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+ o*;) if p* = -0.89. For protonated hemiacetals, RCH,OH*-
CH,0H, we use pK, = -5.01 — 1.80* or pK, = -3.79 — 0.890*R.

For cationic tetrahedral intermediates ionizing to give zwit-
terions, R(Z)C(OH;*)(OH), we use pK, = 10.32 — 1.32(o*g +
0*z).12 For ionization of the CH,OH group in hemiacetals, or
protonated hemiacetals, we estimate p* using a fall-off factor of
0.36.4 This leads to pK, = 8.93 — 0.17¢*g for RCH,OH*-
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Abstract: Lumichrome (7,8-dimethylalloxazine) emits two fluorescence bands with maxima at 440 and 540 nm in pyridine—dioxane
and acetic acid—ethanol mixtures. The nanosecond time-resolved fluorescence of lumichrome shows a fast growth of the latter
upon excitation of lumichrome with a 2-ns pulse, as the result of proton transfer from N, to Ny, during the lifetime of the
lumichrome singlet. The rate depends on the concentration of general base (pyridine) and bifunctional catalysts (acetic acid).
From pH-dependence study of the nanosecond time-resolved fluorescence spectra of lumichrome in aqueous solution, the
photodissociation of the N, proton appears to be slower than the phototautomerism in pyridine—dioxane or acetic acid—ethanol
mixtures. The temperature dependence of the phototautomerism of lumichrome showed an efficient proton transfer from N,

to Njo at temperatures higher than 100 K.

Introduction

Lumichrome (7,8-dimethylalloxazine, 1), a flavin tautomer,
exhibits two fluorescence emission maxima, 440 and 540 nm, in
pyridine—dioxane mixture.? These fluorescence spectra are at-
tributed to emission from the excited states of lumichrome (1)
and its tautomer flavin (2). The latter is formed during the

9 10 H2 H
N<E,0 (o}
CH3 8 N '\fH CH@N N\f
4 N NH
CHy7 5 g 3 CHj N7
! 2

excited-state lifetime of the former, catalyzed by pyridine which
facilitates transfer of a proton from the N, to the N, position.3*

Similar phototautomerism of 1 occurs in an acetic acid—ethanol
mixture, in which the acid functions as a bifunctional catalyst for
the excited-state proton transfer.> Various substituted alloxazines
display phototautomerism.> In aqueous alloxazine solutions,

(1) Supported by the Robert A. Welch Foundation (D-182) and the Na-
tional Science Foundation (PCM75-05001).
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multiple excited-state equilibria occur as the result of tautomeric
and ionization equilibria.>

In the previous work mentioned above,>* the phototautomerism
was indirectly measured in terms of steady-state fluorescence and
it was possible neither to extract rate constants nor to discriminate
between the phototautomerism and photodissociation of 1. Al-
though the phase-modulation fluorescence lifetime data were
consistent with the steady-state fluorescence studies,* it was not
possible to elucidate the kinetics and mechanism of phototau-
tomerism of 1in detail. In the present paper, we report nanosecond
time-resolved fluorescence measurements of the phototautomerism
of 1in order to more fully describe the excited-state behavior of
1.

Experimental Section

Materials. Lumichrome (7,8-dimethylalloxazine, 1) was obtained and
purified as described previously,>” and as a gift from Professor J. Koziol.
Spectroquality solvents (p-dioxane and ethanol) were obtained from
Matheson Coleman and Bell and U.S. Industries, respectively. Acetic
acid (Ultrex grade, 99.9%) was purchased from J. T. Baker Chemical
Co. Pyridine, spectroquality, was obtained from Matheson Coleman and
Bell.

(5) Koziolowa, A. Photochem. Photobiol. 1979, 29, 459.
(6) Milller, F.; Dudley, K. H. Helv. Chim. Acta 1971, 54, 1487.
(7) Sun, M.; Moore, T. A.; Song, P.-S. J. Am. Chem. Soc. 1972, 94, 1730.
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Figure 1. A typical intensity—time profile of the Optitron NR-11 nano-

second optical pulse radiator (from N, plasma discharge) used for re-

cording time-resolved fluorescence spectra of lumichrome. The O-ns
origin designates the pulse maximum.
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Figure 2. The corrected fluorescence spectra of lumichrome (435 ~ 0.8)
in ethanol as a function of acetic acid concentration at 298 K, A, ~395
nm. The emission maxima at 448 and 545 nm are due to the photo-
tautomeric equilibrium shown at the top inset (see ref 3 for the photo-
tautomeric equilibrium of lumichrome).

Methods. Steady-state fluorescence measurements were carried out
on a Perkin-Elmer MPF 44B spectrofluorometer equipped with a
DCSU-2 differential corrected spectra unit. Fluorescence yields (¢) were
estimated by integrating emission bands and by referring to known
values.’ Fluorescence decays were measured on an SLM-480 subnano-
second phase-modulation fluorometer and a nanosecond time-resolved
spectrofluorometer constructed in this laboratory, as described below. In
the latter method of fluorescence decay measurements, the data were
treated on the Texas Tech University computer interfaced to the spec-
trofluorometer in order to effectively subtract out the effects of lamp flash
variation on the sample decay curves (e.g., see Figure 1 for the lamp
intensity—time profile). For this purpose, we have utilized the phase-plane
method of Demas and Adamson.’

The nanosecond time-resolved spectrofluorometer is essentially the
same design as that described earlier.® It uses a PAR dual channel Model
162 boxcar averager with Model 163 sampling integrators fitted with
Tektronix S-2 sampling heads (75-ps sampling width). The light source
is a free-running Optitron Model NR-11 nitrogen discharge lamp with
a repetition rate of 5 kHz and fwhm of about 2 ns. The detector consists
of a Bausch & Lomb high-intensity monochromator and an EMI 9817B

(8) Badea, M. G.; Georghiou, S. Rev. Sci. Instrum. 1976, 47, 314,
(9) Demas, J. N.; Adamson, A. W. J. Phys. Chem. 1971, 75, 2463.
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Figure 3. The time-resolved fluorescence spectra of lumichrome (A3gs
~ 0.8) in ethanol at 298 K, A, ~349 nm. Curvesa,-1.1;b,0;¢, 1.1;
d, 2.2;¢, 3.3 ns. (A) 0% acetic acid. (B) 5% (0.83 M) acetic acid. (C)
10% (1.67 M) acetic acid. (D) 20% (3.33 M) acetic acid.

photomultiplier tube. Time-resolved spectra are generated by setting the
boxcar at a fixed aperture (time window) with respect to the lamp in-
tensity peak and then scanning the monochromator and X-Y recorder
simultaneously across the wavelength region of interest. A complete set
of time-resolved spectra can then be generated by advancing the aperture
and rescanning the spectrum. In our opinion, this method is simpler and
more direct than recording a series of decay curves at various wavelengths
and then utilizing these to construct the time-resolved spectrum.

Results

As has been shown earlier,? acetic acid catalyzes the photo-
tautomerism of 1 in ethanol. The corrected fluorescence spectrum
of 1 as a function of acetic acid concentration clearly yields an
isoemissive point at 487 nm (Figure 2), indicating an excited-state
equilibrium between the two tautomers, 1* and 2*, emitting
maximally at 447 and 545 nm (compared to 440 and 540 nm in
dioxane), respectively.

Ethanol itself cannot act as a proton-transfer catalyst (general
base) for the phototautomerism, as there is no evolution of the
fluorescence of 2 in absolute ethanol (Figure 3A). With increasing
acetic acid concentration, however, the 545-nm emission grows
in intensity at the expense of the 447-nm emission. This is also
shown by the steady-state fluorescence measurements (Figure 4).
The slope of the plot shown in Figure 4 is 1.04 M™!, which com-
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Figure 5. The Stern-Volmer plot for the lumichrome fluorescence (447
nm) in ethanol as a function of acetic acid concentration at 298 K. Inset
shows a linear relationship.

pares with the value of 2.3 M in pyridine (see later). The
Stern-Volmer plot for the 447-nm emission shows a positive
deviation at high acetic acid concentration (Figure 5). The Kgy
values range from 0.12 t0 0.17 M1, depending on the acid con-
centration range used.

Figure 6 presents fluorescence spectra of lumichrome as a
function of pyridine concentration showing variations of two
fluorescence band maxima, one at 440 nm due to 1* and another
at 540 nm due to 2*.3 The fluorescence decay of 1 at 440 nm
in dioxane was too short (<2 ns) to be deconvoluted reliably.
However, the 540-nm emission decays much slower than the
440-nm emission, yielding a fluorescence lifetime of 10 £ | ns
(phase shift value 8.8 £ 0.7 ns). The 540-nm fluorescence arises
from the excited singlet state of 1. As required, the corrected
excitation spectra with respect to both emissions are identical with
the absorption spectrum of 1 within experimental errors due to
front-surface imprisonment and self-absorption effects.

A series of nanosecond time-resolved fluorescence spectra of
1 in dioxane as a function of pyridine concentration showed spectra
similar to those shown in Figure 3. Very little emission at 540
nm evolved during 3 ns after pulse excitation of 1 in 0 and 1%
pyridine~dioxane mixtures. However, the 540-nm emission grew
with increasing pyridine concentration. In fact, at high pyridine
concentrations, the 540-nm emission became predominant.

As shown in Figure 6, the 540-nm emission increases in intensity
with pyridine concentration at the expense of the 440-nm emission.
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Figure 6. The dependence of derivative-intensity data from the time-
resolved spectra of lumichrome (see text) on the pyridine concentration
in dioxane at 298 K, slope = 4.5 X 108 M 57, Algyy = Lss001.1n5) = Tsa0(0ms)
for At = 1.1 ns, I's49 = Iy at 0 ns, and 744 = lifetime for the emission at
540 nm.
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Figure 7. The time-resolved fluorescence spectra of lumichrome (A4sgs

~ 0.8) in water at 298 K, A, ~349 nm. Curvesa,-1.1;b,0;¢, 1.1;d,
2.2ns. (A) pH 2.2. (B) pH 11.5.

This can also be shown by steady-state fluorescence ratios of these
two emission bands (cf. Figure 4), as the quenching of the 440-nm
emission follows the Stern—-Volmer kinetics analogous to that
shown in Figure 5. The quenching constant, Kgy = 0.2 M", can
be calculated from the slope of the Stern—Volmer plot.

The phototautomerism of 1 has also been examined in aqueous
solution by the time-resolved fluorescence method. The spectra
are recorded at three different pHs (2.2, 5.53, and 11.5). At pH
2.2, neither the N; nor N, proton is expected to dissociate, as pK,
values involved are pK,* = 3.6 (N;) and 7.5 (N,) and pK, = 8.28
(for monoanion) and 12.9 (dianion).> At pH 5.53, the N, proton
dissociates in the excited state, while both the N, and Nj; protons
dissociate in the excited state at pH 11.5.

Figure 7A shows the time-resolved fluorescence spectra of 1
at pH 2.2, with the emission maximum at 482 nm. As expected,
no significant 2 fluorescence evolves within 2.2 ns. This is also
true at pH 5.53 (spectra not shown), where the N, proton should
dissociate in the excited state of 1 with water acting as the general
base. Only at pH 11.5, a longer wavelength fluorescence (max-
imum at 532 nm) is resolved in the nanosecond time scale (figure
7B). This emission is most likely due to an anionic form of 2 (the
N, monoanion of 2 is equivalent to that of 1).
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Figure 8. The time-resolved fluorescence spectra of lumichrome (43
~ 0.76) in 20% pyridine-dioxane, A, ~349 nm. Curves a, -1.1; b, 0;
¢, 1.1;d, 2.2 ns. These spectra were normalized with respect to the
intensity at 440 nm. (A) Temperature 100 K. (B) 270 K.

The phototautomerism of 1 depends on viscosity and temper-
ature.>® The time-resolved fluorescence spectra of 1 in 20%
pyridine—dioxane at 100 K show a slow growth of the 2
fluorescence after 2.2 ns (Figure 8, curve d). However, the 2
fluorescence is clearly resolved at 270 K, even though the matrix
at this temperature is still a frozen snow (Figure 8). Steady-state
fluorescence measurements indicated that the phototautomerism
occurred efficently at temperatures >133 K.*

Discussion

In the absence of pyridine or acetic acid, 1 absorbs a quantum
of light and emits at 440-450 nm. However, in the presence of
pyridine, for example, the 7,8-dimethylalloxazine (1) absorption
spectrum remains unchanged, while a yellow fluorescence evolves
with a maximum at 540 nm; the latter is attributable to the
isoalloxazine tautomer (2).> In addition, the Stern—Volmer plot
of 1 as a function of pyridine concentration in dioxane exhibited
a straight line. At higher concentrations of acetic acid, however,
the Stern—Volmer plot in ethanol deviates positively. However,
a modified plot shown in Figure 5 (inset) yields a reasonable
straight line. This behavior is indicative of ground-state complex
formation,!®:!!

A log-log plot of fluorescence quantum yield ratio ¢/, against
pyridine concentration, according to Birks,!? yielded a straight
line, the slope (=1.03 with 2 = 1.00) being the stoichiometry of
the quenching reaction of 1%, i.e., I:1 stoichiometry of 1* and
pyridine. A plot of Is4s/l44g against pyridine concentration yielded
a straight line with slope of 2.3 M, thus confirming a 1:1
stoichiometry.

Steady-state and time-resolved fluorescence of 1 in the presence
of acetic acid (cf. Figures 2-5) can be interpreted in terms of the
simple kinetics of Scheme I, although the curvature of Figure 5
indicates that this scheme does not entirely account for ground-
state complexes. The ground-state tautomer 2 is themodynam-
ically unstable and rapidly reverts back to 1, although it can be
spectroscopically detected in viscous media such as in 5% pyri-
dine-glycerol.?

For Scheme Ia, the following expression for the rate ratios of
fluorescence from 1* and 2* can be derived:

Isys/ Lagy = Isgo/ Laso =
(ks/ki)(ks/kqs + ks + ko)[CH;COOH] (1)

(10) Birks, J. B. “Pholophysics of Aromalic Molecules”; Wiley-Iniersci-
ence: New York, 1970; pp 442-443.
(11) We acknowledge a referee’s comment regarding this point.
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From the slope (=1.04) of the plot shown in Figure 4, the
fluorescence lifetime (=2.65 X 107 s = [k, + ks + kg]™)) of 1
in acetic acid where the fluorescence is almost exclusively from
2* (spectrum not shown) and ks/k, = 0.99, we obtain k3 = 4 X
108 M~ 57!, From the Kgy value of 0.12 (Figure 5), we also obtain
ky=3X 10857,

The time-resolved fluorescence data (Figure 3) can be treated
by the method of instantaneous derivative-intensity plot'? to
calculate k5 and ky, according to the equation

(Alsys/ Ar)

1545

1545
1447

+ (kg + ks + k¢) ] = k.fJ]CH,COOH] (2)

where Alsys = 1545 (t2 ns) = Isss (tls. ns), At = t; = 1y, Isqs and Loy
are fluorescence intensities (normalized to the constant excitation
pulse intensity) at 545 and 447 nm, respectively, and

1%] /I
L
[2*] /' Isss

is the proportionality factor!? for the conversion of J44; and Isys
to the concentrations [1*] and {2*].!* From a plot according to
eq 2, k; can be calculated to be 3.1 X 108 M~! s7!. The slope of
derivative-intensity plot shown in Figure 9 yields k, = 2.8 X 108
s, These values are in satisfactory agreement with the steady-
state values, within experimental errors.

Steady-state and time-resolved fluorescence of 1 in the presence
of varying concentrations of pyridine can be interpreted in terms
of Scheme Ib. Using the slopes of 2.3 and 0.2 M™! from plots
of Isys/I440 vs. pyridine concentration and the corresponding
Stern—Volmer relation, respectively, and with the fluorescence
lifetime of 1.2 ns in dioxane, values of k3 = 3.3 X 108 M~ s™! and
ks = 6.9 X 107 s7! are obtained, respectively.

For Scheme Ib, a derivative-intensity relation is shown in Figure
6. The slope yields kf = 4.5 X 10° M1 s71, which compares closely
with the value obtained in ethanol (vide supra). These values are
an order of magnitude less than the diffusion-limited rate constant,
kgig = 5.5 X 10° M™! 57!, under our experimental conditions

f:

(12) Loken, M. R.; Hayes, J. W.; Gohlke, J, R.; Brand, L. Biochemistry
1972, 11, 4779.

(13) This value was taken as the ratio of amplitudes of fluorescence decay
curves at 447 (lumichrome) and 545 nm (lumiflavin) in ethanol, under
identical measuring conditions, i.e., same absorbances with intensity-nor-
malized excitations at 349 nm and with an approximately constant-response
PM tube (EMI 9817) at 447 and 545 nm. Since the natural lifetime and
instrumental sensitivity factors are essentially identical for ethanol and dioxane
solutions and the only major difference is a nearly twofold increase in ¢,
(lumiflavin) in dioxane, we may use /' ~ 1 for an approximate estimate of k5.
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Figure 9. A derivative-intensity plot of time-resolved kinetic parameter,
according to the equation ((Al;/Ar)/I) + (k) + ky + k;3[CH;COOH])
= (kq/f)Is4s/ I147), as a function of acetic acid concentration at 298 K
for lumichrome in ethanol.

(dioxane). Although we have not deconvoluted the rise time of
2*, the above values of k are consistent with the slower rise time
of 2* than the excitation pulse rise time, assuming f ~ 1.13
The fact that the fluorescence of 2* is not resolved within the
nanosecond range examined (Figure 7) in aqueous solution of 1
at pH 5.53 {this pH being lower than pK,*(N,) = 3.6]° suggests
that the photodissociation of the N, proton in aqueous solution
is substantially slower than is the phototautomeric transfer of the
proton from N to Ny, in dioxane and ethanol in the presence of

pyridine and acetic acid, respectively. For 2-naphthol in water,
photodissociation shows rate constants ranging from 4.1 X 10714
to 5.1 X 107 s™L12 Furthermore, the temperature dependence of
the time-resolved fluorescence due to 2* (Figure 8) suggests that
the phototautomeric proton transfer is strongly viscosity dependent,
in contrast to the dissociation of proton and the resulting ion-pair
formation between N, and the conjugated acid (pyridinium
cation) in the excited state of 1. The long-wavelength fluorescence
of 1 at pH 11.5 (Figure 7) is probably due to a ca. 1:1 mixture
of N, and Nj; anions.>!3

Conclusion

The nanosecond time-resolved fluorescence spectra of lumi-
chrome in dioxane and ethanol in the presence of pyridine and
acetic acid, respectively, have been obtained by a PAR boxcar
averaging system. Inspection of these spectra strongly suggests
that the excited lumichrome (1*) undergoes a tautomeric proton
shift from N to Ny, yielding the excited flavinic tautomer (2*)
which emits maximally at 540-545 nm. Both steady-state and
time-resolved fluorescence data yield rate constants of 3-4.5 X
108 M~! 57! for the phototautomeric reaction, and these rate
constants are an order of magnitude lower than diffusion-controlled
processes. The driving force for the phototautomeric proton shift
is the redistribution of the electron density at N, and N, upon
excitation of lumichrome.> A strong temperature dependence,
and that the photodissociation of the N, proton is substantially
slower at neutral and acidic pHs than is the phototautomerism
in dioxane and ethanol in the presence of pyridine and acetic acid,
respectively, has been observed.

Acknowledgments. We are grateful to Professor S. Georgiou
for his valuable advice in constructing the nanosecond time-re-
solved spectrofluorometer used in this work. Funds for the con-
struction of this equipment were provided by the Dean of the
College of Arts and Sciences, Texas Tech University.

(14) Weller, A. Prog. React. Kinet. 1961, 1, 187.
(15) Lasser, N.; Feitelson, J. Photochem. Photobiol. 1977, 25, 451.

Organic Photochemistry with 6.7-eV Photons:
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Abstract: Photolysis of the title compounds at 185 nm in solution leads to internal addition of the olefinic group to the cyclopropane
ring and cleavage of the cyclopropane to a bicyclic 1,4-diene. A theoretical analysis of the interactions between the w-orbitals
of the double bond and the ¢ orbitals of the cyclopropane in each of these compounds has been carried out. The effect of
through-bond interactions superimposed upon the through-space effects when extended to the valence excited states gives rise
to three low-lying excited states which are (in order of decreasing energy) o5 — o2* + «* (forbidden), o5 + # — 7* + g,*
(allowed), and 7 — g — 7m* + o,* (allowed). The internal addition reaction is identified with the = — o5 — 7* + ¢,* state
and the cleavage of the cyclopropane to yield a 1,4-diene with the o5 + m — m* + ¢,* state. The low reactivity of the
endo-tricyclo[3.2.2.0%*|non-6-ene is believed to relate to a departure from the ordering of the excited states as described above.

Introduction

The tricyclic compounds 1-4 which incorporate an allylcyclo-
propane function in a rigid tricyclic framework have been of
interest to both spectroscopists and photochemists. The inter-

0002-7863/80/1502-5297%01.00/0

actions between the = electrons of the double bond and the Walsh
orbitals of the cyclopropane have been examined in 1, 2, and 3
by photoelectron (PE) spectroscopy by Heilbronner and his co-
workers? and by Bruckmann and Klessinger.> These workers

© 1980 American Chemical Society



