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Abstract

The photophysics and the mechanisms of the photochemical and chemical aromatization of 1,2,3,4-tetrahydro-7H-pyrido/3,4-b/indol
(THBC) in 40% v/v methanol-water media have been investigated. The primary photophysical processes of THBC resemble those
indoles and related alkaloids. The photochemical oxidation has been carried out in the presence of atmospheric oxygen and light. T
chemical oxidation has been studied using sodium peroxodisulphate (PDS) as the electrophilic agent. In both cases, strong acid mec
i.e., sulphuric acid concentrations higher than 0.5 motéare needed for the dehydroderivative (DH) to be formed. In the photochemical
oxidation, the rate constants for the disappearance of THBC increase linearly with the concentration of acid and the intensity of the excitin
radiation. However, the formation of DH only depends on the acidity of the media. In the chemical oxidation a similar behaviour is observed
In this case, the rate constants for the disappearance of THBC increase linearly with both PDS and acid concentrations, and the appearsa
of DH solely varies with the acid concentration. A two step mechanism is proposed for these oxidation reactions. In the first step, excite
or ground state THBC reacts with ground state oxygen or PDS, respectively, to give an indolenine intermediate. This intermediate slowl
rearranges, in a second acid catalysed step to yield DH. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction be oxidized to a reactive intermediate which can cross-link
proteins in aging human lenses suggesting that they might
The tetrahydrobetacarboline ring, 1,2,3,4-tetrahydro-7H- be involved in cellular aging phenomena [13].
pyrido/3,4-b/indole (THBC) constitutes the basic elementof  In spite of the interest of the oxidation chemistry of
numerous natural indolic alkaloids such as those belonging THBCs, there have been no systematic studies on these
to the Harmala or Rauwolfia families [1-4]. These alkaloids reactions. However, it appears to be rather widely believed
occur in some plants like Peganum Harmala, Rauwolfia Ser-[14] that oxidation of these alkaloids should ultimately
pentine, and in various marine organisms [5-7]. result in the formation of their partial or totally aroma-
Several tetrahydrobetacarbolines are endogenous, albeitized derivatives. For this reason, in this report we have
trace, constituents of the mammalian brain [8—10]. These studied the aromatization reactions of THBC, the most rep-
so-called mammalian THBC alkaloids probably arise en- resentative member of the tetrahydrobetacarboline’s family.
dogenously from the condensation of central nervous systemBecause this alkaloid can be chemically and photochemi-
indolamines (or their precursor amino acid L-tryptophan) cally oxidized, we have analysed both oxidation processes
with an aldehyde os-keto acid via Pictet—Spengler reaction and the factors that favour the aromatization reactions. The
[11]. Other THBCs also appear to be formed after ingestion photochemical study has been carried out in the presence
of ethanol [12], and the hypothesis that these alkaloids con-of atmospheric oxygen and light, while for the chemical
tribute to the behavioural changes, physical dependence andtudy the oxidizing agent, sodium peroxodisulphate (PDS),
addictive properties of ethanol has been advanced. Althoughhas been used.
the mammalian metabolism of THBCs has not been stud-
ied, the fact that their oxidation reactions do occur in vivo
might be implied from the observation that these alkaloids 2. Experimental
and their aromatized derivatives are present in human urine
after alcohol consumption [12]. Also, THBCs are thoughtto 2.1. Reagents

* Corresponding author. THBC was purchased from Sigma-Aldrich nica and
E-mail addresscarmona@fafar.us.es (C. Carmona) was used as received. Stock solutions of the substrate,
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prepared in 40% v/v methanol-water, were stored in the 2.3. Characterization of the reaction product
dark and frequently renewed. Potassium PDS was Anala R
grade (Merck). The acidity of the media was adjusted by the  In the media of high sulphuric acid concentrations used
addition of appropriate amounts of standardized sulphuric in this work, TLC experiments showed the formation of
or perchloric acid solutions. In the chemical oxidation, the a sole reaction product. This compound was undoubtedly
ionic strength), was kept constant at a value of 4moldf  characterized as the DH by comparison of its absorption,
by the addition of NaCI@. Aabs=354 nm, and emissiongm=445 nm, spectra [19] with

As known, experimental conditions of high acid concen- those of a pure sample of DH obtained by an independent
trations and ionic strength are far from being covered by procedure. In the photochemical reactions iodometric titra-
simple thermodynamic approaches. Therefore, the kinetictions also showed the stoichiometric formation ofQd,
results should be interpreted using proton activities rather through the global reaction: THBEO,—DH-+H,0;.
than proton concentrations. Unfortunately, experimental data
on hydrogen ion activities in 40% v/v methanol-water solu- 5 , Kinetic measurements
tions at different acid concentrations and ionic strengths are
not available in the literature. Thus, we checked the results

obtained using proton activities in water [15,16] or directly the photochemical studies was the 250 W Hamamatsu xenon

proton concentrations. Because the resulting kinetic Iawslamp of our spectrofluorometric system. As photoreactor
were independent of the approach used, we decided, for the

sake of simplicity, to use proton concentrations instead of we used a micro quartz cell Hellma (model 75.050). The
. _p_ Y, P small volume of the cell ensured the total irradiation of
proton activities.

the solutions and minimized the problems resulting from
the diffusion of the reagents. The solutions of THBC were
placed in the cell holder of the spectrofluorometer and their

. fluorescence spectra were recorded periodically to analyse
Absorbances were measured on a Perkin-Elmer Lambda-5 b P y y

spectrophotometer equipped with thermostatted cell hOId_the evolution of the reac.tlon mlxture with time. The.hlgh
.. absorbances of the solutions used in the photochemical ex-
erso.l Stegdystate fluorescence or phos%ho'rescenclc(a. emIISSIO&eriments ensured the total absorption of the incident light.
220 %C';atm? n;leasuren;ents were rga e_:ﬂ:n a Pﬁr m;]E M The light intensity of the irradiation was varied by chang-
i pectrofiuorometer: equipped with a phosp Ores'ing the slit of the excitation monochromator and it was
cence accessory Perkin-Elmer 650-0175 for recording the valuated with an actinometer of potassium ferrioxalate
phosphorescence spectra and pgos phorescence ieca;lls. T ]. The actinometer solution was irradiated before and
emission spectra were corrected by using a Perkin-Elmer . = o : .
Data Processor 650-0178 (Rhodamine-B as the quantumaﬁer the irradiation of the sample for an appropriate time

counter). Except for the phosphorescence spectra which(~30 min). Generally during 2—4 h of irradiation the inten-
were recorded in absolute ethanol at 77K, all the spec- sity of the lamp remained practically constant. However,

. ) when meaningful drifts in the lamp intensity were ob-
tra were obtained in 1cm quartz cells at 26(1°C. 9 P y

Sample absorbances for fluorescence measurements Werserved, the experimental measurements were rejected. All
mp ) . fhe kinetic experiments were carried out under temperature
adjusted to<0.1 at the corresponding excitation wave-

lenaths t void inner filter effect nd reabsorntion controlled conditions at 260.1°C. The excitation wave-

ehegno?ner?a avo € er efiects a eabsorptio length was always 278 nm, the maximum in the absorption

P ' . spectra of the substrate. Intensity data were collected at 352
Absolute fluorescence quantum yields, were deter-

mined at 280 nm excitation wavelength by comparison of and 445 nm, the emission wavelengths of cationic THBC

the corrected emission spectra with the spectrum of tryp- and DH, 'respecnvely. Rseudo-f|rst-order ratg .constants
tophan. Sample quantum yields were calculated by usingyvere pbta_lned by a nonlinear _Ieast-squ_ares fitting of the
' . intensity—time data to the following equation:
a value of 0.14 for tryptophan [17] in phosphate buffered
solutions of pH 7. | I = Ino + (Io = Ioc) €XP(—kobs)) (D
Fluorescence decays were collected by time correlated
single photon counting on a FL-900CD Edinburg Analyt-  Always, the measured rate constants, at fixed oxygen
ical Instrument. The excitation source was a nhanosecondand proton concentrations, were the same over a range of
nF900 flash lamp filled with B (0.4 bar) and operat- THBC concentrations. Finally, some kinetic measurements
ing at 40kHz with~6 kV applied across 1 mm electrode carried out in the presence of increasing amounts, up to
gap. Fluorescence decays from the samples were acquired.5 mol dnt 3, of sodium azide showed that this singlet oxy-
to (1-1.5x10* counts in the peak. Fluorescence decay gen quencher has no effect on the rate constant values.
data were fitted by reference deconvolution to a sum of Chemical reactionsKinetic measurements were done un-
exponentials. Goodness of the individual fits was judged der pseudo-first-order conditions with a large excess of PDS.
by the magnitude of the reduceg? and the shape of the ~ As mentioned before, because the reactants involved in these
autocorrelation function of the weighted residuals [18]. reactions can be charged, the ionic strength of the media was

Photochemical reactionsThe source of irradiation for

2.2. Spectral measurements
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kept constant by the addition of NaGJOThe spectra were 08 -
recorded in the Perkin-Elmer 650-40 spectrofluorometer. a :
The excitation wavelength and the wavelengths for record-
ing the intensity data were those used in the photochemical
reactions, i.e., 278, 352 and 445 nm, respectively. However,
in these experiments the samples were irradiated only during
the time necessary for the obtention of the emission spec-
tra. Pseudo-first-order rate constants were also obtained by |
a nonlinear least-squares fitting of the intensity—time data to
Eqg. (1). After elimination of a small induction period, the
reproduction of the rate constant values was excellent.

The possibility that the hydrolysis of PDS to peroxomono- .4 -
sulphate could compete with the oxidation of the substrates
has been tested by independent measurements. These expei
iments showed that, under the acidity conditions used in the
work, the hydrolitic reactions are much slower than the oxi-
dation reactions. Also, the presence of radical promoters or
radical traps did not affect the oxidation rates. This excludes 02 1
the involvement of radical species on the reactions.

0.6 1

» ¢°/¢ort°/t N

[HC104] / mol dm?

3. Results and discussion

. o 0.0 - o
3.1. Photochemical oxidation 300 400 500

A (hm)

Before broaching the photochemical reactivity of THBC,

we will briefly discuss the photophysics of this compound. Fig. 1. Quenching of THBC fluorescence by HGIO@) [HCIOH=

Owing to the basic properties of its piperidinic nitrogen, g 001 moldm?: (b) [HCIO4]=0.3mol dnT=. In the inset, Stern—Volmer
THBC can exist in aqueous solutions as neutral or cationic piots of ¢o/¢ (M) and 7o/ (@) versus [HCIQ].

species. In the acid solutions used in this work, the spectrum

of the cationic species is characterized by a weakly struc-

tured band with a maximum absorption at 278 nm. On the

other hand, the steady-state fluorescence emission spectra afreases. The presence of S0 or ClO4~ anions have no

the cations are broad and featureless. The emission maxi-effect on the measured lifetimes. Furthermore, as shown

mum occurs at 352 nm with a quantum yield of 0.27. These in the inset of Fig. 1 for HCIQ acid, the plots ofgo/¢

cationic species decay monoexponentially with lifetimes of and to/r against [H] are linear. The slopes of these

6.2 ns. Moreover, deoxygenation of the solutions of THBC Stern—\Volmer plots are practically identical, 88 and

has a very little effect on the fluorescence quantum yield as 39+2 mol-1dm?®, respectively. Therefore, steadystate as

well as on the fluorescence lifetime. well as time resolved fluorescence measurements show that
As shown in Fig. 1, the fluorescence intensity of the the quenching of the fluorescence of THBC cations by

cationic species is appreciably quenched in the presence of grotons is a dynamic process. The average value for the

strong acid as HCIQ) although its absorption and excitation quenching rate constant in HGJQ@cid calculated from the

spectra remain unchanged. However, the fluorescence specStern—-Volmer plot is 6.210° mol~dm3s~1. This value

trum is not affected when the inorganic counter-ion concen- is similar to those previously reported for the quenching

tration is changed by the addition of NaGl6r Na SOy salts of tryptamine 6.610°mol~1dmés1 [22], tetrahydro-

up to 2 mol dnT3. This behaviour, already observed for other harmane 5.910° mol~1dm®s~1 [24], and the Rauwolfia

indole derivatives [21-24], has been attributed to an acid alkaloid yohimbine 5.610° mol-1dm®s~1 [26].

catalysed protonation of the indole ring or to a collisional ~ The luminescence spectrum of THBC in ethanol glasses

guenching by hydrogen ions in the excited state. Although, at 77 K is shown in Fig. 2. It consists of fluorescence and

we have previously reported the formation of very weak flu- phosphorescence emissions. As in the case of other simplest

orescent indoleninic dications of THBC [25]gm=424 nm, indoles, the fluorescence emission of THBC at 77 Kax=
in HoSO4~218 mol dn13, there is no evidences on their for- 325 nm, is blue shifted and intensified with respect to that
mation under the acidity conditions used in this work. observed at 298 K. The phosphorescence emission displays

In the presence of 8Os or HCIOq, the fluorescence  well-resolved bands at 410, 437 and 464 nm characteristics
decay curves give always good single exponential decaysof the indole ring [19]. The addition of acid produces a
with lifetimes decreasing as the acid concentration in- slight blue shift of the luminescence spectrum but neither its
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Fig. 2. Luminescence spectra of THBC in ethanol glasses at 77K. Full £ 3. Eyolution with time of the fluorescence spectra of THBC solutions.
line [H2SOu]=0mol dnT3, dotted line [HSCs]=1.8 mol dnt3. hexc=278 N, [FSQOy]=1.8 mol dnT 3,

intensity and shape nor the phosphorescence lifetimes are Apart from the influence of acidity, the rate constagis
modified. also depend on the excitation wavelength. At wavelengths
In the light of the results mentioned, we can now dis- higher than 250 nm, the rate for the disappearance of THBC
cuss the photochemical reactivity of THBC in acid media. roughly correlates with the molar absorption coefficients of
As shown in Fig. 3, when the acidified THBC solutions in the substrate at the irradiation wavelengths. Thus, when the
40% v/v methanol-water are continuously irradiated with substrate does not absorb, no reaction is observed. Moreover,
near-UV light, the fluorescence band of the cationic speciesas shown in Fig. 4, the disappearance of THBC varies lin-
at 352nm disappears and simultaneously a new band atearly with the intensity of the exciting radiation. According
445 nm, characteristic of the DH, grows up. Interestingly, ir- to these results it can be concluded that the photochemical
radiation of the nonacidified solutions of THBC leads to the oxidation of THBC is not a thermal reaction, but it proceeds
photodecomposition of the substrate, but DH is not formed. through an excited state of THBC formed upon absorption
Thus, acidity is essential for this product to be formed. When of light.
the experiments are conducted in the dark or with deoxy-
genated solutions the emission spectrum of THBC remainsTable 1
unchanged. Therefore, apart from the acid media, oxygen 8Sobserved rate constants for the photochemical disappearance of THBC,

well as light are necessary for this oxidation reaction. kobs, and appearance of DHigpsy at different HSO, concentratiors
Under the acidity conditions used in this work, the rate

-3 —1\b —1\c
constants for the disappearance of THHGys;, and the [H25Qd (moldnr™) 10%kob (57 10 kote2 (579
appearance of DHkopsy, vary linearly with the acid con- 1.0 0.63 0.98
centration, see Table 1. Howevdgysi values are always 1; 1'33 g'éé
greater than those déps2 which indicates that these pro- ;4 23 742
cesses are not coupled, i.e., DH is formed through a two 1¢*m (mol-* dm? s~1)¢ 4.4+0.4 1.6:0.4

step mechanism involving a long lived intermediate. A
. F')I behavi h | gd b 9 b din th f a[THBC]=2x10"*mol dm3, T=298K.
similar behaviour has already been observe ecase of b\, oo calculated at 352 nm.
yohimbine, a Rauwolfia alkaloid possessing a tetrahydro-  c\zgiues calculated at 445 nm.
betacarboline ring in its skeleton [26]. d Slopes of the plots okgps Versus acid concentration.
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Fig. 4. Influence of the intensity of the exciting radiation at 298 nm on
the rate constant for the disappearance of THBC. Scheme 1.

when the samples are irradiated and subsequently the light

] o ) ) is cut off, DH is still being formed for a long period
Due to its short lifetime, singlet excited states of THBC ¢ time.

can hardly be involved in the reaction. Furthermore, quench- |, the light of these results, we propose the most prob-
ing of THBC singlets by @should be ruled outsince the flu- - g6 mechanistic route for this photochemical oxidation, in
orescence of THBC is not appreciably quenched in aeratedgneme 2. The reacting speci&By*, are formed in an acid
methanol-water solutions. It seems, therefore, more pla“Si'catalysed step from the tripletd;*. Applying the equilib-

ble that the reacting species are the triplets of THBC or other ., condition to the formation oT,* at fixed intensity of
species formed from them in the acid media where the pho- o exciting radiationkons1 can be expressed by

tochemical oxidations are being studied. In relation to this, it
should be ment|0ned_tha_1t flash photolysis experiments havekob51= @[302]“_' + )
shown that, upon excitation of indole and tryptophan in sul- k_a
phuric acid solutions from 1 to 3 mol dm, a new transient
is formed [27]. Because photoionization did not apparently
occur, these transients were thought to be the triplets of theirg,,., = kq[H ] (3)
pyrrolic protonated cations. In a similar way, the acid de-
pendence observed for the disappearance of THBC could be According to Eq. (2)kobs1 values should, as observed,
attributed to the formation of the corresponding triplets of vary linearly with both oxygen and proton concentra-
THBC. tions with zero intercept at the origin. Als@gps2 values

In relation to the oxygen species involved in the oxida- N EQ. (3), should only depend on proton concentrations.
tion reactions, the fact that, as mentioned, the addition of From thekopsz against [H] plot, a value of (1.6:0.2)x
sodium azide has no effect on the rate constant vakdgs,
indicates that singlet oxygen species are not involved in the
reaction. This means that the reaction studied is a type | pro- hv

and the rate law for the formation of DH is given by

*

cess, i.e., molecular oxyge?(,, reacts with the triplets of THBC — s
protonated THBC. 1 K 3px

Taking into account the nature of the reactants, we 0 - !
assume that, as proposed for other indole derivatives 3T; + HY ka 3T2'
[28-31], the reaction intermediate is the nonfluorescent ka
7-hydroperoxo-7H-THBC, HPI. Once this indolenine inter- 3 3 kg
mediate is formed, and internal reorganization step, from T+ 70 HFT
the enamonium tautomer with acid catalysed hydrolysis of HPI + ®HY kg DH + H0,

the leaving group gives DH, see Scheme 1. In the disap-
pearance of this intermediate, light is not involved. Thus, Scheme 2.
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10~*mol~tdm3s! can be obtained fokq. This value is

in excellent accordance with the value of $B)*mol~1
dm3s~1 previously reported for the same rate constant of
the related substrate yohimbine [26].

3.2. Chemical oxidation
As shown typically in Fig. 5, the changes with time of

the THBC spectrum upon addition of PDS are completely
similar to those observed in the photochemical oxidation of

this substrate. Thus, as in the last reaction, under the acid-

ity conditions used, DH is the unique reaction product. As
mentioned in Section 2, we have followed both, the disap-
pearance of the substrateysy, and the appearance of the
reaction productkops2. The kinetics was always first order,
and as observed in the photochemical oxidation, the values
of kops1 greater than those d§ps2

At fixed proton concentration, 1moldr, the rate
constantskgpsy vary linearly with [PDS] with slope of
(4.5+0.2)x102mol~1dm®s~1 and zero intercept at the
origin, see Fig. 6. Contrarily, the rate constants for the ap-
pearance of DH do not depend on PDS concentration. As
shown in Table 2, at fixed [PDS],>&.0~2moldm 3, the
values ofkgps1 andkgpsz vary linearly with proton concen-
tration with zero intercept at the origin.

To account for these experimental results, we postulate,
as in the case of the photochemical reaction, a mechanis
with two consecutive steps. The first step is the electrophilic
attack by PDS at the C7 atom of the substriggsy, to give

mr
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Fig. 6. Plot of the observed rate constankgps;, for the chemi-
cal oxidation of THBC against PDS concentration. [THBQKx 1074,
[H2SO4]=1mol dnT3, =4 mol dn13, T=298K.

a sulphate indolenine intermediate, Is in Scheme 1. Thus,
these rate constants should, as observed, depend on [PDS].
he dependence @51 values on proton concentration can
be ascribed to the protonation of W3~ anions to give
H>S,0g species which are much better electrophilic agents.
Because, unfortunately, we have no reliable value for the
pKa of this peroxoanion, we have confirmed this assumption
by independent kinetic measurements. We have analysed the
dependence on proton concentration of the reaction between
2-phenyl-3-methyl indole and PDS. This substrate was se-
lected for the following two reasons. Firstly, the observed
rate constants correspond to the attack of PDS at the indole
ring to form the indolenine intermediate as the final product
[32]. Secondly, because this substrate cannot be protonated
in these media [33], any influence of the acidity on the rate
constants can be attributed to the oxidant. As expected, the

Table 2
Observed rate constanigps: and kops2 for the reaction between THBC
and PDS at different $50; concentratiorfs

[H2SQ4] (mol dm~3) 10 Kobs1 (s71)° 10° Kobs2 (s71)°

A (nm) 500

0.7 3.28 1.05

0.8 3.49 1.13

1.0 3.89 1.25

1.2 4.45 1.4

10* m (mol-1dmis1yd 2.3+0.4 0.69:0.08

Fig. 5. Changes in the fluorescence spectra of THBC for a typ-
ical reaction mixture in 40% v/v methanol-watekeyxc=278 nm,
[THBC]=2x10"* mol dni~3, [PDS}=8x 10~3 mol dm3, [H2S04]=1 mol
dm=3, I=4moldnT3, At=10min.

a[THBC]=2x10"*mol dm~23, [PDS}=8.0x 10~3 mol dm3, T=298K.
bValues calculated at 352 nm.

¢Values calculated at 445nm.

d Slopes of the plots okyps Versus acid concentration.
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H;S,04 Kot H + HSOG
THBC + Hy$,03 — K . g + HSO,
THBC + HS,0, —2 . s + HSO,
Is/Hs —%, DH
Scheme 3.

observed rate constants for this system vary linearly with
PDS and proton concentrations with zero intercept at the ori-
gin. Therefore, for the reaction between THBC and PDS, we

. Carmona et al./Journal of Photochemistry and Photobiology A: Chemistry 135 (2000) 171-177
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relative rate of this second step depends on the nature of the
leaving group and the structure of the substrate [26].
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