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A study has been made of the emission spectra at room temperature, in aqueous and alcoholic 
media, of 4-aminopyrazolo(3,4-d)pyrimidine (APP) and some of its methylated derivatives. The 
cationic forms APPH+, N 2-methyl-APPH+ and N7-methyl-APPH+ exhibit intense fluorescence un­
der these conditions, the first two exhibiting excitation spectra which differ from the absorption 
spectra, pointing to the existence of a tautomeric equilibrium in the ground state. From the shape 
of the excitation spectra, and comparisons with methylated analogues in fixed tautomeric forms, it 
follows that the emission of APPH+ originates exclusively from the species N(2)-H,N(7)-H+, the 
other forms being non-fluorescent. The proportion of the emitting species, calculated from the ex­
citation wavelength dependence of the quantum yield, is in good agreement with data for the 
ground state.

The emission spectrum of APPH+ in aqueous medium consists of two bands with /lmax 360 nm 
and 430 nm, which exhibit identical excitation spectra, but are quenched to different extents by 
H30 +. The 430 nm emission band is absent in alcoholic media. A similar behaviour is exhibited 
by N 7-methyl-APPH+, whereas the neutral form of this analogue exhibits only the 430 nm band. 
These results indicate that the long wavelength emission band o f APPH+ originates from the rare 
tautomeric species N(7)-H formed in the excited state by photodissociation o f the N(2)-H proton 
from the species N(2)-H,N(7)-H+. This is further confirmed by results obtained with the aid of 
the basicity method, as well as by salt efects in non-aqueous media. Consideration is given to the 
possibility of such processes occurring in other analogues o f nucleic acid derivatives.

Considerable attention has been devoted to stu­
dies on the excited states of nucleic acids and their 
component purine and pyrimidine derivatives (for 
review, see Daniels [1]), as well as some of their 
more fluorescent analogues, in part with a view to 
their use as fluorescent probes in biological systems, 
e. g. 3-/?-D-ribofuranosyl-7-aminopyrazolo(4,3-d)pyri- 
midine, or formycin A [2, 3], Nj ,N6-ethenoadenosine 
[4, 5], etc.

During the course of an investigation on the emis­
sion properties of analogues of 7-aminopyrazolo- 
(4,3-d)pyrimidine, the aglycone of formycin A (to 
be reported elsewhere), we found that the cationic 
forms of some of these exhibited anomalous be-

Abbreviations employed: APP, 4-aminopyrazolo(3,4-d)pyri- 
midine; Nj-m-APP, 1-methyl-APP; N4,N7-m2-APP, N 4,N7- 
dimethyl-APP; and similar connotations for other methylat­
ed derivatives of APP; UV, ultraviolet, NMR, nuclear mag­
netic resonance; Sx state, first excited singlet state; , wa­
velength of excitation; cp, quantum yield; e, molar extinction 
coefficient.
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haviour in that their emission spectra included long- 
wavelength, broad, bands which did not correspond 
to the emission of model compounds. Subsequently 
we found that a similar behaviour, much more 
pronounced, is exhibited by the isomeric cation 
of 4-aminopyrazolo(3,4-d)pyrimidine (APP, see 
Scheme 1), a known inhibitor of purine biosynthe­
sis. Both the foregoing pyrazolopyrimidines are 
isomers of adenine, a component of both RNA and 
DNA.

We now proceed to demonstrate that the anoma­
lous emission of the APP cation may be interpreted 
in terms of phototautomerization, which has been 
previously postulated for purines and pyrimidines 
from theoretical considerations, although with dis­
cordant results [6, 7], One system, structurally simi-
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lar to purines, which has been shown experimentally 
to exhibit phototautomerism, 7-azaindole, has been 
the subject of a number of investigations [8, 9, 10], 
although the validity of this model is not fully 
established. In the present instance we show that 
this problem is closely linked with the acid-base 
properties of the excited states o f this class of 
compounds and the problem of deactivation of 
excited states of nucleic acid components.

Materials and Methods

APP was prepared according to a known method
[11]. The N 5- and N7-methyl derivatives were prep­
ared by treatment of APP with methyl iodide in an 
excess of dimethylformamide [12], and the isolated 
products crystallized from water, m.p. 260 °C and 
272 °C, respectively. Dodin etal. [12] reported 240 °C 
and 252 °C. Their identity was established by mass 
spectrometry (m /e=  149), the spectrally determined 
pK a values for protonation and/or dissociation, 
which were identical to those reported by Dodin 
etal. [12], and the rapid Dim roth rearrangement 
observed for the product identified as N 5-/n-APP, 
but not for N7-m-APP.

The Nj- and N 2-methyl derivatives were obtained 
by treatment of APP with diazomethane, as else­
where described for the analogous 7-aminopyrazolo- 
(4,3-d)pyrimidine [13]. The melting points, pK a 
values, and UV absorption spectra for both of these 
were in agreement with those reported for the same 
products obtained by a different route [14, 15]. An 
additional product obtained from this reaction, N 7- 
ra-APP, was identical to that described in the 
previous paragraph.

The N4-methylamino derivative of APP was prep­
ared by the Dimroth rearrangement of N 5-m-APP, 
the resulting product being identical with that re­
ported via another procedure [11]. Treatm ent of this 
product with methyl iodide (on a small scale) 
yielded a new compound which, on the basis o f its 
UV spectrum, pK value, and intense blue emission 
in alkaline medium, was identified as N 4,N7-m2- 
APP.

All measurements utilized water doubly-distilled 
from quartz, redistilled analytical grade methanol 
and isopropanol from Merck (Darmstadt, Bundes­
republik Deutschland), and anhydrous formic and 
acetic acids from Fluka (Zürich). Salts were recrys­

tallized, where necessary, to remove fluorescent 
impurities.

Absorption spectra were obtained with Zeiss 
(Jena, GDR) Specord UV-VIS and VSU-2P instru­
ments. Emission and excitation spectra were re­
corded on an Aminco-Bowman SPF fitted with a 
Hanovia 901C xenon lamp and an RCA I P 28 
photomultiplier. Excitation spectra were corrected 
by the method of Parker [16]. Emission spectra were 
corrected only for measurements of quantum  yields 
and calculations of radiative constants. Yields were 
determined relative to quinine sulphate, ^=0.55
[17] and tryptophane, $9 = 0.12 [18]. Samples were 
not deaerated.

All of the compounds examined were checked for 
radiation sensitivity under the conditions employed 
in this investigation. Using the 1-methyluracil 
photohydration reaction as a chemical actinometer, 
is was established that the compounds were radia­
tion resistant, with tp <  10-4.

Results and Discussion

Fluorescent tautomers o f APP and APPH +

Elucidation of the emission properties of APP, as 
well as its cationic form (APPH+), requires a knowl­
edge of the tautomeric form(s) of the ground state 
and the emission properties of the individual 
form(s). The present study profited from the 
results of a recent investigation by Dodin et al. [12] on 
the tautomerism of these compounds by means of 
13C NMR spectroscopy and relaxation methods. In 
several instances, our findings could be used to 
check the validity of the foregoing.

The neutral form of APP, in contrast to its cation, 
exhibits very weak fluorescence at room tem pera­
ture. A qualitative comparison of the UV spectrum 
of APP with those of its N-methyl derivatives 
showed that the principal tautomeric form is N (l)-
H. This form is non-fluorescent, since N r w-APP ex­
hibits no detectable emission at 300 °K. By contrast, 
N 2-w-APP emits weakly (<p~10-3); this is the 
fixed tautomeric form corresponding to the species 
N(2)-H of APP, the population of which was esti­
mated by Dodin et al. [12] as about 10%. This form 
is proposed as the source of the weak emission of 
APP. The tautomeric form N(7)-H is apparently not 
present; if it were, it should be readily detectable 
because of its intense blue emission (see below).
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With the aid of 13C N M R spectroscopy, it has 
been established that the ground state of the APP 
cation consists o f an equilibrium mixture of com­
parable proportions of at least three tautomeric 
forms, viz. N (l)-H , N(5)-H +; N(2)-H, N(5)-H + and 
N(2)-H, N(7)-H+. In order to establish which of 
these, or other, form(s) are responsible for the 
room-temperature emission of the APP cation, we 
have examined the emission properties of pro- 
tonated N-methyl derivatives of APP.

The results of Dodin etal. [12] suggest that Nj-m- 
APP protonates almost exclusively on the ring N(5). 
The fluorescence of the cation of this compound in 
aqueous medium, with a maximum at 365 nm, is 
very weak (Table I). In methanolic medium, where 
the emission is somewhat more intense, the excita­
tion spectrum differs appreciably from the absorp­
tion spectrum, reflected in the marked dependence

of the fluorescence quantum  yield on Aexc, the yield 
for excitation at 270 nm being 20-fold lower than at 
290 nm. One interpretation of this is that the emis­
sion originates from a m inor tautom eric form, pro- 
tonated on N(7), the proportion of which was 
evaluated by Dodin etal. [12] as about 2%. This is 
supported by the fact that, in contrast to N 7-m- 
APPH+, the cation of N 5-m-APP exhibits no detect­
able emission at room temperature, indicating that 
the form N (l)-H , N (5)-H + is non-fluorescent under 
these conditions.

In contrast to the cation of N r m-APP, N 2-m- 
APPH+ exhibits intense emission, with a maximum 
at about 360 nm in aqueous medium, and about 
355 nm in alcoholic media. The emission spectrum 
is independent of / l eXc ,  but the quantum yield 
decreases significantly with a decrease in Xexc, an 
effect particularly pronounced in aqueous medium

Table I. Location of fluorescence emission maxima, 
rature.

and quantum yields at various excitation wavelengths at room tempe-

Compound Solvent Emission 
/lexc [nm] Imai [ nm ] <Pa max ^

N 1-m-APPH+ 0.01 N h 2s o 4/ h 2o 280 365 0.002
0.01 n H 2S 0 4/CH 30H 290 360 0.015 1.0

280 360 — 0.11
270 360 - 0.05

N 2-m-APPH+ 0.01 n h 2s o 4/ h 2o 300 360 0.072 1.0
290 360 — 0.67
280 360 — 0.44
270 360 — 0.31

0.01 N d 2s o „ /d 2o 300 355 0.075
0.01 N H2S 0 4/isopropanol 300 355 0.070 1.0

270 — 0.87

N 7-m-APP 0.002 N  K 0H /H 20 260-320 430 0.16
0.002 N  KOH/CH3OH 260-320 425 0.15

N 7-m-APPH+ 0.001 N  h 2s o 4/ h 2o 290 365° 0.025 1.0
430 c 0.095 1.0

260 365,430c — 0.9 d
0.001 N  D 2S 0 4/D 20 290 365 c 0.054

430 c 0.082
0.001 n h 2s o 4/ c h 3o h 260-300 360 0.19

APPH+ 0.001 n h 2s o 4/ h 2o 300 360 c 0.011 1.0
430 c 0.041 1.0

280 360,430 c — 0.43 d
270 360,430 c — 0.26 d
260 360,430c — 0.19 d

0.001 n d 2s o 4/ d 2o 300 360 c 0.030
430 c 0.06

0.001 N  H2S 0 4/isopropanol 290-300 355 0.077 1.0
270 355 — 0.33
260 355 - 0.24

a Error about 10%, except for N1-m-APPH+ (about 30%). 
b Error about 5%.
c See text for method of resolution of these bands. 
d This value is identical for both bands.
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non-aqueous media. Furthermore, the proportion of 
the fluorescent form of APPH+, calculated from the 
excitation wavelength dependence of the fluores­
cence quantum yield (data in Table I), comes to 
about 20%. This is to be compared with the value of 
20% for the N(2)-H,N(7)-H+ tautomer of the APP 
cation in aqueous medium estimated from 13C 
NM R spectroscopy by Dodin etal. [12].

The emission spectra of N2-m-APPH+, APPH+ and 
N 7-w -APPH+ are also similar in alcoholic media, 
except for the higher intensity of the latter (Table I). 
Surprisingly, however, they differ appreciably in 
aqueous medium (see below). From considerations 
cited above, and particularly in view of the identity 
of their excitation spectra in both aqueous and 
alcoholic media, it follows that the foregoing dif­
ferences between the emission spectra in aqueous 
medium must be ascribed to differences in the 
excited state structures of these compounds. We 
shall revert to this question below.

It should be emphasized that, for the compounds 
considered above, the pK a values for protonation, 
measured by emission and absorption spectroscopy, 
were identical. Hence the observed changes in fluo­
rescence are determined by acid-base equilibria in 
the ground state. This does not, however, necessarily 
exclude some involvement of excited state proto­
tropic processes. Identity of pK a values from emis­

sion and absorption spectroscopy does not, as sug­
gested by Wilson etal. [19], constitute an argument 
against the origin of emission from minor tautom ­
eric species. The ground state is one corresponding 
to complete thermodynamic equilibrium, and the 
molar concentrations of all, including minor, tau­
tomeric forms should exhibit the same pH-depen- 
dence, /. e. exhibit a common pK a value, not neces­
sarily the same as the microscopic pK values of the 
individual species. But this will not necessarily hold 
for the excited state (see below).

Emission o f APP cation in aqueous medium 
In the presence of 0.001 n  H 2S 0 4 the emission of 

APPH+ in aqueous medium differs significantly 
from that in alcoholic media, and also from the 
emission of N 2-ra-APPH+ in water, in that it ex­
hibits an additional band at 430 nm with an inten­
sity much higher than the 360 nm band (visible only 
as an inflexion, Fig. 2). Further acidification leads 
to marked quenching of the 430 nm band, so that 
the 360 nm band becomes clearly defined (Fig. 2, 
curve b). In this pH range the absorption and excita­
tion spectra are unchanged, so that the quenching of 
the 430 nm band must be considered as dynamic 
quenching. However, the relative quantum yields 
for the two bands are independent of Aexc over this 
pH range; while the excitation spectra, identical for

45 4 0 35 30 25 20

Wave n um b e r * 10~3[c m  ~1]

Fig. 2. Absorption, excitation and emission spectra of APP cation under various conditions: Left-hand side: (a, b) Absorp­
tion spectrum in aqueous 0.001 N  and 0.1 N H2S 0 4, identical, (c) Absorption spectrum in 0.01 n  H2S 0 4 in anhydrous iso­
propanol. (d) Fluorescence excitation spectrum in 0.001 —0.1 N H2S 0 4 in isopropanol. Right-hand side: (a) Emission spec­
trum in aqueous 0.001 N H2S 0 4. (b) Emission spectrum in aqueous 0.1 N H2S 0 4. (c) Emission spectrum in 0.001-0.1 N 
H2S 0 4 in isopropanol.
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both bands (see above), do not differ significantly 
from those in alcoholic media.

The foregoing effects were independent of the 
APPH+ concentration over the range of IO ^ - IO ^ m, 
thus excluding possible involvement of self-asso­
ciates either in the ground or excited states.

The difference in behaviour of the two bands in 
the pH range 3 to 1 shows that they must originate 
from different emitting species. The identity of their 
excitation spectra indicates that both bands derive 
from a common absorbing species, in this case the 
tautomeric form N(2)-H,N(7)-H+. It follows that the 
observed dual emission is due to a change in the 
structure of a fraction of the emitting molecules 
during the lifetime of the excited state.

We now proceed to an examination of N 7-ra-APP, 
the properties of which, as shown below, provide an 
interpretation for the origin of the 430 nm emission 
band of APPH+

Emission properties o f  N 7-m-APP
Spectral titration showed this compound to be 

quite basic, pK a for protonation 7.3. In aqueous 
medium, at pH >  9.3, the resulting neutral form 
exhibited intense emission centred at 430 nm, the 
location and band shape of which (Fig. 4, curve a) 
are virtually identical with the long-wavelength 
emission band of the APP cation (Fig. 2). The 
excitation spectrum is in excellent agreement with 
the absorption spectrum of the neutral species, so 
that absorption and emission derive from a single 
form. This is consistent with the exclusive amino

structure postulated for this analogue by Dodin 
et al. [12].

However, the rather large Stokes’ shift of the 
fluorescence band (~  10000 c m '1, Fig. 4) suggests 
some significant change in structure of the S! state 
relative to the ground state [23]. The absence of 
vibrational structure, even at 77 K, rendered difficult 
an analysis of these changes. But the identity of the 
emission spectrum (including intensity) in both 
aqueous and non-aqueous media point to the ab­
sence of proton migration in the excited state, so 
that the emission must originate from the neutral 
form of N 7-w -APP. The most reasonable interpreta­
tion of the large Stokes’ shift is a change in 
geometry of the S! state; this is supported by the 
marked blue shift of the emission at low tem pera­
ture, where the fluorescence maximum is centred at 
360 nm (data not shown). Similar large Stokes’ 
shifts have been reported for other compounds of 
this class [24 a, 24 b, 24 c], but their origin in most 
cases has not been elucidated.

The protonated form of N 7-w-APP (in aqueous 
medium, pH 3) exhibited the same 430 nm emission 
band, but with a quantum yield only one-half that 
for the neutral form at pH >  9.3 (Fig. 4). In addi­
tion, the short-wavelength shoulder extended further 
to the violet, pointing to the existence of an addi­
tional, weaker, band centred at about 365 nm. With 
a further decrease in pH, the intensity of the 430 nm 
band diminished appreciably, while that of the 
short-wavelength band increased somewhat, show­
ing a clearly defined maximum at 365 nm (Fig. 4,

Fig. 3. Spectrophotometric and fluorometric 
titration of APP in aqueous medium: (a) 
Spectral titration, at X = 272 nm. (b) Fluori­
metric titration, recorded at 355 nm. (c) Flu­
orimetric titration, recorded at 430 nm. Exci­
tation for fluorimetric titrations was at 
260 nm (isosbestic point). The solutions were 
brought to pH values below 3.5 with H2S04, 
and to other pH values with acetate and pho­
sphate buffers at concentrations of ~ 10~3 m, 
which do not detectably quench fluorescence.

10
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Fig. 4. Absorption and emission of N 7-m-APP in aqueous medium: Left-hand side: (a) Absorption spectrum in 0.002 N 
KOH. (b, c) Absorption spectra in 0.001 N and 0.1 N H2S 0 4, identical. Right-hand side: Emission spectra, independent of 
^ e x c , (a) in 0.002 N  KOH, (b) in 0.001 N  H2S 0 4, (c) in 0.1 N H2S 0 4. Insert: Fluorimetric titration curves, with excitation at 
280 nm, recorded at (d) 355 nm, (e) 430 nm.

curve c). The absorption spectrum was unchanged 
over this pH range, as was also the excitation 
spectrum, which was identical for both bands, and 
similar to the absorption spectrum. It is clear that 
the emission spectrum of N 7-m-APP in acid medium 
(cationic form) is virtually identical with that for 
the APP cation under the same conditions (c f 
Figs. 2 and 4), the only difference being in the 
quantum yields (Table I). The agreement between 
the absorption and fluorescent excitation spectra is 
consistent with the claim of Dodin et al. [12] that 
N 7-ra-APP undergoes protonation almost exclusively 
on N(2).

The presence o f the 430 nm emission band of the 
neutral form of N 7-ra-APP in aqueous m edium at 
pH values well below the pK a for protonation 
(Fig. 4, insert) points to dissociation of the cation in 
the excited state. The basic criterion for this is the 
identity of the excitation spectrum for the long- 
wavelength band in acid medium with the absorp­
tion spectrum of the cation. On the other hand, the 
enhancement of the 365 nm emission band of the 
protonated form with decreasing pH was insuf­
ficient to satisfy the well-known relation <p/<p0 +

<p'/<p'0 = 1 [25 a, 25 b]. This is readily explicable on 
the assumption that reprotonation, which should 
occur in more acid medium (pH ~  2), leads to 
cationic form(s) other than those in the ground 
state, and non-fluorescent [26]. The dynamic quench­
ing of the long-wavelength emission at about pH 2.5 
is then due solely to the kinetics of (re)protonation 
of the fluorescent form. For this reason, it is not 
feasible to estimate a value for pK* by fluorimetric 
titration [27].

An approximate estimate of pK* may be ob­
tained with the aid of the Foerster cycle [28, 29]. 
The absorption spectrum of the neutral form of N 7- 
ra-APP exhibits a weak non-structured band visible 
as an inflection on the long-wavelength shoulder of 
the intense 270 nm band (Fig. 4). The Amax of this 
weak band, following resolution of the spectrum by 
the procedure of Metzler [30], was 302-304 nm. 
Application of the Foerster equation,

pK G- p K Sl =  (vSbeutr- v ^ )  N h/R T  In 10

where the values were estimated from the aver­
age value of the half-height intensity points for the 
long-wavelength absorption and fluorescence bands
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[29], gave pK * =  1.7. This value indicates that dis­
sociation of the excited cation of N 7-m-APP is ener­
getically feasible.

In anhydrous methanolic medium, acidified to
0.001 N H2S 0 4, the N 7-m-APP cation exhibited only 
a 360 nm emission band, like N 2-m-APPH+ and 
APPH+, but in higher yield (Table I). The excitation 
spectrum coincided with the absorption spectrum. 
Hence photodissociation does not occur under these 
conditions. This is not unexpected, since alcohols 
are weaker proton acceptors than water, and are 
known to appreciably slow down such processes as 
phototautomerization [31] and photodissociation [32].

Effect o f  added salts
Addition to the methanolic medium of strong 

proton acceptors, such as ions of weak acids, led to 
restoration of photodissociation of N 7-m-APPH+, as 
may be seen from Fig. 5 B. Formate ions (and, to an

identical extent, acetate ions) led to quenching of 
cation emission and appearance of the emission of 
the neutral form. The Stem-Vollmer relation [25 a] 
applies here, and the calculated quenching constant, 
18 M_1, divided by the life-time of N 7-m-APPH+ in 
the Sx state (~  3 nsec, estimated from the radiative 
constant and the quantum yield, Table II) gave a 
value for the kinetic constant, ~ 6 x  109 M-1 see-1, 
comparable to that for ion quenching of the emis­
sion of /?-naphthol under comparable conditions 
(3.1 xlO9 [33]), consistent with a diffusion-controlled 
process. It should be emphasized that the appear­
ance of the long-wavelength emission in the fore­
going case is not due to the presence of the neutral 
form in the ground state, since the excitation spectra 
for both observed bands (Fig. 5B) are identical and, 
furthermore, coincide with the absorption spectrum 
of the cation. The above effect consequently inde­
pendently confirms the interpretation of the dual

W avelength [n m ]

Fig. 5. Effect of various concentrations of 
formate buffer (HCOOH-HCOONH4, 2 :1 )  
on the emission spectra of the cationic forms 
of (A) APP, and (B) N 7-m-APP in methanolic 
medium. Figures refer to molar concentra­
tions of ammonium formate. The effect is in­
dependent of Xexc- Note: the formic acid ser­
ves only to maintain constant pH o f the me­
dium, and by itself does not affect the flu­
orescence spectrum or intensity at concentra­
tions up to 0.3 M (see Table II). Wave number x 10 3 [ c m '1]
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Table ü. Calculated radiative constants and lifetimes of the S, states, and rate constants for ion catalyzed proton transfer.

Compound Solvent ■'-max krak T = krJi ■ (p Quenching agent and 
quenching constant 
KsvfM-1]

&q — Ksv/^
emission
[nm] [nsec] [nsec] [m_1 sec-1]

N 7-w-APPH+ CH3OH 360 14 a ~  3 CH3 COO-
HCOO-

18
18.5

6 x 1 0 9 

6 x 1 0 9

APPH+ CH3 OH 360 b ~  1 HCOO- 5.6 5 x  1 0 9

N 2-m-APPH+ CH3 OH 355 b ~  1 HCOO- < 0 . 2 -
N 7-/n-APP H20 430 60 a ~  9.5 

10 ±  1.5 c
CH3 COOH
HCOOH
h 3o+

0.5 d 
3.9 d 

~  150

5 x  1 0 7 

4 x 108 

1.5 x 101 0

N 7 -w-APP CH3OH 430 ~  9 HCOOH <  0.5 d -

a Calculated with the aid of the Strickler-Berg equation [46], following resolution of the absorption bands by the 
method of Metzler [30].
b This value was taken as equal to that for N 7-m-APPH+. 
c Measured by means of the impulse technique.
d Quenching of the long-wavelength emission at 430 nm was measured at pH ~  4 in the presence of a constant concentra­
tion of RCOO~ ions.

emission of the N 7-m-APP cation in aqueous me­
dium.

As anticipated, addition of formate, or acetate, 
ions did not affect the emission of N 2-/w-APPH+. 
Photodissociation of this analogue is not possible, 
since there is no proton on the ring nitrogens of the 
pyrazole ring. From  Fig. 5 A, however, it will be 
seen that formate ions markedly affect the emission 
of the APP cation in methanolic medium. As in the 
case of N 7-w -APPH+, there is quenching of the 
short-wavelength, 360 nm, band, and an increase in 
intensity of the long-wavelength band, with main­
tenance of an isoemissive point. The calculated 
quenching constant, 6 m_1, is somewhat lower than 
for N7-w -APPH+, but, when divided by the calcu­
lated lifetime, leads to the same value for the kinetic 
quenching constant (Table II).

Interpretation o f dual emission o f APPH+
The following data permit of the interpretation of 

the dual emission of the cations of APP and N 7-m- 
APP as shown in Scheme II.

From Scheme II, it is clear that the excited APP 
cation tends to release a proton from a pyrazole ring 
nitrogen to form the rare tautom er N(7)-H. This 
proposal is also consistent with thermodynamic 
data. The value of 1.7 for the pK* of N 7-w-APP 
(see above) may be considered as a microscopic 
pK* for the N(7)-H tautomer, when protonated on 
the ring N(2). Similarly, application of the Foerster 
cycle to N2-m-APP gives a microscopic pK*, of ap­

proximately 6, for protonation of the N(2)-H tau­
tomer on the ring N(7); this exceeds the pK a value 
of 5.1 for the ground state, so that photodissociation 
of the proton on the ring N(7) is not possible. The 
basicity method may be applied in this case [34], 
and shows that the “rare” N(7)-H form in the Sx 
state must be about 6 kcal/mol more stable than the 
N(2)-H tautomer.

While this scheme accounts for the origin of the 
dual emission, there is some anomaly in the behav­
iour of APPH+ and N 7-m-APPH+ in aqueous m e­
dium, as compared to that in methanolic medium. 
While ion quenching of the short-wavelength band 
is observed in both media, and the measured quench­
ing constants are in agreement with diffusion-con- 
trolled kinetics, there is little or no increase in emis­
sion of the 430 nm band in aqueous medium. 
Measured quenching constants for the specific 
quenching of the 430 nm band by acids are not high 
enough (particularly for acetic acid, see Table II), to 
explain this phenomenon. Furthermore, an isotope 
effect which normally accompanies proton photodis­
sociation [35], is observed only for the short wave­
length band, with a magnitude comparable to that 
for typical examples of photodissociation (Table I). 
The emission of N 2-m-APPH+, which is not 
quenched by ions, did not exhibit any isotope effect.

The foregoing anomaly does not invalidate the 
general proposed scheme. It is known that the 
course of excited state proton transfer may depend 
both on the solvent and the structure of the solva-
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tion shell, e.g. salicylic acid in ethanolic medium 
[36 a, b]. The present example is additionally com­
plicated by the proposed change in geometry of 
neutral N 7-w-APP molecule in the Sx state (see 
above), which may also depend on the structure of 
the solvation sphere [37]. The ions may, in this 
instance, act not only as catalysts of proton transfer, 
but also by perturbing the structure of the solvent, 
and thus lead to the specific quenching of the 
emission. The phenomenon of diabatic proton 
transfer, i. e. with the loss of excitation energy, as 
pointed out by Ireland & W aytt [38], also cannot be 
excluded for this case.

It is of interest that two analogous derivatives, 
each with a methylated amino group, N 4-w-APPH+ 
and N 4,N7-m2-APPH+, do not exhibit the above 
anomaly, in that their behaviour is similar in both 
aqueous and methanolic media. In the absence of 
ions they exhibit weak fluorescence (9 ? ~ 3 x l0 -3), 
with a maximum at about 360 nm. By contrast, 
addition of concentrated formate buffer (>  l m) 
leads to the appearance, with both compounds, 
independently of the solvent, of a fairly intense band 
at 430 nm, identical with the emission band of the 
neutral form of N4,N7-m2-APP. These facts once 
again support the validity of the mechanism pres­
ented in scheme II.

Concluding Remarks

As far as we are aware, this is the first reported 
instance of phototautomerism amongst analogues of 
purines and pyrimidines, and one of only a few 
instances of such phototautomerism in ring systems 
(apart from 7-azaindole and alloxazine [39 a, 39b]). 
It is, however, probably not a rare exception, since a 
similar phenomenon has been encountered with the 
isomeric 7-aminopyrazolo(4,3-d)pyrimidines (to be 
published). Photodissociation, but not phototau­
tomerism, has also been demonstrated for the cation 
of Nj ,N6-ethenoadenosine [4].

In contrast to most reported instances of photo- 
tautomerization, APP exhibits very low emission at 
room temperature (cp < IO-3), corresponding to a 
lifetime for the Sx state of the principal tautomeric 
form(s) of 10-11 to 10_12sec. This accounts for the 
absence of phototautomerization in neutral medi­
um. For the same reason, phototautomerization is 
excluded via cooperative transfer of two protons, 
such as observed for 7-azaindole in alcoholic media
[10], and postulated for alloxazine [39 a] and other 
systems [40]. A necessary condition for phototau­
tomerization in APP is protonation of the molecule 
in the ground state (although it is conceivable that 
this may also proceed via the anion, since the 
emission maximum of the anionic form is red-
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shifted in concentrated ammoniacal buffer). How­
ever, under appropriate conditions, excited state 
proton transfer may be a very rapid process, even 
without an energy barrier [41], so that such proces­
ses cannot be fully excluded, e.g. in strongly hydro­
gen bonded complexes.

The ability to observe phototautomerism in APP 
in acid medium is due to the favourable emission 
properties of the rare tautomeric form N(7)-H 
relative to other tautomeric forms, and likely due to 
reversal of the two lowest excited (n -n * )  singlet 
states. Whereas for the principal tautomeric forms, 
N (l)-H  and N(2)-H, the Sx S0 transition is strong 
(e~  10000) and exhibits weak vibrational structure 
at 300 K (quite distinct at 77 K), N 7-w-APP exhibits 
a weak (e~3000), broad band with no vibrational 
structure even at 77 K. These bands, as in the case of 
adenine [42], may be ascribed to La and Lb transi­
tions, respectively. Attention should be drawn to the 
striking similarity of the emission properties of N 7- 
rn-APP to ethenoadenosine [5], pointing to similarity 
of the emitting states in both compounds.

An analogous reversal of the sequence of the 
transitions La and Lb, accompanied by a marked 
decrease in energy of the latter, has been calculated 
for the rare imino tautomers of adenine [43] and 
observed in model compounds [44]. Application of
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