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The corresponding semiquinone radicals are formed via a one-photon reaction during the ir-
radiation of pyridine, quinoline, isoquinoline, pyrazine, pyrimidine, quinoxaline, and acridine
in neutral hydrogen-containing solvents such as ether, methanol, or ethanol, In all cases, the
dissolved substance in the nr*-excited (usually singlet) state splits out a hydrogen atom from
the solvent, Six-membered monoaza aromatic compounds on irradiation in methanol acidified
with HCI are converted to the same semiquinone radicals as in neutral media, but via a two-
photon process consisting of electron transfer from an alcohol molecule to the higher excited
triplet state of the protonated monoaza aromatic compound., The corresponding cation radi-
cals are formed by UV irradiation of pyrazine, quinoxaline, and phenazine in methanol acid-
idified with HC1. Six-membered o-diaza compounds of the phthalazine and cinnoline type do
not react with ether in the absence of a ketone, which acts as a chemical sensitizer. How-
ever, they react with methanol via a two-photon mechanism in which the first step is proton-
ation of the dissolved substance, which is followed by electron transfer,

Many papers devoted to photochemical substitution reactions of aza aromatic compounds with hydro-
gen-containing solvents have been published in the last decade [1]. Primary reaction products — photoaddi-
tion products that are usually unstable under the experimental conditions — were isolated in some cases [1].

The photochemical reaction with acridine has received the most study [1]. Acridan, diacridanyl, and
9-substituted 9, 10-dihydroacridan (scheme 1) are formed in different ratios as a function of the solvent when
acridine is irradiated in ether, alcohol, or hydrocarbons,
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We have studied photosubstitution in the case of the following reactions, 1) Photosubstitution of pyri-
dine by cyclohexane [2] yielded 2- and 4-cyclohexylpyridines and dicyclohexyl (scheme 2):

%
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Fig. 1. ESR spectra: a) 0.1 M solution of quinoline in methanol; b) the same solution 20 min after irradia-
tion; ¢) 0.1 M solution of quinoline in ether; d) 0.4 M solution of quinoline in ether,

Fig. 2. Kinetics of the formation of radicals from various aza aromatic compounds in 0.5 M methanol so~
lution at 113°K (the concentration units were selected arbitrarily): a) 0,1 M quinoxaline; b) 0,4 M quinoline;
c) 0.6 M isoquinoline; d} 1.4 M pyrazine; e) > 1.5 M pyridine; f) > 1,5 M pyrimidine,

Fig. 3. ESR spectra: a) solution of quinoline in CH4OH; b) solution of quinoline in CD;OD; c¢) solution of
2-methylquinoline in CH3OH; d) solution of 2-methylguinoline in CDyOD,

Fig. 4 Fig. 5 Fig. 6

Fig. 4. ESR spectra: 1) 9-phenylacridine in CH;OH; 2) 9-phenylacridine in CD3OD; a) experimental spectra;
b) theoretical spectra (0.4 M at 193°K),
Fig. 5. ESR spectra: 1) 9-phenylacridine in CHgOH; b) 9-phenylacridine in CD3OD (0.2 M, 113°K).

Fig. 6, ESR spectra of radicals formed during UV irradiation of 0.9 M solutions of 9-phenylacridine: a)
radical X-H (CH3;OH solvent); b) radical X-D (CD4OD solvent) ¢} mixture of radicals X-H and X-D [CH;0H +
CD3OD solvent (1:1}1,
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2) The photochemical substitution of quinoline by cyclohexane and of quinoline and some of its methyl-
substituted derivatives by ether [3] gave 2- and 4-substituted compounds when methyl groups were absent
in these positions, The photochemical reaction of 8-methylquinoline with neutral ethanol gave equal amounts
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of the 2-(x-hydroxyethyl) derivative and 1,2,3,4-tetrahydroquinoline, Only aromatic compounds are formed
in the case of quinoline [4] (scheme 3):
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3) In the photochemical substitution of isoquinoline by ether [3], substitution occurs only in the 1 pos-
ition (scheme 4), and 1-methylisoquinoline does not react:
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4) In the photochemical substitution of pyrazine by cyclohexane, the products are 1-cyclohexylpyrazine
and dicyclohexyl (scheme 5): .

Scheme 5
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5) In the photochemical substitution of quinoxaline by ether, the reaction products {61 are 2-(1-ethoxy-
ethyl)quinoxaline and 2-ethylquinoxaline (scheme 6):

N Scheme 6 N
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The structures of the compounds obtained suggest a radical mechanism for the occurrence of these
photochemical reactions. From the numerous studies devoted to the flash photolysis of acridine, it was

concluded that radicals of the I type are intermediates in these reactions [1]. However, 4 years ago, when
we began our studies, there had been practically no ESR studies of these photochemical reactions nor spec-
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tral studies of the one- and two-ring compounds, and the mechanisms of the photochemical substitution-ad-
dition reactions were interpreted in analogy with the photochemical reactions of acridine, Our goal was to
confirm that radicals are the intermediate particles in these reactions, to characterize them, and to estab-
lish the mechanism of their formation and, consequently, the mechanism of the photochemical substitution-
addition reactions,

STRUCTURE OF THE RADICALS FORMED IN NEUTRAL MEDIA

Electron-spin-resonance signals are observed when pyridine, quinoline, isoquinoline, acridine, pyra-
zine, pyrimidine, quinoxaline and some of their methyl-substituted derivatives in ether, methanol, or ethanol are
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TABLE 1, Experimental Secondary Moments of Radicals Formed
during UV Irradiation of Aza Compounds in CH3OH and CD;OD at

113°K
Compound , Solvent ’ M, l AM,
Quinoline { CHOH | & |
- CD,0D | 7%
2-Methylquinoline ’ CH,OH 1 95 : 13
CD;0OD ‘ 82
4 -Methylquinoline I CH3;0H | 127 13
‘ CD;0D 114
2,4-Dimethylquinoline CH:OH ’ 134 13
CD;0D 121
Isoquinoline CH,;0H ' 81 8
CD;0D | 73
3-Methylisoquinoline CH;OH 1 82 7
CD,0D \ 75
TABLE 2, Experimental Secondary Moments TABLE 3. Theoretical and Experimental
(G% of Radicals Formed during UV Irradia- Secondary Moments of the Radicals Formed
tion of Quinoline and Isoquinoline in Various by Irradiation of Some Azo Compounds
Solvents at 113°K™ (CD,0D, 113°K)
o o Secondary moment
Solvent Quinoline |Isoquinoline Compound X
. i S D theoretical|  exptl.
Methanol 100 92 Quinoline 79 ‘ 76
Ethanol 102 95 2-Methylquinoline 75 82
Ether 112 — 4-Methylquinoline {14 ! 114
2,4-Dimethylquinoline 116 t2t
" Isoquinoli_ne o 68 73
Calculated with allowance for the fact that 8-Methylisoquineline L
g = 2.0023 at 113°K,
TThe secondary moment cannot be measured
accurately because of the low intensity of the
signal,
TABLE 4, Secondary Moments of the Rad- irradiated, but only in glass matrices. The ESR signals
ical Formed during UV Irradiation of 9- therefore do not have hyperfine splitting and cannot be
Phenylacridine (113°K) analyzed by the usual method, Let us consider the
problem of the identification of the structure in the
Solvent T Secondary moment case of quinoline, This method was also used for the
exptl. theoretical i A
J— - rest of the investigated compounds, The broad band
Methanol ’ 42 of the ESR spectra obtained at 77°K by UV irradiation
%éﬂﬁ’i‘f‘aml i’? 81 with a Philips Sp 500 lamp of average pressure of 0.1
Ether l 45 M solutions of quinoline in methanol, ethanol, or ether

is due to the superimposition of the signals of radicals
of the dissolved substance and the solvent [7].

When methanol is used as the solvent, a methyl radical is formed, whereas when ether is used as the
solvent, an ethyl radical is formed (Fig. 1, spectra a and c), If the irradiated solufion is allowed to stand
in the dark, the methyl radicals vanish after 20 min, and only the signal of the radical of the dissolved sub-
stance, which does not have hyperfine splitting (Fig. 1b), remains. The concentration of ethyl radicals de-
creases when a 0.4 M quinoline solution rather than a 0.1 M solution is used. This is a general property.
A limiting concentration, above which one cannot detect solvent radicals, exists for each of the investigated
compounds, As shown in Fig, 2, one observes a dependence between the kinetics of formation of radicals of
the dissolved substance and this limiting concentration. We explain the absence of solvent radicals at high
concentrations of the dissolved substance by their rapid recombination, This recombination proceeds more
readily when large amounts of radicals are formed (for high concentrations of the dissolved substance) than
when small amounts are formed (for low concentrations of the dissolved substance) [6]. (We assume that
the solvent radicals are formed as a result of photochemical reaction of the dissolved substance.)
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The solvent radicals are not stable enough at 113°K to be detectable by means of ESR spectroscopy,
and only the signals of the dissolved substance remain, We carried out all of our subsequent ESR experi-
ments at this temperature, From the structures of the products of the reactions of quinoline with ether [3]
and alcohol (scheme 3), two types of radicals — radical I or radicals Ila, b [7] — can be formed as inter-
mediates in the investigated photosubstitution reactions, The formation of an anion radical is excluded:
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As shown in Fig. 3, the ESR signals obtained during UV irradiation of quinoline or 2-methyl quinoline in
CH;0H do not coincide with the signals obtained when CD3OD is used as the solvent, This is evidence that
a portion of the solvent is included in the radical of the dissolved substance,

To confirm the structures of these radicals, we had to use the method of secondary moments, The
experimental secondary moment of the ESR signal, M,, is

M= [AH?G (H)dH,
0

where G(H) is the absorption curve, and H is the magnetic field,

It is shown in Table 1 that the difference between the secondary moments in CH;OH and CD3;OD is al-
most constant in a single series of quinoline and isoquinoline derivatives., The experimental secondary mo-
ments for quinoline and isoquinoline in methanol and ethanol are almost identical (broadening of the spec-
trum because of the effects of the matrix and saturation of the signal [8] is observed in ether) (Table 2),
From the data in these two tables, one can exclude radicals Iila and IIlb (r or o), inasmuch as in radical III
(m), the constant of the interaction of the hydrogen atoms with the Sp3—hybridized carbon atom should have a
high value, For IV (97 it is 61,6 G and, consequently, the experimental secondary moment should be higher
than the observed value., Furthermore, when R = CH,—OH, the methylene protons are found in the ¥ posi-
tion, and their interaction constant is less than 1 G [10]; in this case, the difference between the experimen~
tal secondary moments in CH;OH and CD;0D should be considerably less than the observed 13 G? (Table 1),

In radicals III (o), the hyperfine interaction constant of the nitrogen atom should have a value on the
order of 50 G — it is 52,5 G [11] for the pyridine cation radical —and the ESR spectrum consequently should
be considerably broader than the spectrum observed,

The data in Table 1 and 2 correspond to radical II, To confirm this hypothesis, we calculated the
theoretical secondary moment of this radical, in which the nitrogen atom is in the sp*hybridized state,
According to [12], the secondary moment of radicals of the II type is

2
My= Mo+ Mg+ i* + Mon+ Monn,

where My and Mgg, respectively, are the contributions of the hyperfine interaction of hydrogen and anisot-
ropy g, o is the width of the band of a single crystal, and M,y and M,y pertain to the hyperfine interaction
of the nitrogen atom and the hydrogen atom bonded to it.

In analogy with previous ESR studies, we have assumed that [7]

Moy p=<0,
MgH :anl 74pi,
i

where pj is the spin density on the carbon atom bonded to the hydrogen atom, nj is the number of hydrogen
atoms bonded to carbon atom i, MyN = 914p’N (oN is the spin density on nitrogen), 0%/4 = 6 G2, and Mg =
4 G2,

For the methyl derivatives we assumed that Mycyy, = 495p¢2, where p¢ is the total spin density asso-
ciated withthe methyl group, The spin densities were caiculated by the method in [13], during which we as-
sumed that [71]
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TABLE 5, Spin Densities of Semiquinone Radicals Formed from
Quinolines and Isoquinolines

i . Q.4
o ...+ 2-Methyl-| 4-Methyl- | Dimethvl- . 106 13-Methyliso-
Position | Quinoline . quin Olil}l,e quinoli g A E\i{?lo;?r)llel, Isoquinoline quinoli%]e
11 o566 0,320 | 01345 | 01130 . 04042 0,4084
2 E 0,2109 | 0,1833 ( 0,2135 . 0,1825 : 0,1007 0,1095
3 I —0,0250 0,0101 —0,0443 ! —00130 | —0,0510 —0,0495
4 ! 0,3634 | 0,3568 0,3726 | 0,3658 ! 0,1507 0,1396
5 ; 0,1837 0,1966 | 0,1996 | 02132 | 0,1178 0,1124
6 ! —0,0065 ' —0,0151 —-0,0119 | -0,0209 0,1216 0,1247
7 i 0,0791 | 0,0931 0,0880 | 0,1036 | —0,0295 —0,0334
8 | 0,1037 ‘ 0,1001 i 0,1115 ! 0,1088 % 0,2476 ! 0,2486

TABLE 6, Radicals Formed during UV Irradiation of 9-Phenyl-
acridine (233°K, liquid phase) and Quinoxaline (113°K, glass)

Solvent 9-Phenylacridine Quinoxaline
CH;0H X-H VIII-H
CH;OD X-D VIII-D
CD,;0D X-H
Cbs0D X-D
CH,0H (50) —CH,0D (50) X-H (50) ~X-D (50)
CH30H (80) - CH,0D (20) X-H (80) —X-D (20)

an=a¢+098c—c; Pen=fcc; A=12

where aN is the coulombic integral of the nitrogen atom, a¢

is the coulombic integral of the carbon atom, 8¢ is the res-

onance integral of the C—Chond, Bc_y is the resonance integ-

ral of the C—Nbond, and A is the parameter of the interatomic
FORe exchange integral,

To calculate the spin density associated with the methyl
group we used a hyperconjugation model with an inductive ef-
fect [71.

The experimental and theoretical secondary moments
for the II radical or its methyl derivatives coincide satisfactor-
ily in the case of quinolines, and the experimental and theoret-
ical secondary moments for the V radical or its 3-methyl de-
rivative coincide satisfactorily in the case of isoquinolines
(Table 3).

Fig, 7. ESR spectra obtained by irra-
diation of a 0.4 M solution of 4-meth-
ylquinoline: a) in neutral CD3OD; b) in
a 0,4 M solution of DCI in CD30OD; c)
in twofold diluted (CD;OD) solution b,

‘ On the basis of similar experiments and calculations for

other compounds we arrived at the conclusion that on irradia~

tion in ether, neutral methanol, or ethanol, pyridine forms radical VI [2], pyrazine forms radical VII [6],
quinoxaline forms radical VIII-H [6], pyrimidine forms radical IX [14], and acridine forms radical I [151, as
postulated by flash~photolysis experiments [1]. In all of these radicals the nitrogen atom bonded to the hy-
drogen atom js spZhybridized.

CegHg
N
] @:N] CN 1O
S N2 W S -
H H L H /L
v i Vit Vii-H A=H X X-H A=zH
Vill-D A=D X-D A=D

In the case of 9-phenylacridine [15], we were able to verify the validity of many of the parameters used in
the calculations, inasmuch as this compound forms radicals that are stable in the liquid phase on irradia-
tion in ether, methanol, or ethanol, The experimental spectra of CH;OH and CD3;0D solutions and the calcu-

lated spectra coincide (Fig. 4). The radical observed in CH3OH is undoubtedly X-H, while that observed in
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CD3OD is undoubtedly X-D, When the experiment is carried out in a glass matrix at 113°K (the conditions
under which the spectra of all of the compounds that we studied were recorded), the hyperfine splitting of
the signals of the 9-phenylacridinyl radicals X-D and X-H vanishes (Fig. 5), and they take on the form of
the signals characteristic for the radicals of other compounds, The experimental secondary moment and
the theoretical moment of the X-D radical calculated with the same parameters as those used for quinoline
and other investigated compounds are in good agreement [15] (Table 4).

From the results of these experiments we concluded that the parameters used for the calculation of
the theoretical secondary moments of the radicals formed from quinoline and other compounds were accu-
rately chosenand, consequently, that the structures postulated by us are correct,

MECHANISM OF THE PHOTOCHEMICAL REACTIONS IN NEUTRAL MEDIA

Nonpolar Aprotic Hydrogen-Containing

Solvents

It is well known that the mechanism of photochemical substitution of six-membered aza aromatic com-
pounds by ether implies splitting out-of a hydrogen of the solvent by the nr*-excited state of the dissolved
substance [1, 16]. All of these reactions are one-photon reactions [81, and their mechanism is similar to
the mechanism of the photochemical reaction of quinoline, which is depicted in scheme 7. A dependence
exists between the structure of the isolated products

Scheme 7
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{schemes 1-8) and the spin density calculated for semiquinoline radicals I, II, and IV-X: as shown in Table
5, recombination between the semiquinone radical and the solvent radical for quinoline and isoquinoline
occurs at the carbon atoms with the highest spin density (C-2 and C-4 of quinoline, and C-1 of isoquinoline)
[71, Similar dependences were obtained for pyridine [2], pyrazine [5], pyrimidine [141], quinoxaline [6], acri-
dine, and 9-phenylacridine [15].

In the case of 4-methylquinoline [3] and quinoxaline [6], primarily 2- (1-ethoxyethyl) derivatives are
obtained in addition to 2-ethyl-substituted compounds (their ratio in the first caseis 5 and 40%), If is pos-
sible that they are formed not by recombination of the semiquinone and ethy! radicals, which is observed
at 77°K by ESR spectroscopy, but rather are the photochemical products of a Norrish reaction of the II type,
which takes place with the primary products [3, 4] (scheme 8), If recombination were to occur, ethyl-sub-
stituted compounds would be obtained in all cases and one should expect the formation of 4-substituted de-
rivatives.,

CH Scheme 8 CH

3 3
A
@Oj\ /s o y CHy o
A
NTTC—H N7OREC—H
Hol
HL O .f0
ch CH
]
CHy CH,
?HJ CH,
B @)
—CH3CHO N =
N cHCH, C,H;
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Methanol and Ethanol

In polar solvents the nn* transitions are shifted to lower wavelengths, while the 7#* transitions are
shifted to higher wavelengths [17], and formation of semiquinone radicals via the same mechanism as in
ether or cyclohexane is therefore not apparent, The radicals formed during irradiation of 9~phenylacridine
in the liquid phase at 233°K and during irradiation of quinoxaline in a glass matrix at 113°K are shown in
Table 6, These compounds were selected because radicals VIII-H and VIII-D, X-H and X-D, or mixtures
of them are readily distinguished in them (Fig, 6). In methanol or in deuteromethanol the hydroxyl hydrogen
of the alcohol is linked with the nitrogen of the semiquinone radical [181, Rapid exchange occurs between
this hydrogen and the hydroxyl hydrogen of methanol: radical X-D is formed during irradiation of 0.2 M
solutions of 9-phenylacridine in a mixture of CH;CH,OCH,CH; and CH3OD even when the methanol concentra-
-tion is 1%, Similar results were obtained for a 0,4 M solution of quinoxaline at 113°K, When the methanol
concentration in ether is 19, it is absolutely obvious that the first step is photochemical reactions with
ether 18],

This sort of rapid exchange, even in a glass matrix at 113°K, seems strange a priori. Kellog has
reported that 1-hydro-4-deutero-3,5-dicarbethoxypyridine is formed in the irradiation of XI in CH;CH,OD
(scheme 9), Radical XUl is possibly an intermediate in this reaction and dpes not exchange the nitrogen-
bonded hydrogen for deuterium from the hydroxyl group of the solvent [19, 201,

Scheme 9
D H H
CoHsOC CO,CH;s - CyH50,C COCHs  CyHg0,C CO¢yHg
. hY, f“‘
O e X 8
CH3 NT™CH, CH N CH3 CHy N CHy
H 2 H H
3 i T

[
I

Because of the rapid exchange, one cannot establish which of the hydrogen atoms of methanol is ini-
tially bonded to the nitrogen atom of the semiquinone radical. Consequently, one cannot determine whether
the mechanism of the photochemical reactions of six-membered aromatic compounds with methanol is the
same as that in the reaction with ether or another solvent. This problem will be solved in the future,

MECHANISM OF PHOTOCHEMICAL REACTIONS IN HC1-ACIDIFIED ALCOHOL
_Si_x_—Meanbe_x:_ed Monoaza Aromatic Compounds,
Structures of the Radicals Formed in
Acidified Methanol

It is considerably more difficult to determine the structures of radicals formed during UV irradiation
of six-membered monoaza aromatic compounds in acidified CH;OH than the structures of radicals formed
in neutral solution, The signal for pyridine is small as compared with the noise level, Nevertheless, when
the pyridine and HCI concentration is 1,5 M (in CH3OH), one can conclude that the ESR spectrum obtained
at 113°K does not correspond to radical XIV or to the cyclohexadienyl radical formed by the addition of a
hydrogen atom to the ring-carbon atom — in this case the signal would be greater than the observed signal
[8, 21]. The spectra obtained in neutral CH;OH and during irradiation of ds-pyridine in CD3;OD and DC1 re-
call the spectra obtained by irradiation of dg-pyridine in CD;OD (2],

The ESR spectra observed during irradiation of a 0.4 M solution of quinoline in 0.4 M acidified
CH,OH at 113°K are broad bands devoid of hyperfine splitting, but they are narrower than those observed
in the spectra of solutions in neutral methanol, This cannot be the signal of a radical of the XV type that
was proposed by Stermitz and co-workers to explain the mechanism of the photochemical reaction of quin-
oline with HCl-acidified ethanol (scheme 10) (other reactions of this type have also been described 11, 4, 8,
211)., The signal of this radical
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would be broader than that of radical Il and, consequently, that of the observed signal, The ESR spectrum
observed during UV irradiation of 0.4 M solutions of 4-methylquinoline in a 0,4 M solution of DCI and
CD;OD differs from the spectrum of a solution in neutral CD;OD, but the recorded spectrum is very close
to the spectrum of a solution in neutral CD;OD (Fig. 7) upon twofold dilution of the solution with CD;0D [8,
211, Similarly, the spectra of quinoline, isoquinoline, and 9-phenylacridine in HCl-acidified methanol at
low acid and solution concentrations coincide with the spectra in neutral methanol, This proves that iden-
tical semiquinone radicals are formed during irradiation of six-membered aromatic compounds in neutral
and acidified methanol, The narrowing of the signal at high concentrations is associated with electron-
exchange processes, as shown in scheme 11 for guinoline, rather than with exchange of the hydrogen atom
attached to the nitrogen atom with the solvent, If this sort of exchange occurs sufficiently rapidly, this hy-
drogen atom will not pair up with the electron, In the case of the deuterium atom, the disappearance of
this pairing will have a very slight effect on the form of the spectrum; this does not actually occur (Fig. 7)
[8, 211.

Scheme 11
NS :‘_" ﬁ ‘:+

We have previously shown that this sort of electron exchange occurs in the case of anion radicals [23) and
cation radicals [24], for example, cation radical XVI [25],

"
CH,00C —@N—CHZC H,C HZ—T\I@— COOCH,
XVi

Mechanism of Photochemical Reactions

in HCl-Acidified Alcohol_

The UV irradiation of six-membered monoaza aromatic compounds in neutral and HCIl-acidified meth-
anol leads to identical radicals, but their formation in the first case is the result of a one-photon reaction
{2, 6-8, 14, 15], whereas in the second case it is the result of a two-photon reaction [8, 211, Neither semi-
guinone radicals nor the triplet of the dissolved substances that are observed when HCI is used are observed
when hydriodic acid is used. The presence of HI considerably reduces the lifetime of the triplet but has
little effect on the quantum yield [26]. This confirms the assumption that in HCl-acidified methanol semi-
quinone radicals are formed only as a result of two-photon processes and not as a result of simultaneously
occurring one- and two-photon processes, Considering the photochemical reactivities of aza compounds ~
only the nm* state can readily split out hydrogen [1, 16, 27] — and the fact that semiquinone radicals are
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formed in HCl-acidified methanol, it can be concluded that the mechanism of the photochemical reaction of
six-membered monoaza aromatic compounds with HCl-acidified ethanol differs from the mechanism pro-
posed by Stermitz in the case of quinoline [22] (scheme 10). The reaction might have occurred through en-
ergy transfer from the molecules of the dissolved substance (XVII) to the solvent molecules with subsequent
dissociation of the excited state of the solvent molecule and addition of the resulting H*radicalto the unpro-
tonated molecule, as shown in scheme 12 in the case of the reaction with quinoline, Similar processes in-
volving energy transfer and ethanol dissociation were noted in the irradiation of ethanol solutions of naph-
thalene [28], The same mechanism was proposed to explain the photochemical reactions of pyrazolopyrimi-

dines with HCl-acidified methanol [29].

Scheme 12
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In our case, a mechanism similar to that indicated in scheme 12 is unlikely, inasmuch as very small
amounts of the unprotonated aza aromatic compounds remain in the system, and radicals of the XVII and
XIX type were never detected, We will subsequently present a rigorous proof that this sort of energy-trans-
fer process is not realized in the case of phthalazine,

H  CH,OH H H
N N
nt HY

XV i XIX

The mechanism presented in scheme 13 for the photochemical reaction of quinoline with HCl-acidified
methanol is the most probable mechanism, Electron transfer is realized in this case between methanol
and the higher excited triplet state of the protonated form of quinoline, This sort of electron transfer was
also previously reported (see review {301). It takes place, for example, between the singlet excited state of

paraquat dichloride and methanol {31] (scheme 14),

Scheme 13
o .. »--
KT + CHOH — m CHyOH | —= (2] + cnoH
N .
N H L.CH,OH +rt

4

Electron transfer does not occur from the chloride ion, inasmuch as chlorine radicals were not de-
tected, and chlorination products were not isolated. This sort of electron-transfer process occurs only

from the iodide ion [30, 321,

Scheme 14 .t
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Mechanism of Photochemical Reactions

in Neutral Alg_ghh_ggl_

On the basis of the factsthat rapid exchange occurs between semiquinone radicals and the hydroxyl hy-
drogen of alcohol, that the reaction of monoaza aromatic compounds in neutral methanol is a one-photon re-
action whereas it is a two-photon reaction in HCl-acidified methanol, and that C1” does not transfer an elec-
tron in HCI media, it can be concluded that the reaction does not occur with electron transfer from CH;O"
or from CH;OH to the excited protonated aza aromatic compound. It is more likely that the photochemical
reactions in methanol or ethanol proceed in the same way as in ether, i.e., as a result of splitting out of a
hydrogen atom of the methyl group by the n7* -excited state of the dissolved substance in the case of meth-
anol and of a hydrogen atom of the methylene group in the case of ethanol [17]. This sort of equilibrium
has already been proven in the case of acridine {1, 16, 331.

Six-Membered p-Diaza Aromatic Compounds

Pyrazine, quinoxaline, and phenazine are converted to cation radicals XX-H, XXI-H, and XXII-H, re-
spectively, on irradiation in HCl-acidified methanol at 293°K (liquid phase). If the solvent is CDsOD acidi-
fied with DCI, cation radicals XX-D, . XXI-D, and XXII-D are formed {18], The signals of these radicals have
good hyperfine splittings, and their ESR spectra have already been studied by Barton and Fraenkel [34].
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To explain the formation of these radicals we have proposed a mechanism (scheme 15) that is similar
to the mechanism presented in scheme 13. It consists in electron transfer from methanol molecules to
photoexcited diprotonated molecules of the diaza aromatic compounds. Inasmuch as this reaction occurs
very rapidly, it was not possible to conclude whether it is a one-photon or two-photon reaction, However,
it is logical to suppose that electron transfer to diprotonated excited compounds will proceed more readily
than to monoprotonated compounds, This mechanism is more likely than the mechanism proposed by Bailey
and co-workers for the photochemical reaction of phenazine (P) in strongly acidified methanol [35]:

T
Iz
+

/s

e
PH+—>!PH**,
IPH+* -+ H+==1PHy* +¥,
IPH,*+* 4 CH;OH==PH,+ CHsOH *+,
PH,+PH*+—>(PH),+H*,

(PH) >2PH,

PH. +H+—PH,* (XXI-H).

Transfer of two electrons of the methanol molecule is assumed in the third step of this mechanism, and

this is very unlikely, Bailey and co-workers were unable to characterize the PH- radical by either ESR
spectroscopy or flash photolysis,
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We feel that the photochemical reactions of six-membered diaza aromatic compounds with neutral
methanol are one-photon processes [6] that take place due to splitting out of one of the hydrogen atoms of
methanol by the nr* -excited state of the dissolved substance. These reactions proceed in the same way as
the reactions of six-membered monoaza aromatic compounds,

PHOTOCHEMICAL ACTIVITY OF SIX-MEMBERED 0-DIAZA AROMATIC
COMPOUNDS IN HYDROGEN-CONTAINING SOLVENTS [27]

The behavior of one-ring and two-ring six-membered o-diaza aromatic compounds differs from the
behavior of other diaza aromatic substances,

Neither pyridazine, phthalazine, cinnoline, nor any of their methyl-, phenyl-, and diphenyl-substituted
derivatives react with ether: the formation of products was not observed, and ESR signals were not detected,
In the case of phthalazine, XXIII is formed when a ketone is added to a photolyzed solution, and an ESR sig-
nal appears. The ketone does not act as a triplet-triplet energy carrier, inasmuch as the quantum yield for
phthalazine is one [36], but rather as a "chemical sensitizer” [37]. Precisely this method was used to ob-
tain diadducts of ethers with quinoxaline [6]. The reaction mechanism in the case of phthalazine is depicted
in scheme 16, The phthalazinyl radical (XXIV) and its homologs were characterized by means of the meth-
od of secondary moments,

When methanol is used as the solvent, semiquinone radicals are formed as a result of a two-photon
process even in the absence of ketone.

The fact that an ESR signal is not detected when ether is used as the solvent proves that the two-pho-
ton reaction with methanol is not a charge—transfer reaction with subsequent splitting of methanol into

Scheme 16 H,
bV T | .
CgHsCOTH ~ (CgHCOCH,)" + CHyCH,0C,He—> C;H—C—OH + CH;~CH—OC,Hg
CH,
| N TN
CgHg—Ce  + QA’ —_— (ol 4+ CgHgCOCH,
~
OH H
XXV
L]
CH;—CH—OC H,
Ol e
-—
N N
SH
C,HgOCHCH, C,H OCHCH,
XX

‘CH,OHand H' radicals in analogy with scheme 12, Thus, in contrast to naphthalene (281, energy transfer
from the excited triplet state to the solvent is impossible for unprotonated o-diaza aromatic compounds,

The first step in the photochemical reaction with methanol should be protonation of the o-diaza com-
pound with subsequent electron transfer from methanol or from CH;O to the triplet excited state of the
monoprotonated aromatic compound. This mechanism in the case of phthalazine is presented

Scheme 17 4y py r ™

N 2) hv N
Qo —Ss— | OOk
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in scheme 17, A triplet state can be detected by ESR spectroscopy only in methanol solution and not in ether
solution, This proves that in this case a triplet compound different from phthalazine is observed and is in
agreement with the proposed mechanism, The fact that the photochemical reaction is not a one-photon re-
action in the presence of CH;0™ is yet another proof that six-membered monoaza compounds do not react
with methanol with electron transfer from the CH;OH and CH;O™ molecules to a molecule of the protonated
monoaza compound,

CONCLUSIONS

As a result of this research, it has been established that if the aza aromatic compound has an nz*
state, it is precisely this state that is active, and a one-photon reaction occurs, For quinoline and quinoxa-
line this is undoubtedly a singlet state, inasmuch as the 77** state is a triplet state [1, 3, 381, In the case
of isoquinoline, this is also possibly a singlet state, inasmuch as the S; and T, states are #7* —excited
states. The difference in energies between the S;(7r*) and Sy(nm*) levels is less than between the Ty(nn*)
and Ty(77*) states [1], For acridine it has been proved by numerous studies that the photochemical reac-
tion proceeds at least partially with the S, (n7*) excited state [1, 16], Inasmuch as the spectroscopic state
of pyridine is unknown, the nature of the n7* active excited state cannot be proved.

If an n#* state is not formed during excitation, the photochemical reaction should proceed via a differ~
ent path, This explains the unusual behavior of phthalazine and other o-diaza aromatic compounds (27}, in-
asmuch as it is known that the singlet states of phthalazine have a very brief lifetime [39] and that a mr*
triplet is formed quantitatively during excitation [40]. The reaction proceeds via a two-photon mechanism
concluding with protonation, if it is not already realized by an acid of the HCI type, and electron transfer
from the oxygen-containing solvent to the higher excited triplet state of the dissolved substance.

This research also opens up the possibility of the use of ESR spectroscopy in the study of several
aspects of photochemical reactions in those cases in which flash photolysis and emission spectroscopy do
not give information.

The experimental conditions have already been described by us in [2, 3, 5, 8, 15].
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