciplex Cl. Thus two distinctive
e#ciplexes Cl and C, can be generéted under excitation at different

wavelengths.

(v) The position of OH group on the naphthalene ring substantially

affects the photonitrosation, and the reaction quantum yield for 1-NpOH is
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larger than that for 2-NpOH.

Photonitrosation of the phenolic compounds with NND opens a new field
of nitrosamine photochemistry, in which photodecomposition of NND takes
place in a neutral medium. This is different from the previous studies on

acid- promoted photodecomposition of nitrosamines,l’z'M'22

and will be of
significance for further studies on nitrosamine photochemistry in the

presence of some biological systems.
Further research proposals on this subject are listed as follows:

a. It is worthwhile to investigate photodecomposition of NND promoted
by nonsubstituted and substituted phenols. The quantum yields of NND
disappearance in the presence of nonsubstituted phenol (®N°) and
subustituted phenols (%y) will be determined in THF. The plot of
log(éN/¢N°) against pKa(Sl) for these phenols is expected to be a straight
line with a negative slope, because the stronger the acidity of the
;ubstituted phenol, the higher the éN is. The observation will be
reasonable evidence for the excited-state proton transfer mechanism. The

)]30,31

following phenols [pKa(S1 will be employed: CgHLOH (4.0), mCl-CgH,OH

(3.0), p—Cl—C6H4OH (3.5), ”rBr-C6H4OH (2.8), anH30*C6H49H (2.7,

p-CH3O-C6H4OH (4.7) and p-CZHSO—C6H4OH (5.3).

b. Extrapolation of photonitrosation to some biological substances is

an attractive topic. a-Tocopherol as a wellknown biological

112,113

antioxidant protects tissues and lipids from oxidative

114

degradation , and is smoothly photooxidized in the presence of a dye

115

sensitizer. Since a-tocopherol contains a phenol ring, it might undergo

photonitrosation with NND to give an expected product as in Eguation 2-34.
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’ R 2-34
0 3 NND 0

c. An intramolecular proton transfer reaction in singlet excited
32,46 The

states of some phenolic compounds is also an intrigquing topic.
pPhotolysis of 2-allylphenol was observed to lead to mixture of cyclized

116,117

products as shown in Egquation 2-35. The reaction was initially

thought to involve protonation of the double bond by the moderately acidic

116, but the quantum yield of the reaction does not

Phenol excited state
appear to correlate with pKa(Sl)llB and an electron-transfer mechanism is
now preferred.llg In the case of 2-allyl—l—naphthol 11, however, since the
singlet excited acidity of l-naphthol [pKa(Sl) = 0.5]48 is much stronger
than that of phenol [pKa(sl) = 4.0]30, it is reasonable to propose an
intramolecular proton transfer to the double bond in the singlet excited
state, leading to photocyclization (Schemé 2-7). The preliminary result of
photolysis of 11 in benzene (Equation 2-3) leads us to design the following
experiments to support the proposed mechanism: quenching of the

' photocyclization by some base such as TEA or DMF, quenching of fluorescence
of 11 by these bases, detecting the excited state zwitterion 24 by using
time-resolved fluorimetry, and studies of solvent effects on the reaction.

These experiments will be carried out with a methodology similar to that

used for the system of 1-NpOH and NND.
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Scheme 2-8
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CHAPTER 3

ON THE TRIPLET EXCITED STATE OF N-NITROSODIMETHYLAMINE

3.1 Results

3.1.1 S° -> 'r1 Absorption Spectra

The electronic absorption spectra of NND at the concentrations of

0.0002 and 0.010 M in methylcyclohexane (MCH) at room temperature showed

1 1

maxima at 234 nm (e = 6000 M ‘cm™Y) and 342 nm (e = 130 M Ycm™}) for the

* *
7->7 and n->r electronic transitions which have been well studied.120 At

[NND] = 0.10 M, it also showed a new absorption band at 456 nm with a low

¢ value of 0.064 M"lcm_l (Figure 3-1). The spectra of various

concentrations of NND in Figure 3-2 demonstrate that the absorbance at 456
nm obeys Beer's Law (Table 3-1). Therefore, the absorption is a genuine
electronic transition, but not due to the formation of the dimer of NND.

Table 3-1 OD Values at Various Concentrations of NND in MCH®

[NND] (M) OD (at 456 nm)
0.040 0.0023
0.080 0.0048
0.120 0.0073
0.160 0.0100
0.200 0.0125

1

a. e = 0.064 = 0.001 (M Yem™l), r = 1.000.
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Figure 3-1 Electronic absorption spectra of NND in MCH at

room temperature.



125

0.05r “

003

oD

001

]
420 440 460 480 500
A(nm)

Figure 3-2 so-> Tl absorption spectra of NND at various concentrations
in MCH; curves l1-5 contained [NND] of 0.04, 0.08, 0.12,

0.16 and 0.20 M, respectively.
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The elec;ronic absorption spectra of NND (0.20 M) in various solvents,
such as toluene, THF, methylene chloride, methanol, acetonitrile and water,
at room temperature are shown in Figure 3-3. With increasing polarity of
the solvent, the maximum of the band shifts to shorter wavelengths (Table
3-2). The blue shift together with e - 0.064 indicates that this absorption

%*
must arise from the So-> Tl (n, m® ) electronic transition.121

Table 3-2 Wavelengths of the Maxima in the so -> T. Absorption of

1

NND in Various Solvents

Solvent MCH  Toluene  THF CH,Cl,  MeOH MeCN H,0
Apax (AM) 456 452 448 442 4402 436 4242
b
€200c 2.02 2.38 7.58  8.93 32.7 37.5  80.2

a. Absorption shoulders.

b. Dielectric constants cited from the ref. 23.

So—> T, electronic absorption spectra of NND in the concentration
region of 0.040-0.200 M in some heavy-atom solvents such as iodoethane,
1,2-dibromoethane, l,l—dibromoethane and bromobenzene are shown in Figure
3-4, and their pertinent data, in Table 3-3. The external heavy—atdm effect
on the §,—> T, transition is a criterion for assignment of the electronic
transition to (n, ﬂ*) or (=, z*)§ for the (n, ﬂ*) transition, the
heavy—atom solvents can greatly enhance the So—> T, absorption, but not for

the (=, ﬂ*) one.lzz'123

The slight increase (10 - 80%) of the extinction
coefficient in changing solvent from methylcyclohexane to brominated or

*
iodinated hydrocarbons agrees with the assignment of a (n,7 ) character for
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the so-> Tl electronic transition.

Table 3-3 OD Values of the Maxima in the S° -> Tl Absorption of

NND (0.040-0.200 M) in Some Heavy-Atom Solvents®

[NND] oD
M) CHyCH,I (444 nm)  BrCH,CH,Br (442 nm)  PhBr (448 nm)

0.040 0.0052 0.0028 0.0030
0.080 0.0080 0.0051 0.0065
0.120 0.0117 0.0087 0.0092
0.160 - 0.0111 0.0119
0.200 0.0182 0.0140 0.0147

e M tem™l) 0.082 * 0.002 0.071 + 0.003 0.072 + 0.002

r 0.999 0.998 €.999

a. The OD values for NND in 1,l-dibromoethane at 442 nm were
determined to be 0.0076 and 0.0113, when [NND] = 0.060 M and

0.100vM, respectively; ¢ was calculated to be 0.12 * 0.01

M tem™dy.
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Figure 3-3 SO-> Tl absorption spectra of NND (0.20 M) in various

solvents: 1, MCH; 2, toluene; 3, THF; 4, methylene

chloride; 5, methanol; 6, acetonitrile.
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Figure 3-4 SO—> '1‘l absorption spectra of NND in heavy-atom solvents;
curves 1-5 contained [NND] of 0.040, 0.080, 0.120,

0.160 and 0.200 M, respectively.
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3.1.2 Phosphorescence of NND

In EPA glass (ether/isopentane/ethanol, 5/5/2, by volume) at 77 K,
phosphorescence of NND centered at 550 nm was detected on excitation of its
So->T1 transition band at 440 nm (Figure 3-5), but not observed on
excitation of the §,->5, transition bands at 250 and 330 nm. Under similar
conditions a phosphorescence excitation spectrum of NND was recorded by
monitoring at 530 nm (Figure 3-5). This indicates an absorpfion in the
400-480 nm region which is very similar to the S°—> Tl (n, w*) absorption
in Figure 3-1. The lowest triplet excited state energy level (ET) of NND
was evaluated to be 58 kcal/mol (490-495 nm) from the S§o~> T; transition

band in the electronic absorption and phosphorescence spectra.
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Figure 3—5‘Phosphorescence spectrum (PS) and phosphorescence
excitation spectrum (PES) of 0.33 M NND in EPA at 77 X;
the excitation wavelength was 440 nm, and the PES was

monitored at 530 nm.



132
3.1.3 Quenching Studies

Fluorescence spectra of some selected aromatic hydrocarbons such as
anthracene, 9,l10-dimethylanthracene, perylene and tetracene were measured in
the absence and presence of NND in methanol using routine illumination
technique. The excitation wavelength was normally Selected around 400-440 nm
where NND does not absorb at all. For anthracene, however, the excitation
wavelength was 375 nm. Since NND also weakly absorbs at 375 nm, the
observed fluorescence intensity ratios, I°/I, at 396 nm from Figure 3-6
were corrected as listed in Table 3-4. The correlation of (I°/I)_ with

corr
1

[NND] yielded the Stern-Volmer constant quo = 115 M

the quenching rate constant was calculated to be 21.7 x 109 (M_ls—l) when
' 23

with r = 0.998, and

To = 5.3 ns.

Quenching of fluorescence of 9,l10-dimethylanthracene (Figure 3-7) and

quenching of fluorescence of perylene, by NND in methanol were observed.

q
and are summarized in Table 3-5. No gquenching of fluorescence of tetracene

The Stern-Volmer constants and k_ values were calculated by a usual manner,

was observed (Figure 3-8). The gradual deviation in the gquenching rate
constants of 9,10-dimethylanthracene and perylehe from the near
diffusion-controlled wvalue indicates that the singlet-state energy ES of NND
could be 72 - 73 kcal/mol, based on the Sandros' plot 123. This value
agrees well with that estimated from the "onset" of the So—> Sl (n, ﬂ*)

transition band (at about 395 nm, see. Figure 3-1).

Attempte to populate the triplet excited state of NND by benzophenone
and 2-acetonaphthone sensitization in EEI (ether/ethanol/iodoethane, 2/2/1,
by volume) glass were not successful, probably owing to strong overlap of
both emissions from sensitizer and NND, although the phosphorescence

intensity was gquenched by NND, as shown in Figures 3-9 and 3-10.
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370

Figure 3-6 Fluorescence spectra of 0.0002 M anthracene in methanol in
the absgnce and presence of various concentrations of NND
with excitation at 375 nm at 22°C; curves 1-6 contained
[NND] of O, 0.004, 0.008, 0.012, 0.016 and 0.020 M,

respectively.
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Table 3-4 Relative Fluorescence Intensities of Anthracene at

396 nm in the Presence of NND in Methanol at 22°C

a b
[xo] () I°/1 a (I°/1) corr
0.0040 1.33 0.962 1.28
0.0080 1.79 0.928 1.66
0.0120 2.35 0.895 2.10
0.0160 3.03 0.865 2.62
0.0200 3.70 0.837 3.10
-1

quo (M 115

ky X 1079 m1s71y 21.7

r 0.998

a. Calibration factor,

b. (I°/I)

= (I°/I)A

124

(see pl94 in Experimental).
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Figure 3-7 Fluorescence spectra of 0.0002 M 9,10-dimethylanthracene
in methariol in the absence and presence of various
concentrations of ‘NND with excitation at 400 nm at 22°C;
curves 1-6 contained [NND] of 0, 0.007, 0.014, 0.021,

0.028, and 0.035, respectively.
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Figure 3—8 Fluorescence spectra of 0.00006 M tetracene in methanol
in the absence and presence of various concentrations
of NND with excitation at 440 nm at 22°C; the curves 1-5
contained [NND] of 0, 0.020, 0.030, 0.040 and 0.060 M,

respectively.



137

Tabie 3-5 Quenching of Aromatic Hydrocarbon F;uorescence by

NND in Methanol at 22°C

ArH Eg? A,“‘ MNen™* kgx1077 [NND])x10% (M)®
(kcal/mol) (nm) (nm) (M'1s'1) r
anthracene 76.3 375 396 21.7 4 - 20
0.998
9,10-dimethylanthracene 71.8 400 425 1.53 7 - 35
| 1.000
perylene 65.8 430 465 0.185 10 - 60
0.993
tetracene 60.7 440 473 c 20 - 60

a. Cited from ref. 23.
b. The NND concentration range used.

c. No quenching of fluorescence.
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Figure 3-9 The changes of phosphorescence spectra of 2-acetonaphthone
(0.002 M) in EEI (ether/ethanol/iodoethane) glass in the
presence of NND at 77 K; curves 1-3 contained [NND] of O,
0.0048 and 0.0096 M, respectively; and -2-acetonaphthone was

excited at 320 nm.
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Figure 3-10 The changes of phosphorescence spectra of 0.0011 M

benzophenone in EPA (ether/isopentane/ethanol) glass
in the presence of NND at 77 K; the curves 1-4
contained [NND] of 0, 0.003, 0.006 and 0.009 M,

respectively; benzophenone was excited at 300 nm.



140
3.2 Discussion'

The first example of a spin-forbidden radiative transition of

nitrosamines has been discovered by the detection of the So—> T, absorption

121,122

and of phosphorescence of NND. It has -been shown that non-heavy-atom-

N ;
containing molecules possessing a "pure" =,7 configuration in the Tl state,

5

have values of e (S,~> Tp) in the order of 10 ° to 10_6, show a

max

"red-shift"” in polar solvents, and are sensitive to heavy-atom solvent

: *
effects; those possessing a "pure" n,7 configuration in the excited state

have ey, (S,-> T;) in the order of 107! to 1072, show a "blue-shift", and

are insensitive to heavy-atom solvent effects. Therefore, the 5> T,

* .
transition of NND is suggested to be (n,7 ), since the transition is
insensitive to external heavy-atom effects (see Table 3-3), shows a "blue-

shift" in polar solvents, (Figure 3-3), and has the value of €max = 0.064
-1_-1

M “s ~. This unperturbed absorption is more readily detected than that for

N-oxide guincline, which was observed under a high pressure of

oxygen, <> and than that for cyclic azoalkanel?®

1 1

;, which showed a So—>

T, absorption at 430 nm with e = 0.01 M ~cm — using a 10 cm path-length

max

cuvette.

The energy level of the lowest'triplet excited state of NND was
determined to be ET = 58 - 59 kecal/mol, from both absorbtion and
phosphorescence spectroscopy. Sensitization experiments conducted on
N-nitrosopiperidine allowed Ep for that compound to be placed around 59

kcal/mol.15 The calculated E, value of NND is 62.1 kcal/mol.129 The E

T s

value of NND was determined to be 72 - 73 kcal/mol from fluorescence
quenching results in Table 3-~5. The calculated energy gap between S1 and Tl

is 14 kcal/mol.
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Failure to observe fluorescence and phosphorescence emission on
excitation of S°—> S; hints that the spectroscopic S, state must depopulate
rapidly by channels (e.g. chemical dissociation) other than intersystem

crossing. Recently, Huber and his co—workers3’130

have demonstrated that the
excitation of the 363.5 nm band in the gas phase caused NND to dissociate
from the its lowest singlet state to dimethylamine radical and nitric oxide
(Equation 3-2) with ¢ = 1.03 and k, > 8.5 x 10° s7L, Subsequently, the two
radicals recombine very efficiently to NND (Equation 3-3). The lifetime of
the singlet excited state was estimated to be < 0.12 ns accérding to the k2
value. This means that the singlet excited state of NND decomposes so fast

that the intersystem crossing (Equation 3-4) cannot substantially compete

with Equation 3-2 to generate the phosphorescing triplet excited state.

The reversible photodissociation of NND established by Huber3’130
together with what has been learned in this Chabter, allows us to present
the following reaction scheme tc describe the photochemical and

photophysical behavior of NND in neutral media.l3l
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hy 1*

1* k2
(Me)zN-NO e (Me)zN' + NO°
(Me)zN' + NO* (Me)zN—NO
1* 3*
(Me)zN-NO e (Me)zN—NO
hy’

(Me) ,N-NO ——> 3* (Me) ,N-NO

%
3" (Me) ,N-NO —— (Me) ,N-NO + hv'

Scheme 3-1

3-3

3=5

3-6
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CHAPTER 4
PHOTOADDITION OF NND TO PYRENE AND 1~PHENYLPROPENES IN ACIDIC MEDIA

4.1 Results

4.1.1 Sensitized Photoaddition of NND to Pyrene

As mentioned in the Introduction, certain fused aromatic hydrocarbons,
e.g. anthracene (Equation 1-1), act as singlet sensitizers as well as
substrates to induce addition of nitrosamines giving amino nitroso adducts

22

in acidic media. It was reported that pyrene (ES = 77 kcal/mol, 7. = 450

s
ns, ¢f = 0.58)23 sensitized photoaddition of N-nitrosopiperidine in acidic

methanol solution to give 4-piperidinopyrene in 52% yield.22

Photolysis of pyrene and NND in acidic methanol under N2 at 0-5°C
rapidly caused the formation of dark photolysate, and could not be carried
to completion. The OD ratio of 0.034 M NND to 0.043 M pyrene in methanol atl
343 nm was determined to be 0.025, so that more than 95% of the incident
light was absorbed by pyrene when a Pyrex filter was employed. A
photoproduct was isolated as greenish-yellow needles in 28% yield together
with some recovered pyrene. The photoproduct was shown by lH—NMR and
13C—NMR to possess a dimethylaminium chloride moiety with the resonances af
2.50 and 45.9 ppm, respectively, and this was confirmed by IR absorption at
2350 cm T [—(Me)ZNH+Cl-]. The corresponding free base, dimethylaminopyrene,
-was obtained by neutralization, and shown by decoupled lH-NMR spectra
(Figure 4-1) to possess a dimethylamino group at C-1 -rather than C-4 or
c-2, because of no singlet signal in the spectrum. The product must be
l-dimethylaminopyrene 25. The pathway of the addition is suggested in Scheme

4-1, based on previous reports.zz’ 132
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Scheme 4-1
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4.1.2 Oxidative Photoaddition of NND to (E)-l-Arylpropenes

The oxidative photoadditions of nitrosamines to olefins and some
aromatic hydrocarbons in acidic media have been investigated in detail in

1,2,14,22,133,134

our laboratory. The addition has been shown in Scheme 1-1

(see Introduction) to proceed by stepwise radical attack of an aminium

21,133,134

radical, followed by attack of oxygen with an anti-geomefry. The

following experiments are some applications of the oxidative photoaddition

in the preparation of ephedrine-like compounds.

The oxidative photoaddition of NND to (E)-l-arylpropene, in the
presence of hydrochloric acid, was carried out in methanol under oxygen
purging, and the progress of the photoreaction - -was monitored using UV
spectroscopy by following the disappearance of the 330-nm absorption (NND
n->ﬂ* transition). The crude products were separated into "acidic-neutral”
fraction and basic fraction. The former fraction was generally a complex
mixture and was not investigated further. The basic fraction contained
a-amino nitrates and other amine derivatives and was reduced with lithium
aluminium hydride (LAH) to afford crude g-amino alcohols, which were

isolated by chromatography.

The oxidative photoaddition to (E)~1-(4-methoxyphenyl)propene 26 and
subsequent LAH reduction afforded l-&4-methoxyphenyl)—l—methoxy-z—
(dimethylamino)propane (27, 24%) and threo- and erythro-l—(4-met.hoxyphenyl)-=
2~(dimethylamino)-l-propanol (28a and 28b) in 28 and 15% yield, |
respectively, as shown in Equation 4-1. The presencé of a dimethylamino
group in these products was confirmed by lH--NMR singlet signals in the 2.2

1

- 2.5 ppm region and by the Bohlman bands in the 2800 - 2700 cm - region.
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The presence of - a nitrate group in the crude photoproducts was readily

shown by .strong IR peaks at about 1675, 1250 and 860 cm L.

The methoxy
compound 27 was also present in these crude products as indicated by the

presence of a NMR singlet at 3.l3mppm assigned to the benzylic OMe group.

CH, CHs
hv, 0, -
Ar-CH=CHCH; + (Me),N-NO —————= Ar-CH-CHN(Me), + Ar-CH-CHN(Me),
MeOH-HC1 |
OCH,4 ONO,
26 27 34

LAH

CHy
Ar = 4-MeOCH, - Ar-CH-CHN(Me),

]
OH

28 4-1
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The structures of these éompounds were supported by their NMR, IR and MS
spectral data énd also by elemental analysis (see Experimental). The two
e—-amino alcohols 28a and 28b exhibited rather similar spectral data with
the exéeption of the coupling pattern of the NMR doublet of the benzylic
proton, which was used té assign the diastereoisomers on the basis of the
conformational analysis discussed below. The a-alcohol 28a shows this proton
coupled with the C-2 methine proton (J=10 Hz) and is assigned as the threo

135,136

isomer. Similarly, 28b shows this proton in the corresponding vicinal

. . . . . 135,136
interaction with J=3 Hz and is assigned as the erythro isomer. !

Two sets of three conformational isomers for the threo- and ery;hro-
amino alcohols, 28a and 28b, respectively, are depicted in Figure 4-2 where
X =H, R = 4—MeOC6H4 and Rl = CH3. Since the contribution of three

conformers to each compound is determined by two opposing forces, e.g.

R N(Me), . W
H' 0X H' A~ OX H' _ 0X
H? N(Me), R /®: H? (Me),N R!
R R R
threo-A ‘ threo-B threo-C
R He N(Me),
H' _ 0X H' 0X H' 0x
(Me),N 7 H? ‘R N(Me), H? R!
R R R
erythro-A erythro-B erythro-C

Figure 4-2 The conformational isomers of threo and erythro

compounds in 28 and 30 (X = H).
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the non-bonded repulsion of substituents and stabilization by hydrogen

1

bonding, threo-B (with a trans interaction for H™ and HZ) and erythro-B (or

L and HZ) are expected to be more stable

C, with a gauche interaction for H
than the other conformers in eaéh series. These considerations have led us
to assign 28a (Jl’2 = 10 Hz) to the threo isomer and 28b (Jl,z = 3 Hz) to
the erythro isomer. These assignments are in line with those of some

21,133,134 The

diastereoisomeric a-amino alcohols reported previously.
methoxy amine 27 shows the corresponding coupling constant Jl’2 = 10 Hz as
28a, but its stereochemistry could not be assigned with confidence owing to
the absence of the other isomer. The similarity of the coupling constant

does not necessarily imply the same stereochemistry as 28a, since

intramolecular hydrogen bonding no longer exists (vide infra).

The oxidative photoaddition of NND to (E)-3-phenyl-2-propenol 29 and
subsequent LAH reduction under siﬁilar conditions gave threo- and erythro-1-
phenyl-2-(dimethylamino)-1,3-propanediol (30a and 30b) in 42 and 16% yield,
respectively, in addition to 3-phenyl-2,3-bis(dimethylamino)-l-propanocl 31
with 14% yield (Equation 4-2). The structure of 31 was readily deduced from
the spectral data and elemental analysis, particularly from the NﬁR singlets
at 2.12 and 2.15 ppﬁ for the two —N(Me)2 groups, and from the doublet at
3.77 ppm (J = 11 Hz) for the benzylic proton. ihe amino diols 30a and 30b
show close similarity in their spectral data, except for the doublet at
4.43 ppm (J]_'2 = 10 Hz) of 30a and tpat at 5.04ppm (Jl'2 = 3 Hz) of 30b
for the benzylic proton. The difference in the coupling constants closely
resembles that of the 28a-28b pair. Assuming the influence of hydrogen
bonding from the terminal CHZOH group to the conformational isomers depicted
ih Figure 4-2 (X = H, R = CGHS' Rl = CHZOH) is common and comparable in
both the isomeric series, 30a and 30b are assigned with threo and erythro

configurations, respectively, on the basis of an argument similar to that
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used for 28 (vide supra). The threc isomer 30a has threc-B as the most
stable conformation with the anti-orientation of #l and HZ; the erythro

iscmer 30b has erythro-B (or -C) as stable conformations with a

gauche~orientation of Hl and HZ.
N(Me), ONO,
hv, 0,
CgHg CH=CHCH, OH + (Me),N-NO CqHg -CH-CHN(Me), + CgHg -CH-CHN(Me),
MeOH-HC1 ‘
CHZOH CHZOH
I
29 . 31 _ 35
lum
4-2
OH

C4 Hs -CH-CHN(Me),
CH, OH

30
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The oxidative photoaddition of NND to (E)-1-(3-methoxy-4-
hydroxyphenyl)propene 32 gave a large quantity of the "acidic-neutral”
fraction which exhibited a complex GC pattern. The minor basic fraction
showed no IR absorption for the nitrate group and was chromatographed to
afford l—(3-methoxy-4-hyd;oxyphenyl)—l¥methoxy-2—(dimethylamino)propene 33 in
16% vield (Equation 4-3). The pattern of the NMR spectrum above 6 ppm of 33
closely resembles that of 27, including the two methoxy singlets at 3.2 and
3.8 ppm and a doublet at 3.85 ppm (J = 8 Hz) for the benzylic proton. The
MS spectra of the two methoxy amines alsc exhibited corresponding fragments
at the excepted mass numbers in comparable intensities. This information

leaves no doubt as to the structure 33 for the compound.

C
hv,0, l
\¥]

~
—_— w
MeOH-HCL |
0

32 33 4-3

Ar = 3-MeO-4-OHC Hy -
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4.2 Discussion

' The sensitized photoaddition of NND to pyrene in acidic solution is
suggested to follow the mechanism depicted in Scheme 4-1. Dimethylaminium
and nitric oxide radicals are generated from sensitized photodecompoition of
NND by the singlet excited pyrene. The former radical (Me)zNHf .
electrophilically attacks pyrene at the C-1 position, followed by scavenging
of the C-2 radical by nitric oxide to form the C-nitroso intermediate,
which eliminates HNO to give the final product. Mechanistically, the
elimination could occur either by acid catalysis or sensitized photolysis.22
The driving force for the elimination may be ascribed to the tendency to

achieve aromaticity. This reaction also re-confirms the requirement of an

acidic medium for photodecomposition of NND.

The oxidative photoaddition of NND to phenylpropenes occurs with a
high degree of regiospecificity to give the expected c¢-amino nitrates 34
and 35 in addition to by-products of a-methoxy amines 27 and 33 and diamine

31. By analogy to previous report521’22'133

these by-products are assumed to
be formed from the nitrates by intramolecular amine-group-participated
substitution reaction, e.g. 34->36 and beyond és shown in Scheme 4-2.
Undoubtedly, an electron-rich aryl group facilitates the formation of 27 and
33, presumably by stabilizing the developing benzylic carbenium ions 36. The
nitrate 34, derived from arylpropene 32, is prone to undergoing such |
substitution and cannot be obtained, probably owing to the facile
dissociation of the nitrate group assisted by the resonance effects of the
4-hydroxy-3-methoxyphenyl group. Such substitution does not occur with
a-amino.nitrate 35 under the acidic conditions used during the

photoreaction, since the phenyl group without an electron-donating group

presumably does not promote the benzylic carbenium ion formation. It is
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suspected that'diamine 31 is formed by a similar sequence of substitution
reactions when the crude product, after the evaporation of methanol, is
rendered basic in aqueous solution; the liberated dimethylamine then acts as
a nucleophile to give diamine 31. While its formation is most likely
associated with certain effects of the‘terminal OH group in 35, the
detailed mechanism is unclear. The by-products, 27, 31 and 33 all exhibit a
large coupling constant of two tertiary hydrogens (Jl'2 = 8-11 Hz in Figure
4-2) and probably possess the erythro configuration on the basis of the

mechanistic considerations discussed below.

+ \/
H R A H. HN(Me), N
— L +
/—_\ "‘-R WYy 0
-HNO3 H"/ "R
Ar H oNo;  H 3 A H
34 36
+
H, HN(Me)
CHOH  Ard ‘
ocHy HR
27,33
Scheme 4-2

Since all propenes used in this study have the (E)-configuration as shown
by their lH-NMR coupling'constants (J = 16 Hz, see Experimental) of
‘olefinic protons, the primary photoaddition products, nitrates 34 and 35,

must contain major fractions of the erythro isomer owing to the lower

137

energy requirement in the anti-addition to (E)-alkenes. Indeed, it has

133

been shown that the erythro isomer is the major product obtained under

ordinary photoaddition conditions. The erythro isomers of 34 and 35 are
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also more facile than the corresponding threo isomers in undergoing the
amine-group-participated solvolysis, on the basis of energetic

considerations in the transition state,l37

to give 27, 31 and 33 via the
aziridinium ion 36 with a net retention of stereochemistry; i.e., 27, 31
and 33 are most likely to have the eryihro configu:ation. The preferential
solvolysis of the erythro isomrs of 34 and 35 is thought to be responsible
for the unusually low yields of the erythro a—-amino alcohols 28b and 30b.
Lower yvields of the erythro isomers compared to those of the threo isomers
of a—-amino alcohols have been observed in the similar oxidative

21

photoaddition to (E, E, E)-1,5,9- cyclododeca-triene. Since the

by-products 27, 31 and 33 no longer have the ability to participate in the
hydrogen bonding depicted in Figure 4-2 [0X = OMe or N(Me)z], the conformer

erythro-A should be the most stable of the three on the basis of non-bonded

137

repulsion of the substituent. The observed large Jq 5 = 10 Hz is in
’ B

135,136 1

agreement with the anti-orientation of H- and u2 in the erythro-A.

The low yield of the oxidative photoaddition to propene 32 may be due
to the presence of the 4-hydroxy group. No satisfactory explanation,

however, can be suggested at present for this phenomenon.
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CHAPTER 5
EXPERIMENTAL

5.1 General Conditions

Unless otherwise specified, the following expérimental conditions
prevailed. Melting points (mp) were determined on a Fisher-Johns
apparatus, and are uncorrected. Infrared spectra (IR) were recorded with a
Perkin-Elmer 559B spectrophotometer using neat ligquid film; nujol mull or
KBr pellet. Ultraviolet and visible spectra (UV) were taken with a Varian
Cary 210 spectrophotometer. Mass spectra (MS) and gas-chromatography—mass
spectra (GC-MS) were obtained on a Hewlett-Packard 5985 GC-MS system
either by electron ionization (at 70 ev) or by chemical ionization. Proton
nuclear magnetic resonance (lH-NMR) spectra were recorded with a EM-360,
Bruker WM-400, or Bruker SY-100 spectrometer in CDCl3 solution using
tetramethylsilane (TMS) as a relative standard. Chemical .shifts are
reported in § values in ppm and coupling constants (J) in Hz. Thé coupling
patterns;arg presented as s (singlet), d (doublet), t (triplet), g
(quartef) and m (multiplet). D,0 exchangeable protons are indicated by
"DZO exch". The chemical shifts of l3C-NMR spectra are also reported as &
values in ppm relative to TMS. Elemental analyses were carried out by Mr.
M.K. Yang using a Carlo Erba Model-1106 Elemental Analyzer. Gas
chromatography (GC) analyses were performed on a Hewlett-Packard 5790A
chromatograph (FID), equipped with an 0V-l capillary column and a Hewlett-
Packard 3390A chart integrator. Retention times (Rt) are reported in
minutes (min). High pressure liquid chromatography (HPLC) analyses were
performed on a Waters Associates HPLC system, equipped with a Bondapak Cis

column and a Waters Associates Model-440 UV detector at 254 or 340 nm.
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The mobile phase was MeOH/H20 = 7:3, by volume. Phosphorescence and
fluorescence séectra weré taken with a Perkin-Elmer MPF 44B
specfrophotometer. Emission spectra were uncorrected. A general deaerating
methoed for a sample solution in a test-tube or a fluorescence cuvette was
performed by sealing the tube with a Septum and bubbling oxygen-free

nitrogen through the solution for at least 10 min.

5.2 Chemicals and Apparatus

For the preparative photochemical reactions, reagent grade solvents
were distilled prior to use. Methanol and ethanol were distilled from
magnesium. THF and dioxane were distilled from sodium-benzophenone.

For spectroscopy, commercial spectroscopic grade solvents were used
as supplied: toluene (Fisher), acetonitrile (BDH), methylene chloride
(Fisher), methanol (Fisher),'and ethanol (Fisher). Water was HPLC grade
(Fisher). Dioxane (Fisher) and THF (AnalaR) were analytical grade and
were distilled from sodium-benzophenone prior to use. Methylcyclohexane
(BDH) and isopentane (Mallinckrodt) were carefully purified according to

standard methods.138

Iodoethane (Aldrich), 1,2-dibromoethane (Aldrich),
1,1-dibromoethane (Aldrich) and bromobenzene (Aldrich) were freshly

distilled twice prior to use.

NND was prepared according to the procedure described elsewherel39,
and purified by vacuum distillation twice. It should be noted that
nitrosamines are powerful carcinogensl4l and appropriate caution was
exercised dh handling in the laboratory.

O-Deutero-l-naphthol (1-NpOD) was prepared by repetitive exchange of
the hydroxylic proton by shaking with D50 using the following procedure.
All the glassware to be used was thoroughly flame-dried, and placed in a

nitrogen glove box. A dried ether (Fisher) solution (10 ml) of freshly
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sublimed 1-NpOH (500 mg) was washed with 3 ml D,0 (MSD), followed by re-

2
washing with 1.5 ml Dzo five times. The ether solution was dried with
magnesium sulfate. Both washing and drying procedures were carried out
under nitrogen. The dried solution was evaporated under vacuum to afford
310 mg 1-NpOD, which was analyzed by IR (nujol)-to be 87% pure (Figure 5-
1.

Quadricyclene (QC) was prepared according to the method described by

smith. 140

To a 175 ml cylindrical vessel (Pyrex glass) with a magnetic
stirrer and a reflux condenser, were added acetophenone (5 ml),
norbornadiene (Aldrich, 25.62 g, 278 mmol) and ether (100 ml). The mixture
was irradiated with a 450 Watt Hanovia lamp at running-tap-water
temperature for 14 h. Ether was removed under reduced pressure, and tﬁe
residue was distilled at 43°C/10 mm to give 13.4 g colorless liquid (QC):
l-mR (CDC1,), & 1.34(m, 2H), 1.49(m, 4H) and 2.0l (m, 2H).

Commercially available reagent grade l-naphthol (Anachemia),
2-naphthol (Anachemia), anthrone (Fisher), 9-phenanthrol (Aldrich),
anthracene (Mathesdn), 9,10-dimethylanthracene (Aldrich), benzophenone
(Fisher), xanthone (Aldrich), benzhydrol (Matheson), pyrene (Aldrich) and
perylene (Aldrich) were purified by recrystallization, vacuum sublimation
or a combination of the both. l-Methoxynaphthalene (Aldrich) was purified
by vacuum distillation. Tetracene was provided by Dr. R.W. Yip, National
Research Council. 1-(4-Methoxyphenyl)propene (Eastman), 3-phenyl-2-
propenol (Matheson) and 1-(4-hydroxy-3-methoxyphenyl)propene (Eastman)
were commercially available, and were distilled under high vacuum or
recrystallized prior to use.

Nitrggen gas (Union Carbide) was purified by scrubbling through a

142

Fieser solution , through concentrated sulfuric acid, and then through

potassium hydroiide pellets.
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Figure 5-1 IR spectrum of O—déutero-l—naphthol in nujol.
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5.3 Photolysis Apparatus

Three different types of photolysis apparatus were employed
in the preparative experiments.

Apparatus I

This apparatus consisted of a flét cylindrical reaction vessel (40
ml) (Pyrex glass) fitted with a condenser and a side arm (gas inlet). 2
gas trap was also fitted on the top of the condenser to allow
gas inside the apparatus to escape. The light source was generally a 450
Watt Hanovia medium pressure mercury lamp (6792 36) inserted into a quartz
water-cooled jacket. Both the vessel and light source were immersed in
running tap water, and the vessel was placed at a distance of about lf2 cm
from the light source. This apparatus was generally used for preparative

photonitrosation.

Apparatus II

This apparatus consisted of a long cylindrical reaction vessel (3
%20 cm, quartz glass) fitted with a Teflon stopcock in ordér to seal the
sample solution. The vessel was inserted into the center of a Rayonet
Photochemical Reactor equipped with RPR 300 nm lamps (16 x 23 Watt) and a

fan to circulate the air providing constant temperature at 31 t+ 1°C.

, Apparatus III
This apparatus consisted of a large cylindrical reaction vessel (180
ml or 320 ml, Pyrex glass)bfittedeith a side arm, into which a condenser
was .inserted. A Pyrex water-cooled lamp housing was inserted into the
vessel. Gas.was bubbled into the photolysate through a gas inlet tube. The
reaction solution was magnetically stirred while the solution was

irradiated. The light source was a 200 Watt Hanovia medium pressure mercury
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lamp (654A 36). The whole apparatus was immersed in running tap water or
ice-water. This apparatus was mainly used for oxidative photoaddition of NND

to l-arylpropenes.

5.4 Preparative Photonitrosation
5.4.1 General Procedures

Unless otherwise specified, the following procedures were followed. A
solution of NND and a phenolic compound was placed in the vessel of
Apparatus I which was cooled with a water-bath. The solution was purged
-with oxygen-free nitrogen for at least 15 min prior to irradiation. During
irradiation, a sample of the photolyéate was withdrawn at intervals for GC
or HPLC analysis. A zero hour sample was kept in the dark at the same
temperatufe and analyzed by GC or HPLC as a control. When the photolysate
turned red-brown, the irradiation was stopped. The solvent was evaporated
under reduced pressure, and the residue was separated into a small amount
of an ether-insoluble black solid and ether-soluble fraction. The former
was filtered from the ethereal solution of the residue, and was not
investigated further. The latter was washed with a 5% aqueous NaOH
solution (2 x ld ml). The combined basic phase was neutralized immediately
with acetic acid to pH 7 and the precipitate was filtered and purified by
recrystallization to afford the photoproduct, quinone monooxime. The %
yields/of‘the quinone monooiimes were calculated on the basis of’
on the phenolic compounds.

Figure 5-2 shows the transmission curves of the filters (Pyrex,
Corex, GWA, and GWV) and the filter solution of sodium nitrite/potassium
biphthalate/sodium hydroxidel*3. a1l these filters and filter
solutions were used selectively in preparative and mechanistic studies of

photonitrosation.
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The J'I-I-NMR, IR, MS and UV spectral data for the pertinent quinone

monooximes are listed in Tables 5-1, 5-2, 5-3 and 5-4, respectively.
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Figure 5-2 Transmission curves of filters and filter solution:
(a) Corex,(b) Pyrex, (¢) GWA, (d) GWV and (e) sodium

nitrite/potassium biphthalate/sodium hydroxide.
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5.4.2 Photolysis of 1-NpOH and NND

1-NpOH (30 mg, 0.2 mmol) and NND (45 mg, O.6mmol) were dissolved
in 5 ml aliquots of THF, dioxane, methanol or acetonitrile in Pyrex
tubes (l.1 x 12 cm). Each solution was deaerated and subsequently
irradiated using a 450 Watt Hanovia lamp at running water
temperature for 3 h. The photolysates turned reddish brown. HPLC
analysis (Cls‘column, mobile phase of MeOH-H,0 in 7:3 by volume) of
these photolysates showed a product peak (Rt 3.16 min), 1-NpOH
(Rt 5.21 min) and NND (Rt 2.98 min). The % yields of the product were
calculated to be 52.2% in THF, 66% in dioxane, 32% in methanol
and 49% in acetonitrile.:

Preparative Photolysis

A solution of 1-NpOH (288 mg, 2 mmol) and NND (520 mg, 7mmel) in 40
ml freshly dried dioxane in the reaction’vessel of Apparatus I was
irradiated with a 450 ﬁatt Hanovia lamp under nitrogen at 0-5°C for 3 h.
The red-brown photolysate was shown by GC (OV-1l capillary column at 180°C)
to contain two components: 1-NpOH (Rt 2.56 min) and a product (Rt 6.55
min) in the peak-area ratio of 1 : 2.47. The solvent was removed under
reduced pressure, and the dark-red residue was dissolved in 25 ml ether,
The ether-insoluble fraction was filtered as black solid (15 mg): IR
(nujol) 1626 (m), 1370 (s), 1150 (m), 940 (s), 850 (m) and 750 (s) em™2.
The ether-soluble fraction was washed with 5% NaOH aqueous solution (2 x
10 ml). The combined washing was neutralized by acetic acid to give the
brown precipitate as a crude product (180 mg, isolated yield of 52%) which
was further purified by recrystallization from MeOH-H,0 twice to afford
yvellow needles (82 mg): 1,4-naphthoguinone-4-oxime 16, mp 189-191°C

(decomp). Anal. calcd.  for C10H7NO2 (173): C 69.36; H 4.05; N 8.09; found:
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C 69.09; H 3.7;; N 7.92. The spectral data are listed in Tables 5-1 to
5-4.

Material Balance

For the material balance plots of Figure 2-1, a solution of 1-NpOH
(288 mg, 2 mmol) and NND. (740mg, 10 mﬁol) in 40 ml dioxane was irradiated
under similar conditions. After irradiation for 3 h, the photolysate
became red-brown. At intervals, a sample solution was withdrawn with a
microliter syringe and analyzed by GC with l-nitronaphthalene as an
internal standard. GC traces showed three peaks at 2.54 min (1-NpOH), 3.37
min (the standard) and 6.56 min (16). The relative response factors (f)
for 1-NpOH and 16 with respect to the standard were determined to be 0.87

and 0.65 using the plots of Ag/A; against [S]/[I] based on Equation 5-1:
Ag/A; = £ {[s]/[1]} | 5-1

where Ag and AI are the peak areas of the sample and the internal
standard, respectively; [S] and [I] are the concentrations of the sample
and the standard, respectively.

In the Presence of 0O,

A ‘solution of 1-NpOH (36 mg, 0.25 mmol) and NND (38 mg, 0.51 mmol)
- in 5-ml diéxane was irradiated under oxygen at 15°C for 3 h. The dark-
brown photolysate was shown by GC-MS to contain four compounds; 1-NpOH
Rt 2.57 min, m/e 144 M'), 2-nitro-l-naphthol (Rt 4.58 min; m/e 189 M*, 172
M-0H, 143 M-NOZ); 16 (Rt 6.61 min; m/e 212 M+) and an unknown compound A
(Rt 11.46 min; m/e 212 M%) in the peak-area ratio of 2.51 : 1.00 : 13.9 :
1.60. 2-Nitro-l-naphthol was identified by the matching of its GC peak with
that of an authentic sample. The yields of 2-nitro-l-naphthol, 16 and the

unknown A were calculated to be 5, 67 and 8%.



, _ 164

In the Presence of HCl

A solutién (Sample A) of 1-NpOH (36 mg, 0.25mmol) and NND (92.5 mg,
1.25 mmol) in 5 ml dioxane in the presence of HCl (0.3 N) was irradiated
with a 450 Watt Hanovia lamp through a Pyrex filter under nitrogen at 15°C
for 3 h. A solution (Sample B), containing the same ingredients without
the acid, was irradiated under similar conditions as a comparison.
Both Sample A and B turned red-brown. After evaporation of the solvent
from the photolysate A, the residue was dissolved in 5 ml water, and the
aqueous solution was extracted with ether (2 x 4 ml). The ether extract
was shown by GC-MS to contain three compounds: an unknown (Rt 2.08 min;
m/e 158 M+, 130, 104, and 76), 1-NpOH (Rt 2.57 min; m/e 144 M+) and 16
(Rt 6.57 min; m/e 173 M+, 157 and 115) in the peak-area ratio of l.Ov:
11.8 : 2.7. The extracted aqueous solution was neutralized by Na,CO, to pH
8, and was then extracted with methylene chloride only to give 1-NpOH (Rt
2.57 min) . The photolysate B was shown by GC to contain two compounds

1-NpOH (Rt 2.57 min) and 16 (Rt 6.56 min) in the ratio of 1 : 1.5.

5.4.3 Photolysis of 2~NpOH and NND

A solution of 2-NpOH (288mg, 2mmol) and NND (720mg, 10mmol) in
40 ml dioxane was placed in a quartz flat cylindrical vessel. The colorless
solution was irradiated through a Corex filter under N2 at running tap
water temperature for 5 h. The GC trace of the dark red-brown photolysate’
showed four peaks at Rt 2.66, 3.02, 4.00 and 4.49 min in the peak-area
ratio of 23.0 : 1.5 : 10.4 : 1.0. GC-MS identified the peak at 2.66 min as
2-NpOH (m/e 144 M') and that at 4.00 min as 1,2-naphthoquinone-l-oxime 17 |
(m/e 173 M+, 156 M-OH, 143 M-Nd). The photolysate was treated in the usual
manner‘to afford 10 mg of black solid and an ether extract. The latter was

washed with saturated NaCl aqueous solution (2 x 10 ml) to remove the
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excess NND, then dried and evaporated to give a dark-red mixture (240 mg),
which was chroﬁatographed on silica gel (60-200 mesh) eluting with 5%
ethylacetate/petroleum ether (30-60°C) to give two fractions. The first
provided brown crystals (68 mg in 60% yield based on the reacted 2-NpOH)
which were recrystallized from MeOH—HZO, then from benzene/petroleum ether
(30-60°C) to give 17 as brown prisms: mp 107-108°C; anal. calcd. for
C10H7N02 (173): C 69.36; H 4.05; N 8.09; found C 69.24; H 4.07; N 7.98. The
spectral data are listed in Tables 5-1 to 5-4. The second fraction provided

2-NpOH (103 mg).

5.4.4 Photolysis of 2-Allyl-l-naphthol (11) and NND
Preparation of 11
2-Allyl-l-naphthol 11 was prepared from 1-NpOH and allylbromide

(Aldrich) wvia substitution and Claisen rearrangement by a known

144

procedure. The substitution product, l-alloxynaphthalene, was a

144

colorless oil; bp 85-90°C/0.05 mm (lit. 60°C/0.01 mm); IR (neat):

3060(w), 1580(s) 1508(m), 1400(s), 1270(s), 1240(m), 1100(s), 795(s) and
1 44

775(s) em . The compound 1l was white needles: mp 33-34°C (lit.l 35-
36°C); IR (Nujol): 3500(br s), 3050(m), 1635(m), 1574(s), 1388(s),
1267(m), 1240(m), 1070(m) 995(m), 920(m), 807(s) and 754(s) cm-l. lH—NMR

(400 MHz, CDCl,) 8 3.60(m, 2H, J = 6 Hz), 5.26(m, 2H), 6.10(twelve
lines, 1H, Figure 2-2), 6.55(s, 1lH, DZO exch), 7.25-8.18 (m, 6H).

UV(CHZClZ) 296 nm(e = 5300), 310 nm (e = 3300) and 324 nm (e = 2400).

Photolysis of 11 and NND
A solution of 11 (230 mg, 1.25 mmol) and NND (450 mg, 6.08 mmol) in
25 ml toluene was irradiated through a Pyrex filter in Apparatus I under

nitrogen at about 15°C. After irradiation for 1 h the photolysate turned
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brown, and was showed by GC (OV-l capillary column, at 190°C) to contain
two compounds: 1l (Rt 3.45 min) ahd the product (Rt 10.21 min) in the
peak-area ratio of 1 : 0.7. After irradiation for 3 h the dark brown
photolysate was treated, following the general procedure, to give 170 mg
crude product as brown crystals mp 86491°C, which was recrystallized from
toluene-petroleum ether (30-60°C) as light brown crystals (87 mg, isolated
vield of 45%) of 2-allyl-l,4-naphthoquinone-4-oxime 18: mp 134-135°C.
Anal. calcd. for C13H11N02 (213): C, 73.24; H, 5.16; N, 6.57; found: C,
73.17; H, 5.29; N, 6.51. The spectral data are listed in Tables 5-1 to

5-4.

Photolysis of 11 v

A solution of 11 (23,mg, 0.125 mmol) in 2.5-ml benzene p;aced in a
quartz tube (1.0 x 10 cm) was irradiated in a Royanet Photochemical
Reactor with 300-nm lamps (16 x 21 Watt) for 15 h at 31°C. The GC trace
(OV-1 capillary column at 190°C) of the yellow photolysate indicated two
peaks: for 11 (Rt 3.48 min) and for a product (Rt 3.05 hin) in the ratio
of 1.0:0.27. The product was not isolated and possibly assigned to (2,3~
dihydro-2-methyl)-5,6-naphthofuran 22 based on its GC-FT-IR and GC-MS. IR:
3063(m), 1578(m), 1458(m), 1383(s), 1279(s, Ar-0-C), 1072(s), 893(m, C-O-

1

C, for five membered ether ring) and 797cm —; MS, m/e (%)

184(100),  169(45), 141(50), 128(33) and 115(25).

Material Balance

A 25-ml toluene solution containing 11 (230mg, 1l.25mmol) and NND
(450 mg, 6.08 mmol) was irradiated in Apparatus I under N2 at 15°C.
Every 30 min, a sample of the solution was withdrawn with a microliter

syringe and analyzed by GC with anthracene as an internal
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standard. The GC traces indicated three peaks: for 11, Rt 3.45

min, for anthfacene, Rt 4.61 min and for 18, Rt 10.26 min. The relative
response factors for 11 and 18 with respect to the standard were
determined to be 0.93 and 0.69, respectively, from Equation 5-1. The
concentration changes of both 11 and 18 during the irradiation

are shown in Figure 2-3.

5.4.5 Attempted Photolysis of 1-Allyl-2-Naphthol and NND

1-Allyl-2-naphthol (12) was prepared from 2-NpOH and allylbromide by

144

substitution and the Claisen rearrangement by a known procedure. The

substitution product of 2-alloxynaphthalene was a colorless oil, bp 55-

44

60°C/0.01 mm (lit.> %% 130-134°C/0.6 mm). IR (neat): 3060(w), 1633(s),

1602(m), 1510(m), 1270(m), 1000(m), 840(s), 810(w) and 748(m) cm.l

. The
product from rearrangement was purified by recrystallization from
petroleum ether (bp 30-60°C) to give the product 12 as colorless prisms,
mp 53°C (1lit.%* s56°C). IR(nujol): 3500(br), 3080(m), 1660(s), 1600(m),
1516(s), 1460(w), 1440(m), 1395(m), 1350(m), 1265(s), 1200(m), 986(m),
970(m), 918(m), 812(s) and 750(s) cm T; TH-NMR (400 MHz, CDCl;) & 3.85(d,

2H, J = 7 Hz), 5.07-5.10 (m, 2H), 5.30(s, 1H, D50 exch.), 6.08(m, 1lH),

7.13(d, 1H, J 8 Hz), 7.35 (t, 1H, J = 7 Hz), 7.48(t, 1H, J = 7 Hz),

'8 Hz), 7.80(d, 1H, J = 7Hz), 7.90(d, 1lH, J = 7 Hz);

7.70(d, 1H, J
UV(dioxaﬁe): 268(6 3980), 279(e 5100), 290(e 4380), 323(e 2440) and 335
nm(e 2820).

B series of solutions containing 12 (23 mg, 0.125 mmol) and NND (45
mg, 0.610 mmol) in 2.5 ml of dioxane, THF, methanol, acetonitrile and
toluene was irradiated in Pyrex tubes under nitrogen at 15°C. After
irradiation for 10 h, the photolysates turned slighly yellow, and were

shown by GC (OV-l capillary column, at 190°C) to contain two peaks: for 12
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(Rt 3.56 min) and for the internal standard of anthracene (Rt 4.62 min).
The peak-area ratios of 12 and the standard were shown to be changed by 3-

7%, during irradiation.

5.4.6 Photolysis of 1l-Anthrol and NND
Preparation of l-Anthrol (1-AnOH)
1-AnOH was prepared according to the method of Ferrero and

145 by reduction of sodium 9,l0-anthraquinone-l-sulfonate (BDH)

Conzetti
with zinc to sodium anthracene-l-sulfonate which was heated with potassium
hydroxide under nitrogen at 280-300°C for 1.5 h. The reduction product was
vellow crystals: IR(nujol),JISZO(w) 1530(w) 1375(m) 1160(br, s) 1050(m)
875(m) and 730(m) cm .

The crude product of 1-AnOH was purified by recrystallization from
ethanol-water, followed by sublimation under vacuum to give brown needles;
mp 155-156°C; IR(nujol): 3300(br), 1630(m), 1560(w), 1412(w), 1380(m),
1290(s), 1200(w), 1145(m), 885(m), B865(w), 790(w) and 732(s) cm=1; lH—NMR
.(400 MHz, CDC13): 6 5.47(s, 1H, DZO exch), 6.78(d, 1H, J = 8 Hz), 7.30(m,
1H), 7.48(m, 2H), 7.36(d, 1H, J = 8 Hz), 8.00-8.05(m, 2H), 8.40(s, 1lH) and
8.98(s, 1lH); UV(dioxane): 355(shoulder, ¢ 4000), 361(e 4600), 373 (e 4870)

and 393 nm (e 3700).

Ehbtolysis of 1-AnOH and NND

A 25-ml dioxane solution containing 1~AnOH (194 mg, 1 mmol) and NND
(300 mg, 4.05 mmol) in Apparatus I was irradiated with a 200 Watt Hanovia
lamp (654 A 36) through a Pyrex filter under nitrogen at about 15°C. After
irradiation for 14 h, the red-brown photolysate was shown, by HPLC
;nalysis (C18 column, MeOH/HZO = 60/40, by volume, UV detector at 340 nm),

to contain four components: NND (Rt 3.04 min), product 1 (Rt 12.12 min),
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product 2 (Rt 14.06 min), and 1-AnOH (Rt 15.52 min), in addition to an
intern;l standard of 1-NpOH at Rt 6.72 min. HPLC traces showed that the
peak area ratios of 1-AnOH to the standard were 1.35, 1.10 and 1.06 after
irradiation for 14, 20 and 23 h, respectively, The photolysate was treated
according to the general procedure. Thé ether-insoluble fraction was
filtered as black solid (90 mg) and the ether-soluble fraction afforded
the brown solid (43 mg), which was further recrystallized from MeOH—HZO to
give orange crfstals (13 mg): 1,4-anthraquinone-4-oxime 19, mp 174-176°C
(decomp); anal. calecd. for C14H~9NO2 (223): C, 75.34; H, 4.04; N, 6.28;
found: C, 75.46; H, 4.03; N, 5.93. The spectral data are listed in Tables

5-1 to 5-4.

5.4.7 Photolysis of 9-Anthrol and NND

A solution of anthrone (388 mg, 2 mmol) and NND (400 mg, 5.4 mmol)
in 35-ml THF in Appratus I was irradiated through a Pyrex filter under
nitrogen at about 15°C for three hours. The yellow photolysate was treated
according to the general procedure. No ether-insoluble fraction was
observed. The ether-soluble fraction afforded 460 mg of a yellow solid,
which was recrystallized from ethanol-water to give yellowish crystals
(373 mg, 84%), identified as 9,lO—anthraquinone—lO—oxime 20, mp 228-230°C
(decomp);ianal. calcd. for C,4H1gNO, (223), C, 75.34; H, 4.04; N, 6.28;

found C;75.14; N, 4.02; H, 5.99.

Preparation of Authentical Sample of 20
An authentic sample of 20 was prepared by oximation of 9,10-
anthraquinone with hydroxyamine hydrochloride in pyridine according to a

146

known procedure. The authentic compound was obtained in 91% yield as

yellowish~white crystals, mp 226°C (decomp). The spectral data are also
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listed in Tables 5-1 to 5-3 for comparison with 20.

Photolysis with a Sodium Nitrite-Sodium Hydrogen Phthalate Filter
Solution
.. A solution of anthrone (388 mg,‘2 mmol) and NND (510..mg, 6.9 mmol)
in 35-ml THF in Apparatus I was irradiated with a 200 Watt Hanovia lamp
through a sodium nitrite-sodium hydrogen phthalate filter solution which

did not transmit light below 400 nmt%3

, as shown in Figure 5-2. The whole
of Apparatus I was immersed'in the filter solution; after irradiation for
6 h, HPLC analysis of the yellowish photolysate showed peaks corresponding
to 20 (Rt 4.86 min, in 93% yield) and the starting material ( in 17%
conversion). The absorption of the filter solution at 410 nm was changed
from OD = 0.15 to 0.32, during irradiation for 6 h.
Preparation of the Filter Solution143
A saturated solution (250 ml) of sodium nitrite in distilled water
was added to a solution of 5 g of sodium hydrogen phthalate in 1 1 of

distilled water with uniform stirring. This solution was brought to pH 12

by addition of dilute sodium hydroxide aqueous solution.

5.4.8 PhnfolysiS‘of 9-Phenanthrol and NND

A solution of 9-phenanthrol (120 mg, 0.062 mmol) and NND (89 mg,
1.2 mmol) in 25-ml benzene in Apparatus II was irradiated with RPR 300-nm
lamps (21 Watt x 16) under nitrogen at 31°C. After irradiation for 8 h,
the photolysate was worked up in the usual manner to give a black solid
(15 mg) and an ether ;olution, which was washed with saturated NaCl
aqueous solution (2 x 10 ml) to remove excess NND. The residue, a reﬁ-

brown solid (80 mg) obtained from the ether solution was chromatographed
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with the eluent of 0-20% ethylacetate-hexane (silica gel 60-200 mesh) to
give 9,lo-phenanthaquinoﬁe—lo—oxime 21 as orange crystals (26 mg, in 20%
yield): mp 157-158°C; anal. calcd. for Ci4HgNO, (223), C, 75.34; B, 4.04;
N, 6.28; found, C, 75.52; H, 3.76; N, 6.55. The spectral data are listed

in Tables 5-1 to 5-4.

Preparation of an Authentic Sample of 21
An authentic sample of 21 was prepared by oximation of 9,10-
phenanthaquinone with hydroxyamine hydrochloride in pyridine according to

146

a known procedure to give orange crystals in 70% yield:'mp 157-158°C.

The spectral data are also listed in Tables for comparison with 21.
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Table 5-1 1H-NMR Data of Quinone Monooximes®

Compound Data
16 6.67(d, 1H, J = 11 Hz) 7.58(t, 1H, J = 8 Hz)
7.64(t, 1H, J = 8 Hz) 8.02(d, 1H, J = 1l Hz)
8.17(t, 2H, J = 8 Hz) 8.41(s, 1H, D,0 exch)
17 6.57(d, 1H, J = 10 Hz) 7.74(d, 1H, J = 10 Hz)
7.52-7.56(m, 3H) 8.37(d, 1H, J = 8 Hz)
17.52(s, 1H, DZO exch)
18 3.35-3.37(m, 2H) 5.19(m, 1lH) 5.22(m, 1H)
5.97(m, 1H) 7.58(m, 2H) 7.83(s, 1H)
8.18(m, 2H) 8.33(s, 1H, D,0 exch)
19 6.74(d4, 1H, J = 10 Hz) 7.57(t, 1H, J = 9 Hz)
7.63(t, 1H, J = 9 Hz) 7.97(d, 1H, J = 9 Hz)
8.06(d, 1H, J = 9 Hz) 8.11(d, 1H, J = 10 Hz)
8.22(s, 1H, D,0 exch) 8.69(s, 1H) 8.74(s, 1H)
20 7.59(t, 1H, J = 8 Hz) 7.65(t, 2H, J = 8 Hz)
7.73(t, 1H, J = 8 Hz) 8.20(d, 1lH, J = 8 Hz)

8.27(d, 1H, J

8 Hz) 8.43(d, 1H, J = 8 Hz)

8.69(s, 1lH, D,0 exch) 9.02(d, 1H, J = 8 Hz)
2
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Table 5-1 (Cont'd)

7.58(t, 1H, J = 8.Hz) 7.67(t, 2H, J = 8 Hz)

7.74(t, 1H, J 8 Hz) 8.20(d4,

8.27(d, 1lH, J

8 Hz) 8.43(d,

8.72(s, 1H, D50 exch) 9.03(d4,

7.52(m, 3H) 7.80(t, 1H, J = 8

8.13(d, 1H, J

8 Hz) 8.20(4,

8.35(d, 1H, J

8 Hz) 8.43(4,

17.06(s, 1H, D,0 exch)
7.48-7.80(m, 4H) 8.13-8.43(m,

17.06(s, 1H, D,0 exch)

a. In CDC13.

b. Authentic samples.

lH'
lH,

lH,

Hz)

lH,

lH,

4H)

8 Hz)
8 Hz)

8 Hz)

8 Hz)

8 Hz)
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- Table 5-2 IR (Nujol) Data of Quinone Monooximes

Compound

16

17

18

19

20

3160(br)
1320(m)

760(s)

3440(br)
1333(w)

768(m)

3260(br)

1315(w)

3220(br)

1380(m)

3270(br)

1175(w)

3070(br)

1160(w)

1620(s)
1260(w)

760(m)

1635(s)

1305(w)

3130(br)

1320(m)

1648(s)

1020(m)

max

1627(s)

1095(m)

1525(m)
1218(m)

720(m)

1600(s)

1265(w)

1645(m)

1030(w)

1595(m)

"940(w)

1573 (m)

978(s)

1455(m)

1075(s)

1435(m)

985(s)

1620(s)

970(m)

1465(m)

780(w)

1443(m)

850(m)

1406(w)

965(m)

1380(m)

975(s)

1585(m)

845(m)

1323(s)

680(m)

1340(m)

800(w)

1377(m)

855(s)
1345(m)
768(s)

1465(s)

‘760(m)

1315(s)
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Table 5-2 (Cont'd)

202 3270(br) 1648(s)

1175(w) 1022 (m)

21 3440(br) 1635(w)
(KBr) 1120(m) 990(s)
218 3440(br) 1640(w)

(KBr) 1120(m) 980(s)

a. Authentic samples.

1595(m)

940(m)

1600(m)
845(m)
1600(s)

845(w)

1465(m)

780(w)

1535(s)
765(s)
1525(s)

760(s)

1325(s)

680(m)

1455(m)
725(s)
1450(m)

725(s)

1315(s)

1280(m)

1275(s)




Compound
16

17

18

19

20

21

173(100, M)

173(100, M)

128(48)

213(23, M)

223(100, M)

165(22)

223(100, MY)

223(100, MY

223(70, MY)

151(40)

176

m/e (%, fragment)

143(10,M-NO)

156(60, M-OH)

115(64)

196(100, M-OH)

206(45, M-OH)

193(25, M-NO)

206(8, M-OH)

206(100, M-OH)

a. An authentic sample.

115(54)

143(10,

182(23,

193(10,

177(10)

193(25,

178(50)

Table 5-3 Mass Spectral Data of Quinone Monooximes

M-NO)

M-NO)

M-NO)

M-NO)

130(60)

177(8)

165(20)

165(60)
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Table 5-4 UV Data of Quinone Monooximes®

Compound

16

17

18

19

20

21

a.

Maximum Wavelengths in nm (e)

214(22,000)

215(26,300)

285(14,300)

290(39,700)

231(37,000)

279(16,000)

254(41,000)

385(6,000)

In methanol.

b. In dioxane.

282(24,000)

261(15,700)

339(7,500)

297(41,800)

345(13,000)

368(6,000)

412(6,100)

244-250(18,000)

340-350(5,200)

306(shoulder, 6200)

414(2,600)



! 178

5.479 Attempted Photolysis of l-Methoxynaphthalene and NND

Three solutions were prepared in quartz tubes (1.1 x 12 cm):

No.l, a 5-ml dioxane solution containing l-methoxynaphthalene
(1-NpOMe, 24 mg, 0.15 mmol) and NND (7.4 mg, 0.10 mmol).

No.2, a 5-ml THF solution containing l—diMe'(24 mg, 0.15 mmol) and
NND (7.4 mg, 0.10 mmol).

No.3, a 5-ml THF solution containing 1-NpOH (21.6 mg, 0.15 mmol) and
NND (7.4 mg, 0.10 mmol). Each solution was deaerated by bubbling nitrogen
through the solution for 10 min, and then irradiated in a Rayonet
Photochemical Reactor with 300-nm lamps (21 Watt x 16) at 31°C, for 2.5 h
for No.l and No.2, and for 0.5 h for No.3. HPLC analysis (C18 column,
MeOH/H,0 = 70/30, by volume) of the colorless photolysates of both No.l
and No.2 with l—nitronaphthaiene as an internal standard showed three
peaks: for NND Rt 2.75 min, for the standard Rt 8.43 min and for 1-NpOMe
Rt 11.92 min. Before and after irradiation the peak-area ratios of 1-NpOMe
and NND with respect to the stahdard changed, for No.l, from 1.43 and 1.77
to 1.40 and 1.74, and for No.2, from‘l.49 and 1.74 to 1.59 and 1.72.
Within the experimental error (< 7%), no significant change in the
concentration of either 1-NpOMe or NND was found during irradiation.
Similar analysis of the brown phoﬁolysate of No. 3 showed a new peak at

4.83 min for 16 in a 60% yvield and a 21% conversion of NND,
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5.5 Wavelength—Dependent Irradiation of 1-NpOH and NND

Irradiation of 1-NpOH

A cylindrical quartz tube (1.1 x 12 cm) containing a solution of i-‘
NpOH (18 mg,A0.125 mmol) and NND (9.3 mg, 0.125 mmol) in 5-ml dioxane was
placed in contact with a flat quartz vessel containing a filter solution
of NND (74 mg, 1.0 mmol) in 40-ml dioxane. The two vessels were wrapped
with heavy aluminum foil, leaving a window (1.0 x 4.0 cm) for irradiation
as shown in Figure 5-3. The sample solution was degassed and then
irradiated with a 450 Watt Hanovia lamp through the filter solution at
about 15°C for 2.5 h. GC trace (ov-l capillary column at 180°C) of the |
yellow photolysate indicated quinone monoeximé 16 formation in 53% yield

with a 40% conversion of 1-NpOH.

condenser

flat vessel

window ~<«—— aluminum foil

Figure 5-3 Assembly for photoexcitation of 1-NpOH.
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Irradiatisn of NND

A 5-ml dioxane solution of 1-NpOH (18mg, 0.125mmol) and NND (18mg,
0.24 mmol) was degassed and then irradiated with a 200 Watt Hanovia lamp
through a GWA filter (cut-off<350 nm) at 15°C for 6 h. GC analysis
(OV-1 capillary column at 180°C) before and after irradiation showed two
peaks at Rt 2.48 min of 1—Np0H and at Rt 3.29 min of the standard (1-
nitronaphthalene) with the same peak-area ratio of 0.33:1.0.

The same solution was irradiated under similar conditions except for
a Pyrex filter (cut-off < 280 nm). GC analysis of the brownish photolysate
showed peaks at Rt 2.43 min for 1-NpOH, Rt 3.22 min for the standard and
Rt 6.32 min for the product 16 in the peak-area ratio of 0.12{1.0:0.16.

The yield of 16 was calculated to be 35%.

Laser Photolysis

These experiments were performed in Professor G.B. Porter's
laboratory, Department of Chemistry, University of British Columbia. The
laser pulses (pulse wavelength at 308 nm, pulse width about 8-12 ns, and
maximum pulse energy of 80 mﬁ) were generated from a Lumonics TE—861—T3
Excimer Laser with HC1, H, and Xe as the operating gas mixture. The pulse
frequency was adjusted to give 0.3 Watt. The sample solution in a
quartz tube (1.1 x 12 cm$ was sealed with a septum and purged with
nitrogen through an inlet needle for 10 min. The sample tube was placed on

an optical bench as shown in Figure 5-4 for irradiation.
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Figure 5-4 An optical bench, A Lumonics Excimer Laser,
B focussing lens, € sample tube,

D tube holder.
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1-NpOH

The following‘sample solutions were prepared in quartz tubes:

No.l, a 7.5-ml dioxane solution containing 1-NpOH (54mg, 0.375mmol)
and NND (54mg, 0.730mmol); |

No.2, a 1.2-ml THF solution containing 1-NpOH (9mg, 0.0625mmol) and
NND (30ﬁg, 0.208mmol) ;

No.3, a 1l.2-ml methanol solution containing 1-NpOH (9mg, 0.0625mmol)
and NND (30 mg, 0.208 mmol).
The deaerated solutions were irradiated with laser pulses at 30-35°C
for 10 min (No.l) and 20 min (No.2 and No.3). GC analysis of light brpwn
photolysate of No.l showed three peaks for 1-NpOH at Rt 2.55 min, an
unknown compound at Rt 3.05_min and 16 at Rt 6.55 min in the ratio of
40:1.0:4.1. The conversion of 1-NpOH and the yield of 16 were determined to
be 11.5% and 80%, respectively. Similar analyéis of brownish photolysate of
No.2 also showed three peaks for 1-NpOH at Rt 2.56 min, an unknown compound
at Rt 2.67 min, and-16 at Rt 6.67 min in the peak-area ratio of
28.8:1.8:1.0. The‘conversion of 1-NpOH and the yield of 16 were determined
to be 9.2% and 38%, respectively. GC analysis of yellowish photolysate of

No.3, showed only one peak for 1-NpOH at Rt 2.57 min.

2~-NpOH
The following three sample solutions were prepared in quartz tubes,
No.l, a 7.5-ml dioxane solution containing 2-NpOH (54 mg, 0.375mmol)
and NND (54 mg, 0.730 mmol);
No.2, a 1.2-ml THF containing 2-NpOH (9mg, 0.0625mmol) and NND (30
mg, 0.208 mmol);

No.3, a 1l.2-ml methanol solution containing 2-NpOH (9mg, 0.0625mmol)
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and NND (30mg,'0.208mmol).

Each of the deaerated sample solutions was irradiated with laser pulses at
30-35°C for 20 min. GC analysis (ov-1 capillary column at 180°C) of the
brown photolysate in Tube No.l, showed four peaks, 2-NpOH at Rt 2.60 min,
unknown A at 2.95 min, unknown B at 3;12 min and 17 at 3.91 min. The
peak-area ratio was 34.9:2.3:1.0:3.7 respectively. The conversion of 2-NpOH
and the yield of 17 were determined to be 16.7% and 53%, repectively. The
similar analysis of No.2 and No.3 each showed only one peak for 2-NpOH at

Rt 2.60 min.

5.6 Triplet Sensitization and Quenching
5.6.1. Sensitization by Xanthone and 2-Acetonaphthone

A 5-ml dioxane solution of 1-NpOH (18 mg, 0.125 mmol), NND (10 mg,
0.135 mmol) and xanthone (196 mg, 1 mmol) was sealed in a quartz tube (1.1
X 12 cm) with a septum. The solution was éurged by nitrogen and then
irradiated with a 200 Watt Hanovia lamp through a GWA filter (cut—-off<350
nm, Figure 5-2) at 15°C for 6 h. GC analysis (0V-1l capillary column at
180°C) of the photolysate showed that the peak-area ratios of 1-NpOH and
the standard (l-nitronaphthalene) were 0.35 and 0.31, before and after
irradiation, respectively. No peak at Rt 6.55 min for the compound 16
was detected.

Under conditions similar to those described above, a 5-ml dioxane
solution containing 1-NpOH (18 mg, 0.125 mmol), NND (10 mg, 0.135 mmol)
and 2Z2-acetonaphthone (85 mg, 0.5 mmol) was irradiated for 6h. GC analysis
of the yellowish photolysate showed that the peak-area ratios of 1-NpOH
and thé standard were 0.42 and 0.40, before and after irradiation,

respectively. No peak at Rt 6.55 min for the compound 16 was detected.
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5.6.2. Triplet Quenching by Cyclohexadiene

Samples Seven saméle solutions of 1—N§OH (0.030 M), NND (0.030 M)
and varied concentrations of cyclohexadiene (CHDE, 0-0.009 M) in THF (5
ml) were prepared by the general procedure described below. 216 mg (1.5
mmol) 1-NpOH, 111 mg (1.5 mmol) NND and 120 mg (1.5 mmol) CHDE were each
dissolved in 10-ml THF to give three stock solutions. 1.0-ml aliquots of
the 1-NpOH and NND stock solutions were pipetted into each of seven 5-ml
volumetric flasks, and various aliquots (33, 66, 100, 150, 200 and 300 ul)
of the CHDE stock solution were injected intoc each of the above six flasks
with a microliter syringe. After diluting.with THF to 5 ml, the sample

solutions were transfered into quartz tubes (1.1 x 12 cm) and degassed.

Irradiation The degassed solutions were irradiated on a merry-go-
round apparatus in a Rayonet Photochemical Reactor with 300-nm lamps (21
Watt x 16) for 20 min at 31°C. The actinometer solution of benzophenone
(0.050 M)-benzohydrol (Q.lo M) in 5-ml benzene was irradiated under the

same conditions, but for 5 min.

Analysis The light intensity of the source was determined with the
actinometer of benzophenone-benzohydrol with a known quantum yield of

0.74%¢,

The absorbance (&) at 342 nm of benzophenone was measured with
0.10 cm optical path cells to be 0.730 and 0.595, before and after
irradiation, respectively. The light intensity (I) was calculated by

absorbance change (AA) from Equation 5-2 to be 2.60 x 107

Einstein/(min.ml).

- 3 -
I= AA/(10 e342¢1t) : 5-2
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1 1

where €349 = 140 M “cm - is the extinction coefficient of benzophenone at
342 nm, t is the elapsed irradiation time in min, and 1 = 0.1l0cm.

The concentration of guinone monooxime 16 was determined
by HPLC (C18 column, MeOH/HZO = 70/30 by volume) with

l-nitronaphthalene as the internal stahdard:
[ox] = AOX[IS]/l.OSAIS 5-3

where [0X] and [IS] are the concentrations of 16 and the standard,
respectively; Agy and A.;g are their corresponding HPLC peak areas. The
value of the relative response factor, 1.08, was previously determined
from the slope of the plot of Ayy/A;¢ against [0xX]/[15]. Since the sample
and actinometer had the same volume, the product quantum yields (@ox)

were readily calculated from Equation 5-4.

@ox = [0X]/I-t 5-4

where t is the elapsed irradiation time (in min) of the sample solutions.

5.7 Fluorescence Studies
5.7.1 Fluorescence Spectra

Uncorrected fluorescence spectra of the phenols 9-15 and the
corresponding phenolates were taken in methanol at room temperature. Stock
solutions (0.001 M) of these phenols were pfepared. Each sample solution
of the phenol was made by pipetting a 1.0-ml aligquot of the stock solution
into a 5-ml volumetric flask and diluting with methanol to 0.0002 M. Each
sample solution of the phenolates was prepared by pipetting a 1.0-ml

aliquot of the stock solution into an appropriate volume of alkaline
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methanol solut;on (containing 0.002 M KOH) to get the concentration of the
corresponding phenolate of 0.0002 M. The sample solution in a sealed
fluorescence cell was purged with nitrogen for 10 min, and then a
fluorescence spectrum was recorded. The spectra of 1-NpOH and its
naphtholate are, for example, shown iﬁ Figure 5-5. The onset wavelengths
of the phenols and phenolates are listed in Table 1-2.

The 77K‘fluorescence spectra (Figure 2-12) of 1-AnOH in the absence
and presence of NND, TEA or KOH, respectively, were recorded using the
same phosphorescence sample holder assembly except for removal of the
"chopper”. A phosphorescence sample tube containing one of above solutions
was inserted in a Dewar flask filled with liquid nitrogen. The

experimental conditions are described in the caption of Figure 2-12.
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INTENSITY

RELATIVE

[l i 'y

330 370 410 450 490 530 570
‘ A(nm)

Figure 5-5 Normalized fluorescence spectra of 1-NpOH (0.0002 M)
in the absence (1) and presence (2) of KOH (0.002 M)
in methanol at 20°C; the excitation wavelength was

at 300 nm.
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§.7.2 Fluorescence Intensity Quenching
Two kinds of geometric arrangement of quartz cell for observation of

fluorescence are shown in Figure 5-6.55

Figure 5-6 A shows a standard
geometry, i.e. a routine illumination. The front—féce illumination, as
shown in Figure 5-6 B, is performed by arranging a square cell oriented at
about 45° relative to an incident beam so that only emitted light, but not
reflected light, is allowed to enter the detector. 1In this way the
emission at the incident point on the inner surface of the sample solution
is detected; in another words, the effective light path length for re-
absorption of emitted fluorescencg by some quencher (e.g. NND) was |

estimated to be less than 107 °-cmi2?

in comparison to 0.5 em using the
routine illumination technique; consequently, the reabsorption of the

emission by NND is negligible.

A B

routine illumination front-face illumination

Figure 5-6 Geometric arrangements of a cell (1.0 x 1.0 cm)
for measurements of fluorescence spectra, a is

an incident beam, and b, an emission beam.
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The fluorescence intensity ratio, I°/I, was determined at the
maximum-intensity wavelength. The Stern-Volmer correlation of I°/I vs
[NND], based on Equation 2-6, was calculated from the least-square

analysis.

5.7.2.1 Routine Illumination

1-NpOH and NND’ The quenching of 1-NpOH fluorescence by NND was
measured in methanol, acetonitrile and dioxane at 20°C with excitation
wavelength of 300 nm (slit 3 nm). The intensity ratio was determined at
about 340 nm, and linearity of I°/I vs [NND] was established with a
correlation coefficient of 0.996-0.999, as shown in Table 5-5.

The normalized fluorescence spectra of 1-NpOH (0.0002 M) in the
presence of NND (0.01-0.10 M) in acetonitrile were recorded, as shown in
Figure 2-9. The spectra show that the reabsorption of emission by NND
around 340 nm seriously distorts the shape of the spectrum, causing the

shift of the maximum emission band to 390 nm.

1-NpOH and Hzo Quenching of 1-NpOH fluorescence intensity by
water is shown in Figure 2-29. The observed and calculated data are listed

in Table 2-12.

1-NpOH and TEA Quenching of 1-NpOH fluorescence intensity by TEA
is shown in Figure 2-30. The observed and calculated data are listed in

Table 2-13.

1-NpOH and DMF Quenching of 1-NpOH fluorescence intensity by DMF

was determined. The observed and calculated data are listed in Table 2-14.
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Table 5-5 Quenching of 1~NpOH (0.0002 M) Fluorescence Intensity by

NND in Various Solvents with the Routine Illumination®

MeOH MeCN Dioxane
I1°/1 [NND] I1°/1 [NNbJ I°/1 [NND]
(345 nm) M) (343 nm) (M) (342 nm) (M)
1.08 0.0002
1.16 0.0004 1.13 0.0004 1.09 0.0004
1.21 0.0006 1.21 0.0006 1.22 0.0008
1.34 0.0009 1.30 0.0009 1.41 0.0012
1.48 0.0012 1.43 0.0012 1.63 0.0016
1.69  0.0016 1.72  0.0020 1.83  0.0020
kqTo oL 432 369 472
kq(lolom‘ls‘1> 5.68 4.85 4.45
r 0.997 0.999 0.996

a. Each sample solution was excited at 300 nm.
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1-NpOH and QC Quendhing of 1-NpOH fluorescence intensity by QC was

measured. The observed and calculated data are listed in Table 2-15.

2-NpOB and TEA Quenching of 2-NpOH fluorescence intensity
by TEA was determined, as shown in Figure 5-7. The intensity ratio I°/I

was measured at 355 nm.

1-AnOH and NND Fluorescence spectra of 1-2nQH in the absence and
presence of increasing [NND] in various solvents were measured at 22-25°C.
The observed data and the conditions of measurements are summérized in
Table 5-6. The cérresponding Stern-Volmer plots are shown in Figure 2-14.
The spectra in THF, for example, are shown in Figure 2-13.

Fluorescence spectra of 1-AnOH in the absence and presence of
increasing [NND] in dioxane at wvarious temperature, 10-50°C, were
recorded. The temperature fluctuation was kept at + 0.3°C. The observed
data and the conditions of recording the spectra are listed in Table
5-7. The Stern-Volmer plots are shown in Figure 2-15, and the

quenching rate constants shown in Table 2-2.

Anthracene and NND Quenching of anthracene(0.0002M) fluorescence
by NND (0.004-0.020 M) in methanol was measured at 22°C with excitation
at 375 nm (slit 2.5 nm) and with emission region of 370-500 nm (slit 3 nm)
(Figure 3-6). The intensity ratios, I°/I, were défermined at
397 nh, and are shown in Table 3-4. Since both anthracene and NND have
absorption at the excitation wavelength of 375 nm, the corrected I°/I was

calculated from Equation 5-5.124
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Table 5-6 Fluorescence Intensity Quenching of 1-AnOH by NND

in Various Solvents at 22-25°C2

Dioxane THF .. MeCN EtOH MeOH
[NND] I°/1 [NND] I1°/1 [NND] I°/1 [NND] I°/1 [NND] I°/1I

(M) (434 nm) (M) (442 nm) (M) (445 nm) (M) (446 nm) (M) (450 nm)

0.007 1.23 0.0075 1.14 0.0075 1.33 0.007 1.06 0.008 1.08
0.014 1.48 0.0150 1.31 0.0150 1.62 0.014 1.13 0.016 1.15
0.021 1.73 0.6225 1.50 0.0225 1.97 0.021 1.20 0.026 1.32
0.028 1.99 0.0300 1.70 0.0300 2.31  0.028 1.29 0.032 1.40
0.035 2.29 0.0375 1.92 0.0375 2.72 0.035 1.39 0.040 1.49

a. Each sample solution was excited at 400 nm (slit 2.5 nm).
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INTENSITY

RELATIVE

Figure 5-7 Fluorescence spectra of 2-NpOH (0.0002 M) in MeCN at 20°C
in the absence and presence of TEA with excitation at 300
nm, the curve 1-6 contained [TEA] of 0, 0.0038, 0.00756,

0.0118, 0.0161 and 0.0214 M. The Stern-Volmer plot of

I°/1 (at 355 nm) vs [NND) gave k.r_ = 23.5 M +

q’o

and r = 0.997.
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(I°/I)corr = (I°/I)obs "R 5-5

Where A = - epCp 1_10_<GDCD+GQCQ)L
énC*<oCo 1- 10 ¢p“pt

¢p and €g are the extinction coefficients of quenéhee and quencher at the
excitation wavelength; Cp and CQ are the concentrations of quenchee and
quencher, respectively; L is an excitation-light path length (0.5 cm). The
observed and corrected data, and the Stern-Volmer parameters are shown in

Table 3-3.

9,10-Dimethylanthracene and NND

Quenching of fluorescence intensity of 9,l0-dimethylanthracene
{(0.0002 M) by NND (0-0.0035 M) in methanol was measured at 22°C with
excitation at 400 nm (Figure 3-7), and the €400 value of 9,10-
dimethyianthracene is 3500 M-l cm-l, but that of NND at the concentration
range of 0.007-0.0035 M, about zero. The intensity ratio was determined at

425 nm, and the Stern-Volmer parameters are shown in Table 3-5.

berylene and NND Fluorescence spectra of perylene (7x10'5 M) in
methanol at 22°C in the absence and presence of NND (0.010-0.060 M) were
recorded with excitation at 430 nm (slit 2 nm), scanning from 420 to 540
nm (slif 3 nm). The intensity ratio I°/I was determined at 465 nm, as

shown below:

[NND] (M): 0.010 0.020 0.030 0.040" 0.050 0.060

I°/1 ¢ 1l.012 1.024 1.039 1.046 1.054 1.070
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The Stern-Volmer parameters are listed in Table 3-5.

Tetracene and NND- Fluorescence spectra of tetracene (leo—5 M) in
methanol at 22°C in the absence and presence of NND (0.020-0.060 M) were
measured with excitation at 440 nm (slit 5 nm) and emission region of 450-
620 nm (slit 3 nm). With increasing concentration of NND, the maximum

intensity at 473 nm was slightly and randomly changed (Figure 3-8).
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5.7.2.2 Front~Face Illumination

The front-face illumination technique was employed in the

/ .
investigation of quenching of 1-NpOH fluorescence by NND. A sample-cell

holder was constructed and mounted on a sample-holder turntable, as shown

in Figure 5-8.

Fiéure 5-8 Sample-cell holder for front-face illumination

technique, A, B, and C are screws, and D is a cell.
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To measure the emission from the sample, contamination from the
reflected~-beam had to be eliminated. The entrance slit of the monochromater
before the dectector was /covered with a sheet of paper. Then, the
reflected-light spot, which was visible on the paper, was removed
from the entrance slit through the use of screw A (Figure 5-8).
Fluorescence spectra of 1-NpOH (0.002 M) in the absence and
presence of NND (0.0025-0.0150 M) in dioxane were measured at 22°C with
excitation wavelength of 300 nm and an emission range of 310-400 nm, as
shown in Figure 2-10. The intenSity ratio was determ;ned at 342 nm, and
the Stern-Volmer plot with the slope of k

qfo = 117 M1 is shown in Figure

2-11.

5.7.3 Time-Resolved Fluorimetry

Fluorescence~lifetime measurement and transient fluorescence
spectroscopy of 1-NpOH, 1-NpOD and 1-AnOH in the absence and presence of
NND were performed at room temperature by Dr. T.W. Steiner in the
Department of Physics, Simon Fraser University, using the facilities
provided by Professor M.L.W. Thewalt. The excitation source was a
synchronously pumped, cavity dumped and modelocked dye laser system,
operating at 600 nm with 4 MHz repetition rate and a 30 ps pulse width at

147

300 nm after frequency doubling. The fluorescence detector was a fast

photomultiplier operating in a photon counting mode.147

1-NpOH
Transient fluorescence spectra of 1-NpOH (0.0006 M) in acetonitrile

were measured at room temperature at various delay times, 0-1, 1-3, 3-8,

8-14, 14-20 and 20-40 ns after irradiation at 300 nm with the scanning



198

from 320 to 521 nm. A sample solution in a fluorescence cell was sealed
with‘a septum, and purgea with nitrogen for 10 min prior to determination.
The shape of the transient spectra in Figure 2-17 is not changed for
different delay times. The méximum emission band is around 342-356 nm.

Transient fluorescence spectra of 1-NpOH (0.0006 M) in the presence
of NND (0.006 M) in acetonitrile were measured under similar
conditions. The spectra are shown in Figure 2-18 , and are similar to those
in the absence of NND (F;gure 2-17).

Fluorescence logarithmic decay curves of 1-NpOH (0.0002 M) in the
absence and presence of NND (0.004-0.030 M) in dioxane were measured under
similar conditions to those described above. For each sample solution,
three decay curves were recorded at the monitoring wavelengths of
330, 345 and 400 nm, respectively. Figure 2-20 shows an example of the
curves. The fluorescence lifetimes were automatically calculated by a
microcomputer from the slopes of the curves, and are summarized in Table
2-3. The Stern-Volmer plots of 7./7 Vs [NND] for the three runs in Table
2-3 gave straight lines, and the quenching rate constant was calculated
from Equation 2-10.

Under similar conditions to those used for dioxane, fluorescence
decay cﬁrves of 1-NpOH (0.0006 M) in THF in the absence and presence of
NND (0.060 M) were»measqred by excitation at 300 nm and monitoring at 340
nm. Both decay curves are staight lines but with different slopes. The
lifetimes are 9.31 and 1.33 ns for the absence and presence of NND (0.060
M), respectively. Transient fluorescence spectra of l—ﬁpOH (0.0006 M) in
the presence of NND (0.060 M) in THF were recorded. at the delay times of
0-0.5, 0.5-1.0, 1.0-2.0, 2.0-3.0, 3.0-5.0 and 5.0-10.0 ns after
irradiation at 300 nm with monitoring wavelength-region of 310-496 nm. The

spectra show a maximum at 390 nm and a shoulder at 344 nm (Figure 2-19).
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Fluorescence decay curves of 1-NpOH (0.0002 M) in the absence and
presence of EPb (0.030-0;180 M) in methanol were measured under similar
conditions to those described above, except for excitation at 310 nm and
monitoring at 355 nm. Faf each concentration of NND, three runs were
performed to give an average lifetime as shown in Table 2-4, with mean
deviation of 2% , The lifetime is essentially independent of the

concentration of EPO.

1-NpOD

Fluorescence decay curves of 1-NpOD (0.00034 M) in the absence and
presence of NND (0.005-0.025 M) in freshly dried dioxane were measured
with monitoring wavelength of 345 nm under the same conditions as those
used for l1-NpOH. The decay curves are straight lines, and the slopes become
steeper with increasing concentration of NND. The lifetimes calculated from
the slopes are tabulated in Table 2-5, fogether with the Stern-Volmer
parameters.

Transient fluorescence spectra of 1-NpOD (0,00034 M) in the presence
of NND (0.0025 M) were measured at 0-0.98, 0.98-2.94, 2.94-5.07, 5.07-
8§.02, 8.02-12.12 and.12.12—17.20 ns after irradiation at 300 nm with
monitoring wavelength-region of 310-496 nm. The spectra are shown in

Figure 2-22,

1-AnOH

Fluorescence decay curves of 1-AnOH (0.0002 M) in the absence and
presence of NND (0.005-0.025 M) in dioxane were measured under similar
conditions to those used for 1-NpOH, except- for monitoring at 435 nm.
The decay curves are straight lines, and an.example is shown in Figure 2-

25. The Stern-volmer plot of ro/r vs [NND] is a straight line, as shown in
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Figure 2-26. ihe lifetimes and the Stern-Volmer parameters are listed ip

Table 2-8. .
Transient fluorescence spectra of 1-AnOH (0.0002 M) in the presence

of NND (0.025 M) in dioxane were measured by excitation at 300 nm with

monitoring wavelength-region of 310-708 nm at various delay times of O-

1.3, 1.3-4.5, 4.5-9.0, 9.0-17.3 and 17.3-27.3 ns.

5.8 Phosphorescence Spectra

Uncorrected phosphorescence and phosphorescence excitation spectra of
NND in EPA glass at 77K were measured using a Perkin-Elmer MPF 44B.
spectrometer. A sample solution was placed in a phosphorescence tube
(quartz glass,0.4x21.0 cm), and purged with nitrogen for 4 min prior to
measurement. The conditions of measurement are shown in the caption of

Figure 3-5.

5.2 Quantum Yield Determination

Determination of quantum yields of oxime formation, &

ox’ and NND

disappearance, ¢y, in photonitrosation was carried out in "merry-go-round"
apparatus A or B. Apparatus A consists of a turntable which revolves around
a 450 Watt Hanovia lamp inserted in a Pyrex water-cooling jacket, the whole
assembly being immersed in a water-bath. Apparatus B is a RaYonet
Photochemical Reactor equipped with RPR-300-nm lamps (21 Watt x16) and with

an air- cooling system.

5°9°1§ox for 1-NpOH in Various Solvents
The quantum yield for the formation of the quinone monooxime 16 was
determined as a function of the concentration of NND in various solvents

such as dioxane, acetonitrile, benzene, toluene and methanol. A typical
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run in dioxane is described below. Stock solutions of 1-NpCH (216 mg, 1.50
mmo;) and of NND (178 mg; 2.41 mmol), each in dioxane, were prepared in
two 10-ml volumetric flasks. A\l.o—ml aliquot of the 1-NpOH stock solution
was pipetted into each of nine 5-ml volumetric flasks, into which aliguots
(0.100-0.950 ml) of the NND. stock solution were injected with a microliter
syringe. After diluting with dioxane to 5 ml to give nine sample solutions
containing 0.030-M 1-NpOH and NND (0.00576-0.0480 M), the solutions were
transferred into quartz tubes (1.1x12 cm), which were subsequently capped
with septa and wired up. Nitrogen was purged through the solution for at
least 10 min prior to irradiation. The actinometer solution was prepared
as follows. 456 mg (2.50 mmol) benzophenone and 921 mg (5.0 mmol)
beﬁzhydrol, were respectively dissolved in 25-ml benzene. A 2.5-ml aliquot
was pipetted from eaéh‘of the above stock solutions into a quartz tube,
then purged with nitrogen for 10 min, The actinometer solution contained
0.050-M benzophenone and 0.10-M benzohydrol. The deaerated samples and
actinometer were irradiatea at 19°C in "merry-go—roun " A for 100 min (but
25 min for the actinometer). The conversion of 1-NpOH was 5-25%, and that
of benzophenone was 12%. The yellow photolysates were analyzed by HPLC
(C,g column, MeOH/H,0 = 70/30, by volume, UV detector at 254 nm) with 1-
nitronaphthalene as an internal standard. The. concentration of 16 was
calculated from Equation 5-3, and the corresponding quantum yield, éox'
was calculated from Equation 5-4. When the determination was performed in
"merry-go-round” A, the correction of the incident light absorbed by 1-

NpOH was made according to Equation 5-6:
I =1 x As/(As + AN) 5-6

where Ic = light intensity absorbed by 1-NpOH, Io = measured light
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intensity, As'= absorption area of 1-NpOH (0.03 M) from 280 to 330 nm, and
By = absorption area of NND (0.00576-0.0480 M) from 280 to 330 nm. The I,
value was calculated from Equation 5-2 from the change in absorbance of
benzophenone at 342 nm during irradiation. The Stern-Volmer plot is given
in Figure 2-27. The quantum yields and the Stern-Volmer parameters are
listed in Table 2-7. For othe; solvents, the determination was carried out
in the same way as described above, and the Stern-Volmer parameters are

listed in Table 2-8. The observed data are listed in Appendix 1II.

5.9.2 %, and §, for 1-NpOH in Various Solvents

The gquantum yields for formation of 16, ¢ox' and for NND
disappearance, $,,, in various solvents such as dioxane, THF, acetonitrile,
methanol and ethanol were determined in the presence of increasing
~ concentration of NND in "merry-go-round" B. The sample and actinometer
solutions were prepared in the same way as described in the previcus
section. The deaerated solutions were irradiated with 300-nm lamps at 31°C
for 20 min, causing a 5-15% conversion of 1-NpOH (5 min for the
actinometer). The ¢ox value was calculated in the same way as before.
After irrédiation, the concentrations of NND were determ;ned by HPLC in
the same way as in the determination of [1-NpOH], and obtained from

Equation 5-7:
[NND] = ANND[IS]/0.245AIS 5-7

where [NND] and [IS] are the concentrations of NND and l-nitronaphthalene
(an internal standard), respectively; ANND and AIS are the corresponding
peak areas. The constant, 0.245, is a relative response factor, which was

measured from the plot of Ay, /Arc Vs [xND]/[1S]. The &, value was
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calculated from Equation 5-8:
oy = A[NND]/It 5-8

where A[NND] is the change in concentration of NND during irradiation; 1I
is the light intensity; t is fhe elapsed irradiation time in minutes. It
was not necessary to correct the incident light absorbed by 1-NpOH because
no absorption of NND occurs at 300 nm. The Stern-Volmer correlations of
1/%,, vs 1/[NND] and of 1/%y vs 1/[NND] were determined by least-square

calculation. The results are shown in Table 2-9. The observed data are

listed in Appendix II.

5.9.3%, for 2-NpOH, 2-Allyl-l-naphthol and Anthrols

The sample and actinometer solutions were prepared in the manner
described in section 5.9.2, and the ¢N value was determined by the
procedure described in the previous section except that a 340-nm UV
detector was employed in HPLC analysié for anthrols. The Stern-Volmer
parameters for these phenols are listed in Table 2-11, and their observed

data are given in Appendix III.

5.9.4 Quenching of Photonitrosation

The quantum yields, éox and ¢N, for the photonitrosation of 1-NpOH
with NND (both at a fixed concentration) were determined as a function of
the concentration of a quencher such as water, TEA, DMF, or QC. The sample
solutions were prepared in the manner described in section 5.6.2, and

using the same actinometer as above.
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HZO

Deaerated sample solutions containing 1-NpOH (0.030 M) and NND (0.020
M) in the absence and pfesence of H,0 (0.045-0.450 M) in THF were
irradiated in "merry—go-round“;B for 20‘min at 31°C. HPLC analysis (the
same conditions as used in section 5.9.2) of the yellow photolysates gave
the concentration of 16 and the concentration change of NND after
irradiation. The wvalues of éox and ¢, were calculated from Equations 5-3
and 5-8, respectively. The correlation of either éoxo/éox or ¢N°/¢N, Vs

[H,0] based on Equations 2-26 gave a straight line. The observed data and
2

the Stern-Volmer parameters are listed in Table 2-12.

TEA

The.conditions of the determination of éox as a function of [TEA]
wére similar to those described previously, except that the sample
solutions were irradiated in "merry-go-round"” A for 120 min at 19°C. HPLC
analysis of the yellow photolysates provided the concentration of 16, and
the ¢ox values were calculated from Equation 5-3. The correlation of

$_ _°/®

ox/®ox V5 [TEA] was obtained from the least-squares analysis. The

observed data and the calculated Stern-Volmer constants are listed in

Table 2-13.

DMF
The conditions of the determination of ¢ox as a function of [DMF]
were the same as those used for the system of l-NpOH/NND/HZO. The values

of ¢°x°/¢ox and the Stern-Volmer parameters are listed in Table 2-14.
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QcC
The conditions of the determination of ¢y as a function of [QC] were
the same as those described previously. The values of ¢N°/¢N are listed in

Table 2-15.. -

5.10 Studies of the Groﬁnd State Complex of 1-NpOH (or 1-AnOH) with NND
5.10.1 Determination of Association Constant by UV-Vis Spectroscopy

Stock solutions of 1-NpOH (0.0006 and 0.0003 M) and stock
solutions of NND (0.03, 0.05, 0.06, 0.10, 0.15 and 0.30 M) were prepared
in dioxane by the volumetric method and kept in dark prior to use.
Differential absorption spectra were recorded at 20°C using a pair of
double-compartment cells. A typical run is shown in Figure 5-9. The OD
values were determined at 398, 400 and 402 nm from the spectra shown in
Figure 2-32. The association constant (K) for the complex of 1-NpOH with
NND was calculated from Equation 2-28. The K values at various
concentration of NND are shown in Table 2-16.

Absorption spectra of ground state complex of 1-AnOH with NND in
cyclohexane at 20°C were determined using a pair of normal cells. The
spectra and the calculated association constant are shown in Figure 2-33

and Table 2-17, respectively.
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For recording baseline For recording spectrum
[1-NpOH]=0.0006 M [1-NpOH]=0.0006 M
Reference
cell
(NND]=0.060 M (NND]=0.060 M
[1-NpOH]=0.0006 M [1-NpOH]=0.0003 M
Sample [NND]=0.030 M
cell [1-NpOH]= 0.0003 M
[NND]=0.060 M [NND]=0.030 M

Figure 5-9 A pair of double compartment cells for the

differential absorption spectra.
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5.10.2 NMR Stuéies of thé Ground State Complex

The chemical shifts of methyl groups in NND at 0.50 M in CCl4 in the
absence and presence of l-NgQH (0.083-2.00 M) were measured at 20°C on a
EM-360 spectrometer at 60-Mﬁz. For each concentration of 1-NpOH, the
determination of the chemical shift was repeated four times to get the
averaged reading with a deviation of less than *1.0 Hz. The plot of the
chemical shift difference (A$ defined in Equation 2-30)
for each methyl group against [1-NpOH] is shown in Figure 2-34.

The NMR spectra of 1-NpOH (0.070 M) in the absence and presence of
NND (0.081-0.649 M) infCDC13/CCl4 (3/7, by volume) were measured fromv9.00
to 6.00 ppm on a Bruker WM-400 spectrometer at 400 MHz at 20°C. The plots
of A5 vs [NND] and the plots of 1/A5 vs 1/[NND] are shown in Figure 2-36

and 2-37, respectively.

5.10.3 Photolysis of Ground State Complex of 1-NpOH with NND

‘Déaerated solutions of 1-NpOH (0.030 M) in the presence of NND
(0.027 and 0.054 M) in dioxane and acetonitrile were irradiated on "merry
-go-round” A through a GWV filter (cut-off < 380 nm) with a 200 Watt
Hanovia lamp at 19+2°C for 31.5 h. HPLC (C18 column, MeOH/HZO = 70/30, by
volume) analysis of the yellow photolysates gave the concentration of 16.
The quantum yield, ?ox' was determined with the actinometer of potassium
ferrioxalate. The following stock solutions were prepared in re-distilled
water for actinometry:

(1) 0.2% (by weight) phenanthrolin (50 mg) solution (25 ml).

(2) NaOAc.3H,0 (8.2 g)-H,S0, (concentrated, 1 ml) buffer solution
(100 ml).

(3) Fe2(504)3.XH20 (approximately 80% Fe2(504)3, 10.03 g)—HZSO4
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(concentrated, 5.5 ml) Solution (100 ml).

(4) chéo4.azo (5.52 g) solution (25 ml).
The actinometer solution was prepared by pippetting 5 ml aliquots from each
of Fe2(504)3 and K,Cy0, st?ck solutions into a 100-ml volumetric flask,
and diluting to 100 ml with H,0. A 5-ml aliquot of the green actinometer
solution was pipetted into a quartz tube and purged with nitrogen for 10
min. The deaerated actinometer solution was irradiated for 20 min under
the same conditions as those described previously. A 1-ml aliquot was
pipetted from the irradiated actinometer solution into a 10-ml §olumetric
flask, followed by adding 2-ml 0.2% phenanthroliné solution and 0.5-ml
buffer solution and dilutting to 10 ml with HZO, and the solution turned
orange. The absorption spectrum of the orange solution was measured Qith
0.l-cm UV cells. Thé absorbance at 510 nm was determined to be OD = 0.195.
& blank solution, prepared by mixing l-ml aliquot‘of a un-irradiated
actinometer solution with the same additives, gave OD = 0.003 at 510 nm.

The light intensity was calculated from Equation 5-9 to be 3.79 x 10~ %

Einstein/min.
I (Einstein/min) = Av2v3/eld>tvl : 5-9
where A = corrected absorbance of irradiated actinometer solution,

vl = mls of irradiated actinometer solution withdrawn,
'Vz = mls of irradiated actinometer solution,

V3 = mls of the volumetric flask used for dilution of irradiated

aliquot,
e = 1.11 x 10% M lem™! at 510 nmt4®
b = 1.14148

t = irradiation time in minutes.
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1

optical path length of the UV cell (0.1 cm).

5.11 Photoaddition of NND to Pyrene in Acidic Medium

4 yellow methanol solution (350 ml) containing pyrene (3.12 é, 15
mmol), NND (0.89 g, 12 mmol) and concentrated hydrochloric acid (2.5 ml,
29 mmol) in ApparatusnIII was irradiated for 3 h under nitrogen at 0-5°C.
Thé dark photolysate was evaporated to 50 ml to give 2,545 g crude pyrpene
as shown by TLC (silica gel 60GF254, toluene/ petroleum ether = 70/30, Re =
0.80). The filtrate was evaporated to afford a dark grey solid (0.214 g),
which‘showed two spots in TLC: the light one at Re = 0.80 and the dark one
at Rf = 0.35. The solid was recrystallized from methanol three times to
give grey-yellow shining crystals (150 mg), (showing one spot at Re at 0.35
in TLC), 1l-dimethylaminopyrene hydrochioride: mp 157-159°C; IR (nujol):
3015(w) 2350 (m, br) 1600(m) 1510(w) 1480(s) 1425(m) 1405(m) 1380(s) 1150(m)
1140(m) 995(m) 920(w) 850(s) 840(s) 825(m) 800(m) 780(m) 720(m)‘695(m) and

685(m) cm_l; MS m/e(%): 246(20), 245(100, M+-HC1), 230(30), 202(40) and

201(20); T

H-NMR (DMSO-dg): & 2.50(s, -NMe,, 6H), 8.12(t, 1H), 8.18(s, 2H),
8.23(d, 1lH), 8.37(m, 4H) and 8.50(d, 1lH); l3C-NMR (DMSO-dG): 6 45.9, 117.5,
121.8, 125.1, 125.4, 126.6, 126.8, 127.1, 127.6, 128.5, 130.3 and 130.9;
anal. for ClBHlGNCI (281.5) caled.: C 76.73, H 5.68, N 4.97; found C 76.86,
H 5.38, N 4.91.

A solution of l-dimethylaminopyrene hydrochloride (30 mg) in methanol
(1 ml) was adjusted to pH 10 by addition of saturated agqueous potassium
carbonate solution. The dark brown agueous solution was washed with benzene
(2 x 4 ml). The washings were dried from magnesium sulfate and evaporated
to afford a crude product (22 mg), which was recrystallized from

benzene-petroleum ether to give 7-mg black solid 24; lH—NMR (acetone—ds) 8

2.08 (s, 6H, -NMe,), 7.83(d, J=8.3 Hz, 1lH), 8.00(AB, J=9.0 Hz 1lH), 8.02(t,
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J=7.5 #z, 1lH), 8.07(aB, J=9.0, 1lH), 8.14(d, J=9.8 Hz, 1lH), 8.18(d, J=7.5
Hz, 1lH), 8.21(d, J=8.3 Hz, 1lH), 8.22(d, J=7.5 Hz, 1H) and 8.48(d, J=9.8 Hz,

1H); 13

C~NMR (acetone-ds) 6 45.8, 117.7, 124.5, 125.2, 125.3, 126.3, 126.5,
127.0, 128.3 and 132.4; MS m/e (%) 246(20, M++l), 245(100, M+), 230(25,

'M"-Me) and 201(30, M -NMey) .

5.12 Oxidative Photoaddition of NND to l-Phenylpropenes in Acidic Media
5.12.1 General Procedure

lH--NMR spectra of the purified arylpropenes, 26, 29 and 32, were
measured in CDCl, with a Bruker SP-100 spectrometer. The spectra showed the
coupling constants of olefinic protons: Ji3 = 16.6 (26), 15.7 (29) and 16.0
Hz (32). A methanol solution containing NND, an arylpropene and hydrochloric
acid in Apparatus III (Pyrex filter) was irradiated under 0, purging at 0°C
using a 200 W Hanovia Lamp. The progress of the photolysis was monitored by
UV spectroscopy of the samples taken at intervals. The solution was
irradiated until the absorption at 330 nm for NND disappeared. The
photolysate was evaporated to a small volume, diluted with 50 ml water and
extracted with ether (3x20 ml). The combined ethereal solution was dried
and evaporated to afford the "acidic-neutral" fraction. The aqueous phase
was adjusted to pH=1l0 with saturated aqueous sodium hydrogen carbcnate
solution and then extracted with methylene chloride to give a basic
fraction. Immediately, the basic fraction, taken up in dry THF, was stirred
with LAH at room temperature for 24 h. After hydrolysis with sodium
hydroxide solution, filtration and washing of the granular residue with THF,
the combined filtrate and washings were evaporated to give the crude
product, which was analyzed using IR, lH NMR and GC (0OV-~l capillary column,
at 140°C), and eventually chromatographed to afford pure products. Their

elemental analysis and spectroscopic data are summarized in Tables 5-7 to
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5.12.2 Photoaddition to (E)-1(4-Methoxyphenyl)propene (26)

A solution of NND (3.55 g, 48 mmol), 26 (5.93g, 40 mmol) and
concentrated hydrochloric acid (4.8 ml, ca. 56 mmol) in methanol (320 ml) -
was irradiated undef Sz‘for 4 h, The reddish-brown "acidic-neutral"
fraction (1.82 g) showed a complex GC trace and IR absorptions (neat) at:
3400(m, br) 2840(w) 1680(s, br) 1600(5) 1550(s) 1510(s) 1460(m, br)

1250(s, br) 1170(m) 1110(m) 1030(s) and 830(s) cm_l.

The basic fraction
(7.2 g) exhibited IR absorption at 1675(s), 1250(m) and 860(w) cm—l due to
a nhitrate (-ONOZ) functional group. The basic fraction (5.0 g) was reduced
with LAH (4.12 g, 110 mmol) in dried THF (120 ml) for 24 h and hydroiyzed
to give a red brown o0il (4.05 g) which showed the disappearance of —ONO2
absorption in the IR spectrum. The GC analysis of the o0il afforded the
following compounds (Rt, yields calaulated from the GC peak area based on
26): 27 (5.32 min, 24%), threo—isomer 28a (7.54 min, 28%), and erythro-
isomer 28b (7.08 min, 15%). The crude products (300 mg) from reduction
were separated on preparative TLC plates (Silica gel 60 GF254 /
toluene/ethyl acetate/triethylamine, volume ratio, $/3/1) to give 27 (48

mg), 28a (74 mg), and 28b (34 mg). The compounds of 27, 28a and 28b are

colorless oils.

5.12.3 Photoaddition to (FE)-3-Phenyl-2-propenol (29)

A solution of NND (3.55 g, 48 mmol), 24 (5.37 g, 40 mmol) and
concentrated hydrochloric acid (4.8 ml, ca. 56 mmol) in methanol (320 ml)
was irradiated under O, for 4 h. The "acidic-neutral" fraction (0.67 g)
showed a complex GC trace and IR absorptions (neat) at 3450(m,br) 1700(s)

1

1660(m) 1560(m) 1280(s,br) 940(w,br) and 850(m,br) cm *. The basic
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fraction (7.43 g) exhibited IR absorptions at 1680(s), 1275(m) and 855(w)
em™! due to -ONO, . The bésic fraction (5.84 g) was reduced with LAH (4.1
g, 110 mmol) in dried THF (120 ml) for 24 h, and hydrolyzed to give a
brown o0il (5.07 g), which showed the disappearance of the -ONO,
absorptions. The GC analysis of the o0il afforded the following compounds
(Rt, yvields calcuiéted from GC peak area based on 29): threo—isomer 30a
(10.71 min, 42%), erythro-isomer 30b (lOL32 min, 16%) and 31 (1l1l.42 min,
14%). The reduced fraction (800 mg) was separated by column chromatography
on neutral alumina (45 g). Elution with 0-30% ethyl acetate/toluene
afforded 30a (285 mg), 30b (a colorless oil, 60 mg) and 31 (100 mg). The
compounds 30a and 31 were recrystallized from ether as white needles, m.p.

63.5-65.0°C and 71-72°C, respectively.

5.12.4 Photoaddition to (F)-1-(4-Hydroxy-3-methoxyphenyl)propene (32)

A solution of NND (1.78 g, 24 mmol), 32 (3.20 g, 20 mmol) and
concentrated hydrochloric acid (3 ml, c¢a. 35 mmol) in methanol (300 ml)
was irradiated under 0, for 4.5 h. The "acidic-neutral"” fraction (3.5 g)
showed at least 6 GC peaks and IR absorptions at 3400(s, br) léOO(m)
1520(s) 1460(m, br) 1280(m, br)'llOO(m) 1040(m) and 740(m) cm—l. The basic
fraction (1.04 g) exhibited the major GC peak for 33 (Rt 7.24 min). This
fraction (800 mg) was purified by column chromatographf on neutral alumina
(50 g). Elution with 0-30% ethyl acetate/toluene provided the pure
compound 33 which was recrystallized from benzene as white needles, mp 95-

96°C.
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Table 5-7 Elemental Analysis of Photoaddition Products

Mol. Formula Calculated Compoﬁnd Found
. ‘
(FW) o H N o H N
C,3H, N0 69.96 9.42 6.28 27 69.77 9.33 6.60
(223)
Cy,H, N0, 68.90 9.09 6.69 28a 69.51 9.31 6.27
(209) 28b 69.10 9.30 6.84
C11H17N°2 67.69 8.72 7.18 30a 67.75 8.99 7.16
(195) 30b 67.56 9.00 7.41
C;3Hy,N50 70.27 9.91 12.61 31 70.62 10.29 12.40
(222)
C13H21N03 65.26 8.88 5.85 33 65.05 8.78 5.27

(239)
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Table 5-8 ly-NMR Spectral Data of Photoaddition Products
Compound , Data
| .

27 0.62(d, J=8.0, -Me) 2.37(s, —NMeZ) 2.92(m, 1lH)
3.13(s, -OMe) 3.82(s, -OMe) 3.95(d, J=10, 1lH)
6.88-7.22(m, 4H)

28a 0.63(d, J=7.0, -Me) 2.30(s, —NMeZ) 2.56(m, 1lH)
3.80(s, -OMe) 4.15(d, J=10, 1H) 6.88-7.25(m, 4H)

28b 0.76(d, J=7.0, -Me) 2.34(s, -NMeZ) 2.50(m, 1H)
3.80(s, -OMe) 4.90(d, J=3.0, 1H) 6.88-7.25(m, 4H)

30a 2.55(s,°-NMe2) 2.59(s, -OH, D20 exch) 2.72(m, 1H)
3.43-3.56(m, 2H) 4.43(d, J=10, 1lH) 7.25-7.42(m, 5H)

30b 2.40(s, -NMe,) 2.54(s, -OH, D,0 exch) 2.58(m, 1H)
3.63-3.70(m, 2H) 5.04(d, J=3, 1lH) 7.24-7.40(m, 5H)

31 2.12(s, -NMeZ) 2.15(s, -NMeZ) 3.15(m, -CHN)

3.77(d, J=11, PhCHN) 3.90(m, —CHZOH) 7.15-7.30(m, 5H)

33 0.58(d, J=7.0, -Me) 2.34(s, 4NMe2> 2.83(m, 1H)

3.15(s, -OMe) 3.83(s, -OMe) 3.85(4, J=8.0, PhCH-)

7.75-7.83(m, 3H) 8.27(s, -OH, D,0 exch)
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Table 5-9 3c-nMr Spectral Data of Photoaddition Products
Compound Data

28a 6.21(Me) 39.9(—NMez) 55.2(-OMe) 66.0(-CHN)

74.4(-CHOH) 113.7-156.3(Ph)

28b 9.7(-Me) 42.9(-NMe,) 55.2(-OMe) 65.5(-CHN)

72.1(-CHOH) 113.5-158.7(Ph)

30a 41.3(-NMe2) 58.4(-CHN) 71.4(—CH20H)

71.6(PhCHOH) 127.1-141.9(Ph)

30b 42.1(‘NMe2) 58.4(~CHN) 70.2(-CH20H)

72.4(PhCHOH) 125.9-142.8(Ph)
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Table 5-10 IR Data of Photoaddition Products

-1

Compound t Vmax(cm )

27 2840(w) 2830(w) 2790(w) 1620(s) 1520(s) 1460(m, br)
(neat) 1250(s) 1180(m) 1100(s) 1040(m) 840(m)

28a 3350(m, br) 1620(s) 1520(s) 1465(m) 1250(s) 1045(s)
(neat) 835(s)

28b 3340(m, br) 2840(w) 2790(w) 1615(s) 1515(s) 1465(s)
(neat) 1250(s) 1180(m) 1040(s) 965(m) 825(m)

30a 73400(5, br) 2850(m) 2800(m) 1500(m) 1l465(s) 1270(m, br)

(nujol) 1160(m) 1060(s, br) 1000(s) 755(m) 707(s)

30b 3400(s, br) 2950(s) 2890(m) 2840(m) 2800(m) 1605(w)
(nujol). 1500(w) 1455(s) 1270(m, br) 1070(m, br) 1030(s) 760(m)

710(s)

31 3400(m, br) 2940(s) 2840(m) 2790(m) 1500(w) 1455(s)

(nujol) - 1160(m) 1040(s) 755(m) 710(s)

33 3400(m, br) 1600(w) 1510(s) 1470(m, br) 1275(s)

(KBr) 1240(m, br) 1100(m) 1040(m) 870(w) 820(m) 750(w)
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Table 5-11 MS (CI) Data of Photoaddition of Products

Compound

27

28a

28b

30a

30b

31

33

m/e(%, fragment)

224(28, M'+1) 222(25, M'-1) 192(37, M'-OMe)
72(100, Me,NCHCH,")

210(100, M*+1) 192(63.4, M*-0H) 165(11, M+—Me2N)

72(22.4, Me,NCHCH,")

210(100, M'+l) 208(15, M -1) 192(42, M'-OH)

165(6, M+—Me2N) 72(22, MezNCHCH3+)

196(100, M'+1) 178(6l.4, M'-OH)

88(47.4, Me,NCHCH,OH)

196(100, M'+1) 178(4l, M'-OH)

88(43.4, Me,NCHCH,OH")

223(46, M'+1l) 221(27, M'-1) 178(100, M+—Me2N)

134(95, M+—Me2NCHCH20H) 88(30, MeZNCHCH20H+)

240(43, M'+1) 238(30, M'-1) 208(100, M'-OMe)

195(6, M+-Me2N) 167(22, M -Me NCHCH )

2
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APPENDIX I
1. Derivation of Equations 2-19 and 2-21 from Scheme 2-1

The steady state approximation applied to the singlet excited
state 1-NpOH and to the exciplex C, gives

I = {ke + kio + kgy + kq[NND]}[ 1-NpOH]

1* -
and kq[NND][ 1-NpOH] = (kp + ky + kp.)[Cl]

The quantum yvield of formation of 16 (éox) is:

kplCy]

Al
|

ox
I

Hence, the quantum yield is given by

kpkq[NND]
by = - ;
(p + ky + kp.){kf + ki + kg + kq[NND]}
then -
/¢, = 1/8 + l/{ﬁrokq[NND]} 2-19
where l/ro = k

£ ¥ kic + kst
g

Similarly, the

qguantum yield of disappearance of NND
(éN) is:

& = P P 1

I
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Hence, this quantum yield is given by

(kp + kp.)kq[NND]

N (kp + ky + kp;){kf + Rjo + kg + kq[NND]}
then
/ey = 1/8' + l/{ﬁ'rokq[NND]} 2-21
where .
Urg = kg + kjo + kg

= (ke + k) /(k. + k. + k.,

8 ( p p )/ ( D b kp )

2. Derivation of Equation 2-26 from Scheme 2-1 and Equation 2-25
Si@ilarly, the éox is:

ko [Cy ]

ox
I

The steady state approximation gives

1= {kf + K.

l*
ie Tk ¥ kq[NND] + kc[B]}[ 1-NpOH]

l* _ .
and kg [NNDI[* 1-NpOH] = (kj + ky +kj0[C;]

Hence, the quantum yield is given by

s - kpkq[NND]

()9
(kp + Ry + kp ) fke + kyo + kgy + kg[NND] + k_[B]}

but in the absence of a base, B, it is given by
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' ‘ k_k |NND
. o q[ ]
(kp + ky + kp.){kf kit kg ¥ kq[NND]}
Hence
Pox’® ) ke + kyo + kgp *+ kq[NND] + kc[B]
<I>ox _ kf + kic + kst * kq[NND]
then
q’ox°/q’ox = 1 + kc-r[B] 2-26
where '
1/7 = ke + kic + kst + kq[NND]
Similarly,

¢N°/¢N =1 + kcf[B] 2-26'
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APPENDIX II

Table I1-1&__ in Photolysis of 1-NpOH (0.050 M)

" with NND in CH,CN at 19°¢®
3 i
[NND]Ix10° (M) @ox 1/[NND] (1/M) 1/<I>cx
5.76 0.0246 174 40.7
7.20 0.0313 139 31.9
9.60 0.0351 104 28.5
14.4 0.0417 69.4 24.0
19.2 0.0474 52.1 21.1
24.0 0.0536 41.7 18.7
28.8 0.0563 34.7 17.8
36.0 0.0601 27.8 16.6
-1
kgro (M) 8149
kqxlo'g M Ls7Ly 11+1
, (Lim) 0.080%0.004
r 0.993

a. The sample solutions were irradiated through a Pyrex
filter at 19°C for 120 min to cause 8-15% conversion

of 1-NpOH.



229

Table II-2 on in Photolysis of 1-NpOH (0.050 M)

with NND in Benzene at 19°c2

,
[NND]x10° M) B, 1/[NND] (1/M)  1/%,
5.90 0.00710 169 141
7.38 0.00875 136 114
9.84 0.0110 102 91.0
12.3 0.0128 81.3 78.3
14.8 0.0143 67.8 69.9
17.2 0.0157 58.1 63.7
kK r (M 1) 33+4
q’o _
kqxlo‘9 (M~1s71y 3.10.4
¢, (1im) 0.044+0.004
r 0.998

a. The sample solutions were irradiated through a Pyrex
filter at 19°C for 120 min to cause 5-10% conversion

of 1-NpOH.
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Table II-33 ox LN Photolysis of 1-NpOH (0.050 M)

with NND in Toluene at 19°c2

3

[DIx10° D @, 1/[NND] (1/M) 1/,
7.38 0.00804 136 124
9.84. 0.00931 102 108

12.3 0.0113 81.3 8.5
17.2 0.0143 58.1 70.0
22.1 0.0158 8.3 63.5

korg (MD) 459

q’o :

kgr1072 (M ts™H | 4.320.8

@, (1im) 0.03210.004

r 0.993

a. The sample solutions were irradiated through a Pyrex
filter at 19°C for 120 min to cause 5-10% conversion

of 1~-NpOH.
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Table 11-4& __ in Photolysis of 1-NpOH (0.050 M)

with NND in Methanol at 19°¢®

[NND]x103 (M) 8.,  L/[NND] (1/M) /%,
7.87 0.00693 127 144
9.84 0.00763 102 - 131

4.8 0.00924 67.8 108

19.7 0.0103 50.8 97.1
24.6 0.0113 40.7 88.7
29.5 0.0125 33.9 80.1
39.4 0.0133 25.4 75.7
49.2 0.0140 20.3 71.4

KqTo oLy 85%5

kqxlo‘9 M 1s71) 11.120.6

¢, (1im) 0.01740.001

r © 0.99

a. The sample solutions were irradiated through a Pyrex
filter at 19°C for 100 min to cause 3-10% conversion

of 1~NpOH.
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Table II-5& _ and &, in Photolysis of 1-NpOH (0.030 M)

with NND in Dioxane at 31°C%

3 ‘ |
[NND]x10 1/[NND] box 1/<1>ox &y 1/%y
(M) (1/M)
7.45 134 0.0276 36.3  0.0616 16.2
10.0 100 0.0340 29.5  0.0728 13.7
12.6 79.4 0.0379 26.4  0.0798 12.5
15.0 66.7 0.0402 24.9  0.0865 11.6
17.8 56.2 0.0446 22.4  0.0962 10. 4
Kk r_ (MY 7447 9349

q’o =
kqxlo‘9 mM~Ls™1y 7.0%0.7 8.740.9
&(1im) 0.08+0.01 0.15%0.01

r 0.997 0.996
k_tk_,:k 1.0:0.92:10.

pikp iy 0:0.92:10.8

a. The sample solutions were irradiated by RPR-300nm lamps

for 30 min to cause 10-20% conversion of 1-NpOH.



233

Table II-6 §_, and &, in Photolysis of 1-NpOH (0.030 M)

with NND in Acetonitrile at 31°C2

3 . '
[NND]x10 1/[NND] @ox 1/<1>ox &y 1/<I>N
M) (/M)

8.26 121 0.0374 26.8 0.0721 13.9
11.1 90.1 0.0454 22.0 0.0816 12.3
13.8 72.5 0.0505 19.8 0.0958 10.4
16.5 60.6 0.0527 19.0 0.104 9.60
19.5 51.3 0.0558 17.9 0.110 9.07
22.2 45.1 0.0590 17.0 0.117 8.58

quo 1t i) 89+9 7449
kqxlo'9 M~Ls™1 1221.2 9.7%1.0
$(1lim) 0.089+0.005 0.19+0.01
r 0.995 0.993
kp:kp.:kb 1.0:1.1:9.1

a. The sampie solutions were irradiated by RPR-300nm lamps

for 22 min to cause 9-18% conversion of 1-NpOH.



Table II-7 & and §N in Photolysis of
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with NND in THF at 31°c2

1-NpOH (0.030 M)

[NND]x10° 1/ [NND] Sy 1/%,, By 1/
M) (/M)

8.20 1122 0.0338 29.5 0.0800  12.5
11.0 90.9 0.0417 24.0 0.0966  10.4
13.7 73.0 0.0443 22.6 0.111 8.98
16.2 61.7 0.0512 19.5 - -
18.9 52.9 0.0531 18.8 0.128 7.81
21.2 47.2 0.0558  17.9 - -

KqTo oY 699 605
kqxlo’9 M 1s™h 7.4%1.0 6.4%0.5
$(1lim) 0.0940.006 0.243%0.007
r 0.993 0.999
kp:kp,:kb 1.0:1.6:8.1

a. The sample solutions were irradiated by RPR-300nm lamps

for 22 min tb cause 3-8% conversion of 1-NpOH.
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Table II-8 §°x in Photolysis of 1-NpOH (0.030 M)

with NND in Ethanol at 31°c®

3, '
[MND]x107 (M) 1/[NND] (1/M) & x /&,
7.94 126 0.0112 89.1
10.6 94.3 0.0134 74.8
13.4 74.8 0.0151 66.2
15.6 64.1 0.0172 58.1
18.6 53.9 0.0183 54.6
21.5 46.2 0.0193 51.7
kK r (M1 605
q'o -
kqxlo‘g M 1s71yb 7.9%0.4
&y (1im) 0.034+0.002
r 0.997

a. The sample solutions were irradiated by RPR-300nm lamps
for 33 min to cause 3-10% conversion of 1-NpOH.

b. The Lo value is assumed to be the same as in methanol (7.7 ns).
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Table I1-9 & . in Photolysis of 1-NpOH (0.030 M)

with NND in Methanol at 31°c¢@

5 |
[NND]x103 (M) | 1/[NND] (1/M) ®ox /@
7.32 139 0.00753 133
9.76 98.0 0.00865 116
14.6 64.5 0.0113 88.5
17.1 54.2 0.0120 83.1
19.5 47.6 0.0127 78.8
kK r_ (MY 82413
q’o =
kqxlo‘9 M~1s~1)b 1122
@, (1im) 0.020%0.002
r : 0.991

a. The sample solutions were irradiated by RPR-300nm lamps
for 26 min to cause 3-6% conversion of 1-NpOH.

b. Ty = 7.7 ns (see Table 2-4)
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APPENDIX III

Table III-1 §N in Photolysis of 2-NpOH (0.030 M)

with NND in Acetonitrile at 31°C®-

[NND]x10% (M) 1/[NND] (1/M) . 1/,
10.0 100 0.0308  32.4
12.5 80.0 0.035¢  28.2
15.0 66.7 0.0377  26.5
17.5 57.1 0.0419  23.9
20.0 50.0 0.0423  23.6

kgr, ML) 79110
"o *

&y (Lim) 0.0710.005
ky/ (kg # ) 13.2

r 0.993

a. The sample solutions were irradiated by RPR-300nm lamps

for 70 min to cause 3-8% conversion of 2-NpOH.
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Table III-2 &, in Photolysis of 2-Allyl-l-naphthol

(0.030 M) with NND in Acetonitrile at 31°c2

[MD]x10° (M) 1/[NND] (1/M) | &y 1/%y -
7.5 133 0.112 8.96
10.0 100 0.141 7.12
12.5 80.0 0.157 6.39
15.0 66.7 0.171 5.87
17.5 57.1 0.198 5.04
ko (MY 5919
g0 . -
&y (1lim) 0.35£0.04
+K_ . .
kb/(kP kp ) 1 9'
0.994

r

a. The sample solutions were irradiated by RPR-300nm lamps

for 18 min to cause 19-28% conversion of 2-allyl-l-naphthol.
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Table III-3 &, in Photolysis of 1-AnOH (0.030 M)

with NND in Dioxane at 31°C2

[NND]x10° (M) 1/[ND) (/M) @y 1/%,
7.5 133 0.0382  26.2
10.0 100 0.0453  22.2
12.5 | 80.0 0.0533  18.8
15.0 66.7 0.0634  15.8
17.5 57.1 0.0711  14.1
kgTo (MD) | 3418
"o *
&y (Lim) 0.190.04
K/ (K #k, ) 2.4

r 0.993

a. The sample solutions were irradiated by RPR-300nm lamps

. for 20 min to cause 5-12% conversion of 1-AnOH.
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. Table III-4 §u in Photolysis of 9-AnOH (0.630 M)

with NND in Dioxane at 31°C3

[NND]x10 () 1/[NWD] (1/M) &y 1/%y,
7.8 _ 128 0.0865 11.6
10.4 96.2 0.104 9.60
13.0 76.9 0.116 8.59
15.6 64.1 0.127 7.86
18.2 54.9 0.138 7.30
20.8 48.1 0.137 7.30
Kk r_ (M1 7948
q'o -
y (1im) 0.23£0.01
+ L 3
K/ (Rp+ky o) ‘ 3.4
r 0.996

a. The sample solutions were irradiated by RPR-300nm lamps

for 21 min to cause 5-15% conversion of 9-AnOH.
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Table III-53, in Photolysis of 9-Phenanthrol

(0.030 M) with NND in Dioxane at 31°C®

[NND]x10° (M) 1/[NND] (1/M) 3 1/,
7.62 - 131 0.0395  25.3
10.2 98.4 0.0498 20.1
12.7 78.7 0.0589 17.0
15.2 65.6 0.0623 16.0
17.8 56.2 0.0741 13.5
20.3 49.3 0.0752 13.3
Kk r_ (ML) 3816
q"o *
&y (Lim) 0.18+0.02
+ 1 .
/(¥ ) 4.7
r 0.996

a. The sample solutions were irradiated by RPR-300nm lamps

for 20 min to cause 8-15% conversion of 9-phenanthrol.



