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Abstract

The photophysical properties and the acid—base equilibriuprazrboline-3-carboxylic acitN-methylamide gCMAM) in aqueous
solution have been investigated. Thi§zpralues in the ground and the first excited state have been spectrophotometrically determined
using the Fdrster cycle for the excited state. This compound and mgitaiboline-3-carboxylatgeCCM) are the most acidig-carboline
derivatives studied till now both in the ground and the first excited state. The acidity of these compounds is explained in terms of the
optimised structure of the solvated molecules using the density functional method’s (DFT) computational method and the polarized
continuum model’s (PCM) solvatation model. In contrast with most of the gas phase calculation publighearbalines, in this work,
we have included solvatation effects in order to reproduce the relative experimental pyridinic nitrogen proton affinities of these 3-subtituted
B-carbolines and Norharmane. The gas phase calculations are insufficient and the inclusion of these solvatation effects in the calculations
is vital. Potential energy barrier when dihedral angle between the Norharmane skeleton and the substituent varies is also calculated in order
to elucidate the importance of steric hindrance in these 3-substjittadboline derivatives.

The different photophysical properties of the neutral and cationic forg€6M andgCMAM are explained in terms of their optimised
structures.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction tion [21,22] which is affected by the substitueri&3]. The
proton affinities off3-carbolines in gas phase calculated by
B-Carbolines are a group of molecules widely studied be- semi-empirical calculations have been supposed to be a good

cause of their presence in human tiss[ies3], foods[4,5], basis for the discussion of the protonation process in solu-
their pharmacological applicatiof-9] or their photophys-  tion because good agreements between the theoretical and
ical properties as fluorescence standdids11] or as indi- the experimental trends had been reacl2sq.

cators for the fluorimetric determination of small acidites =~ However, we have recently found that th&gpvalues

in the physiological pH rangg.2]. of methyl{3-carboline-3-carboxylate BCCM, Fig. 1) in

Numerous experimental studies have been carried out foraqueous solution in the ground and the first excited singlet
the determination of-carbolines [, values both in the  state, 4.4 and 6.0, respectively, are quite a bit lower than
ground and the first excited singlet stgdte2—20] From the average I§; values of the otheB-carboline derivatives
these studies, it can be concluded tRatarbolines become  [24]. These unexpected experimental results could not be
more basic after excitation. Thép values of most of them  explained with the preliminary semi-empirical calculations
are around 7 for the ground state and around 13 for the carried out in gas phase.
first excited statg13]. This is theoretically explained by We are now interested in studying thégvalues in aque-
the increase of the pyridinic nitrogen basicity upon excita- ous solution of othep-carboline derivatives with structures

close to that ofdCCM to see if their K5 values are also

* Corresponding author. Tel+34-947-258061; fax:-34-947-258831. lower than the averagé<g values of mosp-carbolines. The
E-mail addressmjtapia@ubu.es (M.J. Tapia). first aim of this work is therefore to study the acid—base
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Fig. 1. Methylg-carboline-3-carboxylateBCCM) and B-carboline-3-carboxylic acitN-methylamide BCMAM).

properties of3-carboline-3-carboxylic acit\-methylamide
(BCMAM, Fig. 1) in agueous solution. It also has a volu-
minous substituent in position 3, close to the pyridinic ni-
trogen and similar results to those obtained VatCM can
be expected.

obtained using the time-correlated single-photon-counting
method (Edinburgh Analytical Instruments). The excitation
source was a hydrogen nanosecond flash lamp: repetition
rate 40 kHz and excitation pulse width less than 1 ns. Fluo-
rescence decays were analysed with the method of non-linear

The second goal of this work is to carry out more accurate least squares iterative deconvolution and the quality of the

theoretical calculations oBCCM and BCMAM and the
non-substituted Norharman@Q) not only in gas phase but

fits was judged by the value of the reduced Chi-squar® (
and the autocorrelation function of the residuals. All exper-

also taking into account the solvent in order to explain the iments were carried out at 2&.

acid base properties of these three compounds.
The last aim of this work is to determine lifetimes, quan-

Calculations of proton affinities were carried out by
means ab initio calculations using density functional

tum yield and kinetic constants of radiative and non-radiative method (DFT). The optimised geometries for neutral and

processes oBCMAM neutral and cationic forms in aque-

cationic species were obtained using a B3LYP functional

ous solution since this has not yet been studied in water.and 3-21G basis set. With these geometries, single point
The only photophysical study found on this compound was calculations were made, also using a B3LYP functional but

carried out in organic solvents of variable polafigp].

2. Experimental
2.1. Materials
Norharmane §C) and B-carboline-3-carboxylic acid

N-methylamide BCMAM) were purchased from Sigma,
potassium chloride from Aldrich, glacial acetic acid (AcH)

with a more complete 6-311G (d,p) extended basis set.
In order to include the solvatation effects, a polarized con-
tinuum model (PCM) was used. In this model, the solvent
is considered as a continuous medium of uniform dielectric
constant. The solute occupied a spherical cavity of radius
ap within it. A dipole in the molecule will induce a dipole

in the medium, and the electric field applied by the sol-
vent dipole will in turn interact with the molecular dipole
leading to net stabilization. In this context, we used the
modification of the original model proposed by Miertus and

from Riedel-deHaén, benzene (uvasol grade solvent) andTomasi[26]. Finally, the proton affinities were obtained as

sulfuric acid from Fluka. All the reagents were used with-

the energy difference between neutral and cationic species.

out further purification and the solvents were degassedAll calculations were carried out using the GAUSSIAN98

bubbling nitrogen. Diluted solutions @CMAM in water
were prepared stirring the solution over 24 h and filtering

the solutions with a paper filter to remove the undissolved

fraction. K, measurements were carried out varying pH
with drop addition of a B x 1072M aqueous solution
of sulfuric acid and keeping constant the ionic strength
(0.1 M KCI). Solutions were also acidified adding acetic
acid (0-0.34% v/v).

2.2. Experimental and theoretical methods

(A-9 version) commercial programme.

3. Experimental results

The absorption spectraof BCMAM at several pH are
shown inFig. 2. The solutions were acidified with dropping
addition of sulfuric acid solution (5 x 10~2M) and the
ionic strength was kept constant (0.1 M KCI). At 6.1 pH, in
the range between 320 and 420 nm, only the neutral form
absorbs with two maxima at 335 and 347 nm. The absorption

Absorption spectra were obtained using a Hewlett Packard of the protonated form at 376 nm increases by decreasing
spectrophotometer HP 8453. The steady-state fluorescenc@H. An isosbestic point at 353 nm indicates that both species
spectra were measured with a Shimadzu spectrofluorime-are in equilibrium. From the absorption spectra changes, the

ter RF-5301 PC with a 3nm bandwidth in excitation and

BCCM pKj in the ground state,Ku(So), can be calculated

1.5nm bandwidth in emission. Fluorescence decays were[27].
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Fig. 2. Absorption spectra §CMAM in agueous solution at several pH (ionic strength 0.1 M KCI).

The average K4(Sp) calculated at 335 and 377nm is using Norharmane in benzeng £ 0.30) [21] and Norhar-
3.85+ 0.03. Similar experiments carried out by acidifying mane in 0.05M HSO, (¢ = 0.60) as standardgll], re-
with acetic acid, AcH, and without KCI give &p(Sp) value spectively. The calculated quantum yields wer 7+ 0.02
3.65+ 0.02. and 054+ 0.02 for theBCMAM neutral and cationic forms,

The emission spectraf BCMAM at different pH are respectively. If AcH is used to diminish the pH, the cationic
shown inFig. 3. By decreasing pH, the neutral form emis- form quantum vyield is @8 4 0.03, slightly lower than the
sion intensity at 387 nm diminishes and the cationic form calculated one when sulfuric acid is used.
emission at 456 nm increases. An isosbestic point at 425nm Lifetime measurementsf BCMAM have been carried

is indicative of the equilibrium between both forms. out for solutions with several pH (7, 4.5, 3.9, 3.3 and 2.1),
The K, of the first excited state,Ky(S;1), can be calcu-  acidifying with sulfuric acid, and for solutions with variable
lated from the Forster cycl8]. percentages of AcH (0, 0.004, 0.008, 0.07 and 0.9%). Excita-

The average calculated value df4{S:) was 54 + 0.5. tion wavelengths (330 or 370 nm) and emission wavelengths

Similar calculations done on the samples acidified adding (387, 456 and 520 nm) were followed. Recording the neutral
AcH gave a K5(S1) of 5.1 which is below the experimental form emission at 387 nm the decays were mono-exponential
error. with a lifetime of 46 & 0.3 ns. Recording the cationic form

The quantum yieldg¢) of the neutral and the cationic emission (456 or 520 nm) mono-exponential decays were
forms of BCMAM in aqueous solution were calculated also obtained with long lifetimes, 1%+ 0.3 ns.
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Fig. 3. Emission spectra §CMAM in aqueous solution at several pH (ionic strength 0.1 M KCI).
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From the lifetime and quantum yield of the neutral and clude PCM calculations or other ones to reproduce solvent
cationic forms ofsCMAM, the radiative rate constantk;) effects[30-32]
and thenon-radiative rate constar{k,,) of both forms were The geometrical parameters of the neutral and cationic
calculated.k;, values are D2 x 108 and 348 x 10's™1 form of BCCM andBCMAM are quite similar both in the
for the neutral and for the cationic form, respectively, and ground and the first excited state but there are two notice-
the non-radiative rate constanig,, were 115 x 108 and able differences between them. The first one is related to
2.97 x 10’ s71, for the same two forms, respectively. the angle formed between the Norharmane skeleton and

the substituent planes. Both planes are twisted an angle

of 19.58 () for both, ground and excited states of the
4. Theoretical results and discussion BCMAM protonated form. They are coplanar fRCCM

neutral and cationic forms in the ground and excited state

A theoretical magnitude that can be correlated to tig p  (Fig. 4, & = 0) and forBCMAM neutral form in § and §.
experimental values is the proton affinity. This value is ob- The second difference is the rotational potential energy bar-
tained as the energy difference between the neutral and theiers when the dihedral angle between Norharmane skeleton
cationic species (se®ection 2.2, and it has been calculated and substituent is varied. These barriers for both compounds
for NorharmaneBCCM andBCMAM in gas phase and in  in the ground state are shown fifig. 5. As it is shown in
agueous solution. We have exclusively considered the pro-this figure, the rotation of the substituent plane with respect
tonation on the pyridinic nitrogen because this is the most to the Norharmane skeleton increases the potential energy
basic site of this kind of compound23]. The obtained re-  reaching a maximum when both planes are more or less
sults are shown ifable 1 perpendicular. This is quite acceptable sincehimterac-

The proton affinity ofBC shown inTable 1is around tions between the Norharmane skeleton and the substituent
20kcal/mol higher than the value obtained by Hidalgo carbonile group is favoured in a coplanar disposition of
et al. [23] with less accurate semi-empirical calculations the skeleton and substituent. Apart from that, the rotation
at the AM1 level. As for the relative acidity of the three approximates the negatively charged pyridinic nitrogen
compounds, it can be said that it follows the sequence atom and the carbonilic oxygen that reduces the structure
BCMAM > BC > BCCM, if only the results in gas phase stability. These effects are common both €CM and
are taken into account. This sequence is different from BCMAM. However, there should be other factors to take
the experimental acidity sequence which BFCMAM > into account since the protonation increases the barriers
BCCM > BC. Only when solvent effects are considered, height for BCCM and drastically decreases the rotational
the experimental results are reproduced by the calculatedbarriers forBCMAM. The increases in thBCCM rotation
proton affinities. barriers could be explained by the steric hindrance produced

Hidalgo et al., on the basis of AM1 calculations concluded after pyridinic nitrogen atom protonation. But, why is the
that the gas phase is a good approach to the protonatiorsame effect not observed wiBCMAM? The reason could
process in solution because the proton affinity is retained be in the N—H of theN-methylamide group with the hydro-
in solutions[23]. However, it is proved thatky, values of gen atom orientated towards the pyridinic nitrogen probably
BCMAM, BCCM andBC are only explained carrying out shared up to a certain point, by the two nitrogen atoms,
more refined calculations in which solvent effects have to be although without forming a hydrogen bridge. This new fac-
considered. This is an important contribution because theretor for BCMAM could explain the higher rotation barrier
are not many theoretical studies publishedgeoarbolines, for BCMAM that increases for rotational angles beyond 90
no one orBCMAM and BCCM, as far as we know, and most  grades. Once that the pyridinic nitrogen atom is blocked by
of them do not include polarized continuum models to con- protonation the N-H bond di-Methylamide group is not
sider the solvent effect®1,23,29] Although, more recent  compelled to be orientated towards the pyridinic nitrogen
works on structurally related molecules gecarbolines in- and the rotational barriers are drastically reduced.

The information on the first excited state@EMAM and
BCCM comes from the fluorescence experiments. The main
Table 1 photophysical parameters SCMAM and BCCM (neutral
Proton affinities and 4 valugs in the ground stateKp(Sp), of Norhar- _ and cationic species) in aqueous solutions are summed up
gigfbégcn)é :;;ﬁ;b;hargﬂ:%‘Z’%‘?ﬁ:xate (bCCM) and b-carboline- jn Taple 2 It can be seen that quantum yields, lifetimes and
Y Y radiative rate constants GICMAM species are higher than

Compound Proton affinity a(So) the same parameters fBCCM and the non-radiative rate
Gas phase Agueous solution constants of the latter are higher than the non-radiative con-
(kcal/mol) (kcal/mol) stants ofBCMAM. These results are consistent with a more
BC 243.2 294.8 6.813] hindered rotation of th&l-methylamide group ofCMAM
BCCM 249.5 280.3 4.424] with respect to the methyl ester group@ECM in the first
BCMAM 2315 2716 3.8

excited state since these substituents in position 3 constitute
Pyridinic nitrogen is the protonation site. the main structural difference between the two compounds.
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Table 2

Photophysical properties @CMAM and BCCM [24] in aqueous solution: quantum yield)( lifetimes ), radiative k) and non-radiativeky,) constants

" @° " (ns) ¢ (ns) KM x 107 (s7h) k¢ (s7h) x 107 kP (s7h) x 107 kS (s x 107
BCMAM 0.47 0.54 4.6 15.5 10.2 35 11 2.9
BCCM 0.21 0.26 3.2 14.5 6.6 1.8 25 5.1

The superscripts n and ¢ stand for the neutral and cationic forms, respectively.

For cationic form of BCMAM the optimised first excited
state structure with the twist angle showrFig. 4is a theo-
retical probe that in some case€MAM shows more steric
hindrance.

more basic upon excitation, the increment in thg palues

is less than a pH unit while the average increments for the
other derivatives are around 7 units in agueous solution
[17,33] Only for Harmine, this increment is also lower than

Finally, it is important to underline that the acid—base one. It is well known thap-carbolines become more basic
properties both in the ground and the first excited state upon excitation as a consequence of the electron charge

of BCMAM and BCCM are quite different to the other

density migration towards the pyridinic nitrogg2i]. This

B-carboline derivatives previously studied. On the one hand effect is also observed in the studigetarboline derivatives
their acidity, both in the ground and the first excited state, is comparing the HOMO (highest occupied molecular orbital)

higher than for any othgs-carboline derivative§l3,17,33]

and LUMO (lower unoccupied molecular orbital) @iC,

that can make them useful probes in more acidic environ- BCCM andBCMAM (Fig. 6). However, the electron charge
ments than otheB-carbolines. On the other hand, although density migration towards the pyridinic nitrogen is reduced
as for the other-carbolines, these compounds become in the case o CMAM and BCCM in comparison tg3C

BC-HOMO

H

BCCM-HOMO
4 ; H
H
e
J
-
-
-
BCMAM-HOMO

BC-LUMO

'H
-
ﬂCCM-LUM()
H
H H
H il
el
B
“H
-
BCMAM—LUMO

Fig. 6. HOMO and LUMO orbitals oBC, BCCM and BCMAM.
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due to a partially electron charge density shift towards the [3] G.H.N. Towers, Can. J. Bot. 62 (1984) 2900.

substituentsKig. 6) what explains the lower increment in
the K4 values for these 3-substitut@dcarbolines.

5. Conclusions

B-Carboline-3-carboxylic aciN-methylamide CMAM),
as the previously studied methgtcarboline-3-carboxylate
(BCCM), has K5 values in the ground and the first excited
electronic state lower than the averadé,walues of most
of B-carboline derivatives in aqueous solutions.

The acid-base behaviour of these 3-substitugedarbo-

[4] T. Herraiz, J. Chromatogr. A 871 (2000) 23.
[5] T. Herraiz, Food Chem. 66 (1999) 313.
[6] C. Szantay, G. Blusko, K. Honty, G. Dérnyei, The Alkaloids, vol.
27, Academic Press, New York, 1986 (Chapter 2).
[7] E. Schilitter, H.J. Bein, Medical Chemistry, vol. 7, Academic Press,
New York, 1967 (Chapter 5).
[8] M. Beljanski, M.S. Beljanski, I.R.C.S. Med. Sci. 12 (1984) 587.
[9] M. Beljanski, M.S. Beljanski, Exp. Cell. Biol. 50 (1982) 79.
[10] K.P. Ghiggino, P.F. Skilton, P.J. Thistlewaite, J. Photochem. 31 (1985)

[11] A. Pardo, D. Reyman, J.M.L. Poyato, F. Medina, J. Lumin. 51 (1992)
269.

[12] M. Krishnamurthy, S.K. Dogra, Indian J. Chem. 25A (1986)
178.

lines is explained in terms of the calculated proton affinities [13] M. Balén, J. Hidalgo, P. Guardado, M.A. Mufioz, C. Carmona, J.

only when the solvent effects are taken into account in the

Chem. Soc., Perkin Trans. 2 (1993) 99.
[14] F. Tomas, |. Zabala, A. Olba, J. Photochem. 23 (1983) 355.

model. This proves that the gas phase results are not alway$:s £, Tomas, I. Zabala, A. Olba, J. Photochem. 31 (1985) 253,
enough to explain the protonation in solution as other authors[16] S. Draxier, M.E. Lippitsch, J. Phys. Chem. 97 (1993) 11493.

had previously suggested.
The K3 increments between @&nd S are lower for these
3-substituted3-carbolines than for Norharmane what it is

[17] M.C. Biondic, R. Erra-Balsells, J. Chem. Soc., Perkin Trans. 2 (1997)
1323.

[18] K.T. Douglas, R.K. Sharma, J.F. Walmsley, R.C. Hider, Mol.
Pharmacol. 23 (1983) 614.

explained by the electron charge density shift towards the [19] 0.s. wolfbeis, E. Furlinger, R. Wintersteiger, Monatsh. Chem. 113

substituents oBCCM andBCMAM.
BCMAM differs from BCCM because it is a more acidic

compound and it has higher quantum yields, longer lifetimes
and longer radiative constants. These facts are explaine

(1982) 509.
[20] A.P. Varela, A. Dias, M. da Graca Miguel, R.S. Becker, A.L.
Macanita, J. Phys. Chem. 99 (1995) 2239.

0{21] A. Dias, A.P. Varela, M. da G. Miguel, A.L. Macanita, R.S. Becker,

J. Phys. Chem. 96 (1992) 10290.

by the structural characteristics of the susbstituents of both25) ¢. carmona, M. Galan, G. Angulo, M.A. Mufioz, P. Guardado, M.

compounds. The substituent group at the position 3 of the

protonated form oBCMAM in the first excited state shows
more steric hindrance than that of the proton@3€CM in
the same state.
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