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Abstract

Detection of Q(*A4) emissionmax=1270 nm, following laser excitation and steady-state methods were employed to measure the total
reaction rate constarity, and the reactive reaction rate constagat for the reaction between singlet oxygen and@#ehona tree alkaloids,
cinchonidine, cinchonine, quinine and quinidine in several solvents. In most solverits vilaes were close to 1M1 s, indicating that
these compounds are good singlet oxygen quenchers. The reactive rate constants are smalteMthiast4,0mplying that quenching is
essentially a physical process. The analysis of solvent effekt &y using LSER equations indicates that singlet oxygen deactivation by
these drugs is accelerated by solvents with largend g values, being inhibited by hydrogen bond donor (HBD) solvents. Correlations
employing theoretical solvent parameters, TLSER, give similar results. These data support the formation of an exciplex with charge transfe
character, resulting from the singlet oxygen electrophilic attack on the quinuclidine moiety nitrogen. In most solvents, cinchonidine is more
reactive than cinchonine and quinine is more reactive than quinidine although reactivity differences are small and only in a fewssolvents
values of theS,R-isomer are about twice than thoseryf-isomer. The higher reactivity &,R-isomers in these solvents is explained by the
geometrically favorable intra-exciplex stabilizing interaction between the non-bonded pernitrone oxygen and the hydrogen of the hydroxyl
substituent at C(9).
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and to evaluate the relative contribution of tautomers in
equilibrium to the total reaction rafé,2].

Linear solvation energy relationship, LSER, and theoret-  Cinchona alkaloids, the natural compounds extracted
ical linear solvation energy relationship, TLSER, are very from barks of Cinchona tree have an ancient therapeutic
useful frameworks to analyze solvent effects on singlet oxy- heritagd3]. They have multiple biological activities, among
gen reactions with several kinds of molecules. Treatmentsthem, the widely known antimalarial and antiarrhytmic prop-
allow quantitative evaluation of solvent effects and are erties. The most abundant constituent€ofchona bark are
helpful tools for interpreting the mechanism of the process. the so-calle@rythro isomers: cinchonidinelj, quinine @),
These equations have also been employed to determine theinchonine 8) and quinidine 4), which differ from each to
main reaction center in polyfunctional compounds, to detect other by the absence or presence of the methoxy substituent
changes in the reaction mechanism with solvent propertiesin the quinoline moiety and/or in the absolute configuration

of two carbon atoms, C(8) and C(9), while the configuration
* Corresponding author. Tel.: +56 2 6782878; fax: +56 2 6782809. of C(3) and C(4) is the same for all the alkaloids of this
E-mail address: azanocco@cig.uchile.cl (A.L. Zanocco). group.
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Until relatively recently, quinine was the only remedy
to treat malaria, the most awful disease for world civiliza-
tion over the past three centuri¢4], which caused the
death of millions of peoples (over 1.1 million in 200[B].
CompoundsX)—(4) are antimalarials of comparable activity,
unlike their C(9) epimers that are practically inactive. Since
the beginning of the last century, synthetic antimalarials have
also been employed to treat the disease. Most antimalari-
als have pharmacological activities beyond those for treating

malaria, consequently a number of them have been used
with several degrees of success to treat medical conditions

other than malaria including lupus erythematosus, polymor-
phous light eruption, cutaneous lymphoma, and rheuma-
toid arthritis [6]. The majority of antimalarials derived
from quinoline possessed undesirable photosensitizing
properties that produce toxic side effects both in the skin
and the eye[7-9]. Cutaneous and ocular effects, prob-
ably caused by light, include changes in the skin pig-
mentation, corneal opacity, cataract formation and other
visual disturbances, including irreversible retinal damage
that may lead to blindneg6]. The precise mechanisms for
these reactions in humans remain unknown, although sin-
glet molecular oxygen, @1Ag), and free radicals including
superoxide/hydroperoxyl or peroxyl adduct, carbon- and
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Compound Absolute Configuration X
C(8) C(9)
Cinchonidine (1) S R H
Quinine (2) S R OCH,
Cinchonine (3) R S H
Quinidine (4) R S OCH

3

Fig. 1. Molecular structures of the princip@nchona tree alkaloids.

2. Experimental

Cinchonidine hydrochloride and cinchonine hydrochlo-
ride (Sigma), 5,10,15,20-tetraphenyl#223H-porphine
(TPP), 9,10-dimethylanthracene (DMA) and rubrene

nitrogen-centered radicals have been invoked as responsi{Aldrich) were used without further purification. Rose

ble of these phototoxic effecf$0-14] On the other hand,

it is well known that singlet molecular oxygeﬁ[(g) reac-
tions are important in biological systems, where it can
play deleterious (damaging valuable biomolecules) and/or
beneficial roles (photodynamic therapy of candég,16]
Furthermore, the relevance of the singlet oxygen-mediated
photosensitizing effects of the antimalarials will be related
to the efficiency with which the drug produces;g(éﬁg)

Bengal (Fluka) was recrystallized from ethanol prior to use.
All solvents (Merck) were of spectroscopic or HPLC grade.
Quinine and quinidine (Sigma) were recrystallized from
ethanol before used.

Free bases of cinchonidine and cinchonine were obtained
by dissolving the corresponding salt in water, followed by
addition of 10% NaOH until pH 12 and several extractions
with chloroform or diethylether. The organic phase was dried

and/or to the reactivity of the molecule towards this active over anhydrous sodium sulphate and the solvent removed.
species of oxygen. Bimolecular rate constants for quenchingBoth compounds were purified by at least three recrystalliza-
of singlet oxygen by antimalaric drugs have been deter- tions from ethanol. Purity of the free bases was assessed by

mined in DO at pD=7.4 by Motten et al[14] and by
Zanocco and coworkers in several solvefitg]. In view

of the current interest in antimalarial drugs photoreactions
due to their photosensitizing properties and the possible role
of the singlet molecular oxygen to generate photooxidation
products from the drugs that can also be photochemically
active, we want to determine how reactive these compounds
may be with singlet oxygen. If the structures of antimalar-
ial drugs included inFig. 1 are analyzed, several reactive
centers can be visualized: the aromatic ring, the quinoline
nitrogen and the bicyclic nitrogen that can interact with
02(1Ag). In addition, if the reactive center is the bicyclic
nitrogen, the absolute configuration of the two carbon atoms,
C(8) and C(9) could affect substrate reactivity towards sin-
glet oxygen. In this study, we report on the LSER and
TLSER analysis of the reactions @finchona tree alka-
loids with singlet oxygen to determine if this framework
provides information about the influence of carbon config-
uration in the vicinity of the reactive centre on substrate
reactivity.

its melting points,'H NMR spectrum and GC-NPD chro-
matogram.

The measurements of total quenching rate constants,
by time-resolved experiments were carried out observing
the phosphorescence onGAg) at 1270nm. TPP was
irradiated by the 500 ps light pulse of a PTI model PL-202
dye laser (414 nm, ca. 2QQ) per pulse). When Rose Bengal
was used as sensitizer, samples were excited with the second
harmonic (532 nm, ca. 9 mJ per pulse) of 6 ns light pulse of
a Quantel Brilliant Q-Switched Nd:YAG laser. The singlet
oxygen emission was detected by using a liquid nitrogen
cooled North Coast model EO-817P germanium photodiode
detector equipped with a built-in preamplifier. The detector
was coupled to a cuvette (1 cm optical path) in a right-angle
geometry. An interference filter (1270 nm, Spectrogon US
Inc.) and a cut-off filter (995 nm, Andover Corp.) were the
only elements between the cuvette face and the diode cover
plate. The output of the preamplifier was fed into the @M
input of a digitizing oscilloscope Hewlett Packard model
54540 A. Computerized experiment control, data acquisition
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and analysis were performed by LabView based software
developed in our laboratof{t8].

The determination of the total rate constants by steady-
state competitive techniques was done using TPP as
sensitizer Xmax=414nm). Values ofkr were determined
by following the consumption of 9,10-dimethylanthracene
upon drug addition19]. The irradiation was performed
with a visible Par lamp, 150 W, using a Schott cut-off filter
at 400 nm. Values okt measured employing the method
of Carlsson et al[20], observing the inhibition of rubrene
autooxidation by addition of cinchonidine and cinchonine
were obtained by irradiation of rubrene solutions in the
absence and the presence of substrates with a visible halogen
lamp, 50 W, using a Schott cut-off filter at 490 nm.

UV-vis absorption experiments were performed on a
thermostated Unicam UV-4 spectrophotometer. A Hewlett Fig. 2. Stern-Volmer plot for deactivation of singlet oxygen by cinchonidine
Packard gas chromatograph equipped with a NPD detec-in acetonitrile. Inset: Singlet oxygen phosphorescence decay at 1270 nm,
tor and a Hewlett Packard Ultra-2 capillary column was following Nd:YAG laser excitation at 532 nm. Curve with decreasing lifetime
employed in GLC experiments. represent an experiment with 0.18 mM of cinchonidine.

Quantum mechanical calculations were made using Gaus-
sian 03W software. All structures were geometry optimized at .
the B3LYP/6-31G + dlevel. Atomic charges on reactive nitro- in our laboratory during past few years. Thevalues calcu-

gen were calculated by using the natural population analysslated frpm the §Iope ofthese plots are g|veffaple L I.DOSTQ‘"
method at MP2/6-31G +d level ble rapid chemical changes of samples during illumination, or

interference of the g(*A4) luminescence with the scattered
laser light and the tail end of the sensitizer fluorescgtg
can be disregarded since the rate constant measured in some
solvents by using competitive steady-state methods (data not
included) afforded the same values than those obtained by
time-resolved methods. As linear plots were obtained over a
wide range of the drug concentrations in competitive steady-
étate experiments with DMA, the possible quenching of the
sensitizer excited states by the antimalarials can be ignored.
Table 1shows total rate constant data for the quenching of
singlet oxygen byCinchona tree alkaloids. Values are in the
order of 10 M—1s~1 in most solvents, indicating that these
compounds are good quenchers of singlet oxygen. Avery low
kt value (5x 10* M—1 s~1) was measured for both cinchoni-
dine and cinchonine in trifluoroethanol. The value&-pfor

hona t kaloids i | solvent btained f quinine were higher than those for quinidine in all solvents
chona 1ree alkaloids In several Solvents were oblained irom employed. Alsokr values for cinchonidine were slightly

the expenmen}ally measured fwst-order_decay_g(fl@g) In higher than those for cinchonine in most solvents, except for
thef\bsencef_g ) and presence of the antimalarial compound 1, ,tanol. In addition, thér values for all compounds were

(z77) according to: solvent-dependent. For example, the value for quinine
increases in a factor 30 wherhexane is changed to dioxane.
These results can be associated to the presence of specific
solute—solvent interactions. In this case, multilinear corre-
lation of the logarithm of experimental rate constant with

T/104 !

|Cinchonidine]/mM

Equation coefficients and statistical parameters were
obtained by multilinear correlation analysis with STAT
VIEW 5.0 (SAS Institute Inc.). Results were chosen on the
basis of ther-statistic of the descriptors, correlation coeffi-
cients, standard deviations and the Fisher index of equation
reliability. Only coefficients at the 0.95 significance level
were considered. The number of solvents included in the cor-
relation was as large as possible and at least three times th
number of parameters used in the generalized equation.

3. Results and discussion

The values of total (physical and chemical) quenching
rate constantr, for the reaction of @(1Ag) with the Cin-

v~ = 51 4 k1 [substrate] (1)
Fig. 2shows a typical Stern-Volmer plot obtained for cin-
chonidine in acetonitrile. The triplet decay of the sensitizer . ) ! o
(TPP or Rose Bengal) was not affected by the addition of the St microscopic prppertles, py using linear solvent free-
antimalarials even at concentrations higher than those used tgnergy relationships, is cor_lvement in order Fo understand
quench the excited oxygen and linear plotsof versus drug _the effe_ct of solvent on the singlet oxygen—qnﬂmalanal drug
concentrations were obtained in all the solvents employed.?terac(;'on' The?r; we.analyze'd th? qutenchlngt.rate cor|15t§mt
The intercept of these plots corresponds to the singlet oxygenthepen etr_me O?K € rr|i:ros(;:oplc SO Il/en proper2|2e;§.mp oying
lifetime in the solvent employed. In all the experiments, these € equation of Kamlet and co-workers (K8)) [22,23}
values match very nearly with singlet oxygen lifetimes deter-
mined independently in a large set of experiments performed!0gk = 10gko + s7* + d8 + ax + bB + hpf; )
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Table 1
Values of total rate constarity, for reactions ofCinchona tree alkaloids with Q(lAg) in different solvents obtained from time resolved methods

Solvent kr/10° (M~1s71)

Cinchonidine Cinchonine Quinine Quinidine
n-Heptane 0.58t 0.03 0.50+ 0.04 0.86+ 0.03 0.62+ 0.03
n-Hexane 0.49+ 0.03 0.43+ 0.02 0.79+ 0.03 0.58+ 0.02
Diethylether 5.68+ 0.28 4.67+ 0.30 12.8+ 0.36 10.7+ 0.25
1-Hexanol 0.65+ 0.04 0.52+ 0.04 1.04+ 0.04 0.71+ 0.03
1-Octanol 0.62+ 0.04 0.57+ 0.04 1.96+ 0.06 1.81+ 0.09
1-Pentanol 0.5@: 0.03 0.47+ 0.03 1.45+ 0.03 1.08+ 0.03
1-Butanol 0.47+ 0.03 0.51+ 0.03 1.19+ 0.06 0.77+ 0.03
2-Propanol 0.76t 0.04 0.69+ 0.04 1.14+ 0.07 0.92+ 0.02
1-Propanol 0.62+ 0.04 0.54+ 0.03 1.14+ 0.05 0.78+ 0.02
Ethanol 0.58+ 0.03 0.50+ 0.03 1.11+ 0.05 0.98+ 0.07
Dioxane 9.57+ 0.55 9.36+ 0.58 24.2+ 0.98 13.2+ 0.98
Ethyl acetate 6.8% 0.46 5.65+ 0.46 8.30+ 0.42 7.16+ 0.24
Chloroform 2.09+ 0.13 1.05+ 0.13 2.33+ 0.12 2.62+ 0.11
Tetrahydrofuran 9.72 0.11 8.68+ 0.44 17.3+ 1.03 14.8+ 0.41
Benzene 6.64- 0.43 2.60+ 0.14 - -
Methanol 0.39+ 0.02 0.22+ 0.03 0.61+ 0.08 0.42+ 0.03
Acetone 7.09+ 0.56 5.70+ 0.37 12.0+ 0.58 9.26+ 0.39
Anisole 9.20+ 0.45 5.21+ 0.43 23.9+ 0.51 10.9+ 0.6
Acetonitrile 4.66+ 0.30 4.38+ 0.21 7.95+ 0.32 5.60+ 0.32
Methylene chloride 3.2 0.18 2.59+ 0.15 5.69+ 0.34 3.88+ 0.14
Propylencarbonate 8.36 0.45 5.82+ 0.29 10.9+ 0.41 8.34+ 0.54
Dimethylacetamide 13.& 1.13 13.3+ 0.62 - -
N,N-Dimethylformamide 11.4+ 0.92 11.14+ 0.59 21.7+ 0.94 17.0+ 0.91
Benzonitrile 6.28+ 0.50 5.17+ 0.56 10.8+ 0.48 10.1+ 0.42
Formamide 0.8 0.06 0.36+ 0.02 - -

where 7* accounts for dipolarities and polarizabilities the sample sizey, the product correlation coefficier®, the

of solvents[22,24] § parameter is a correction term for standard deviation, S.D., and the Fisher index of equation

polarizability, « is related to the hydrogen bond donor reliability, 7. The consistency of each term is indicated by

solvent ability,s indicates the solvent capacity as hydrogen the standard errot;, the 2-tail probabilityP (2-tail), and the

bond acceptor, ang?, the square of Hildebrand parameter, -statistic. Good quality is indicated by high&rand s-stat

that accounts for the solvent cohesive energy density, modelvalues and smaller S.D. ones. Results show that not all the

the cavity effectsTable 2gives the coefficients of Eq2) descriptors are significant. Descriptor coefficients accepted

obtained by multilinear correlation. in the correlation equation were those that have a signifi-
Correlation equations result from purely statistical crite- cance level0.95. For this reason, parametéendpn were

ria. The overall correlation equation quality is indicated by €xcluded from LSER equations. The coefficients included

Table 2

LSER correlation equations for the reaction of singlet oxygen Wittvhona tree alkaloids

Compound lodo o B 7 N R S.D. F
Cinchonidine @97 —-1.509 Q756 Q0821 25 0.970 0.148 110
+ 0.084 Q113 Q154 Q122

P (2-tail) <0.0001 <00001 <00001 <00001

Cinchonine 6323 —1.563 1004 Q748 23 0.986 0.102 215
+ 0.059 Q088 Q115 Q094

P (2-tail) <0.0001 <00001 <00001 <00001

Quinine 7091 —1.448 Q930 Q0851 18 0.971 0.135 78
+ 0.056 Q084 Q114 Q081

P (2-tail) <0.0001 <00001 <00001 <00001

Quinidine 6985 —-1.570 1018 Q852 20 0.966 0.172 62
+ 0.103 Q170 0231 Q162

P (2-tail) <0.0001 Q0004 <00001 <00001

TEA 7.924 —1.305 Q362 Q321 28 0.927 0.173 61
+ 0.111 Q134 Q184 Q151

P (2-tail) <0.0001 <00001 00609 00444
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in Table 2show that all the compounds studied have the oxygen with compoundslj—) are evidently compatible
same behavior. The values/af depend on the microscopic  with the formation of a charge transfer exciplex, the reactive
solvent parameters’, « and B, increasing in solvents with  center being the bicyclic nitrogen of the side chain in these
larger capacities to stabilize charges and dipoles, diminishingmolecules. The increase &f in polar non-protic solvents
in solvents with highx values, and increasing in HBA sol- is explained by stabilization of the charge transfer exciplex
vents.Fig. 3exhibits a plot of the logarithm of experimental by dipolar interactions in these solvents. Stabilization
kt value versus the logarithm @fr computed according to  increases when these solvents have a large capacity as
LSER equation for reaction of singlet oxygen with cinchoni- electron pair donors due to the interaction with the positive
dine. A good lineal fit was found for the correlation between charge developed on the reactive bicyclic amine nitrogen
experimental and computed valu&s{0.967) with valuesof ~ and HBD solvents inhibit the reaction by blocking sterically
0.015 and 0.997 for the intercept and the slope, respectively,the reactive center through hydrogen bonding interactions
that match closely with the expected values, which clearly with the lone pair of the reactive nitrogen.
indicates the significance af , « and g in the effect of the Furthermore, thét dependence on the solvent was ana-
solvent on the reaction rate. The plot of residuals in the insetlyzed by using a theoretical set of parameters determined
of Fig. 3shows a random distribution of residuals in the range solely from computational methof86—28] The theoretical
of kT values. Both results are strong evidence that the reactionlinear solvation relationship (TLSER) descriptors have been
mechanism is the same in all the solvents employed. developed to give optimal correlation with the LSER descrip-
Solvent dependence for reactions 6fnchona tree tors[25,26] The generalized TLSER equation proposed by
alkaloids cinchonine with singlet oxygen is very similar Famini and coworkers E¢3), [26,29]can be used to analyze
to that reported for aliphatic amines of similar reactivity, the dependence of reaction rates on solvent properties.
such as triethylamine, TEA. The LSER data analysis for this
compound is also included fable 2 [25] Tertiary aliphatic
amines dramatically decrease their reactivity towards singlet
oxygen when the media changes from aprotic polar solvents, In Eq. (3), the theoretical bulk/steric teriyc of Famini
such as acetonitrile or methylene chloride, to protic polar equation was replaced by the square of Hildebrand parame-
solvents, such as aliphatic alcohdl&]. This indicates  ter,p?, the same parameter employed in the LSER treatment,
that the role of the solvent is more complex than simple becausé&/ gives a poor representation of the solvent cohe-
stabilization of the charge transfer intermediate through sive energy density. The parameter corresponds to the
polar and/or dipolar interactions, and that other properties polarizability index and accounts for the ease of moving or
of the solvent (e.g. its acidic character) must be taken into polarizing the electron cloud, and is obtained from the ratio
account, solvents having a largé and g values stabilize  between the polarizability volume and the molecular volume.
the complex, while solvents with a highvalue preventits ~ The hydrogen bond acceptor (HBA) basicity involves cova-
formation by impeding singlet oxygen access to the nitrogen lent, ep, and electrostatig;_, terms. Similarly, the hydrogen
lone pair. These results obtained for reactions of singlet bond donor (HBD) acidity includes covaleng, and electro-
static, g+, terms[25,28] Data from TLSER analysis of the
solvent effect orkt are included iffable 3
84 o | Such as in the LSER analysis, the quality of correlation
equation was verified by the statigraphs from the correlation
between calculated and experimental values, for which agood
fitting was found, and by the random distribution of the resid-

logk = logko + a1 + bep + cq— + dea+ eq+ + f,oﬁ 3)

8.0 |- ®

76

72 F

Log ky (calc)

6.8 |

Residual Log kt
L

7.6
Log kr (exp)

uals. However, the number of data points of TLSER correla-
tion, in the reactions examined in this paper, is not coincident
with the number of data points included in the LSER treat-
ment, because for several solvents (e.g. propylene carbonate,
ethylenglycol) theoretical parameters have not been reported
and some data points are rejected by the statistical analysis
being classified as outliers. In general, statistical parameters
employed to account for the quality of the overall correla-
tion equation improve considerably by neglecting outliers.
Results obtained with Eq3) correlated closely with those
obtained with LSER. TLSER treatment shows that solvents
with highermq values, which reflects the solvent’s ability to
stabilize dipole—induced dipole and induced dipole—induced

Fig. 3. Plot of logkr(exp) vs. loger(calc) for the reaction of singlet
oxygen with cinchonidine. Calculatetl values according to equation
logkt(calc) =6.974+0.742" — 1.713¢+ 1.0058. Inset: Plot of the resid-
uals of logkt vs. logkt.

dipole (dispersive) interactions, promote reaction of singlet
oxygen with theCinchona tree alkaloids. In addition, TLSER
analysis indicates the singlet oxygen access to the reactive
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Table 3

TLSER correlation equations for the reaction of singlet oxygen W@itlvhona tree alkaloids

Compound logo 1 q- q+ N R S.D. F
Cinchonidine 4394 26914 2255 —5.595 22 0.961 0.170 74
+ 0.517 4111 Q348 Q577

P (2-tail) <0.0001 <00001 <00001 <00001

Cinchonine 3783 29016 2857 —5.290 22 0.960 0.176 71
+ 0.495 4076 Q318 Q600

P (2-tail) <0.0001 <00001 <00001 <00001

Quinine 3878 31115 2778 —4.778 18 0.967 0.153 68
+ 0.457 3577 Q360 Q564

P (2-tail) 0.0003 <00001 <00001 <00001

Quinidine 3794 30940 3003 —4.993 18 0.949 0.199 52
+ 0.572 4846 Q420 Q740

P (2-tail) <0.0001 <00001 <00001 <00001

centre on the quinuclidine moiety of the alkaloid, is sterically Table 4 ' o o

hindered by electrostatic interactions between HBD solvents €harge density on the bicyclic nitrogen of gas-phase optimized structures
_ : - i Ikaloi

and the lone pair on the nitrogen. Conversely, HBA solvents MP2Z-NBO) for theCinchona tree alkaloids

increase the reaction rate by means of stabilizing electrostaticQ“?”?g,e —8??3
interactions. This last effect would be understandable if a con- 8:1'2;10'2&”‘3 o262
siderable positive charge, once the exciplex has been formedcijnchonine _0.558

is localized on the reactive nitrogen, resulting in formal elec-
trostatic interactions with solvents possessing electron donor
capacity. density on the reactive nitrogen atormable 4 includes
Furthermore, we perform experiments to measure the calculated charge density on the bicyclic nitrogen resulting
reactive rate constantss, monitoring the alkaloid consump-  from the NBO charge analysis on the MP2 minimized
tion employing a gas chromatograph equipped with NPD structure, a method currently employed to report charge
detection. In these experiments carried out employing Roseanalysis of organic molecules. Clearly, charge density on
Bengal and TPP as sensitizers in acetonitrile and benzene athe bicyclic nitrogen shows very small variations and is not
the solvents. For reaction of quinine, quinidine, cinchonidine enough to explain the observed differences in reactivity.
and cinchonine with singlet oxygen no consumption of the  After a careful examination of LSER coefficients and tak-
alkaloids was observed after 48 h of irradiation. According to ing into account that the reaction mechanism is the same for
similar experiments carried out in our laboratory with anal- compounds1)—4), we conclude that reactivity differences
ogous compounds containing tertiary amine groups, theseshould be due to the absolute configuration these molecules.
results indicates thak values are smaller than4®—1s-1. For all reactions, coefficients associated to shparame-
These data imply that quenching of singlet oxygen by the ter matched closely, indicating that steric effects imposed by
Cinchona tree alkaloids is essentially a physical process and HBD solvents due to hydrogen bond interactions with the
can be described according$cheme 1 reactive center are very similar for alinchona tree alka-
The data inTable 2indicate that in all the solvents, but loids. In addition, coefficients associated to#fielso follow
butanol, cinchonidine is more reactive than cinchonine and a similar tendency although their values are larger than that
quinine is more reactive than quinidine, although reactivity reported for TEA, implying that in reactions oG Ag) with
differences are small and only in a few solvehtsvalues Cinchona tree alkaloids containing a bicyclic bridge head
of the S,R-isomer are about twice than tiReS-isomer. This reactive nitrogen, charge separation in the exciplex would
difference in reactivity could be explained in terms of charge be larger than the exciplex resulting from the interaction

Scheme 1.
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(A) J (B)

Fig. 4. DFT 6319 + d gas-phase optimized structures of cinchonidine (A) and cinchonine (B) showing the most probable orientation of the elgiotgihilic
oxygen attack on the nitrogen quinuclidine moiety.

of singlet oxygen with typical tertiary aliphatic amines. A the terminal oxygen of the pernitrone and the hydrogen of
similar result has been found previously for DABQZ9]. the hydroxyl group at C(9).

Consequently, a greater dependencegggarameter for the Summing up, theCinchona tree alkaloids cinchonidine,
most reactive S,R-isomers cinchonidine and quinine, result- cinchonine, quinine and quinidine are good quenchers of
ing from the large positive charge developed on the quinucli- singlet oxygen, physically reacting with this active species
dine nitrogen, once the exciplex has been formed, is expectedof oxygen through a charge transfer mechanism involving
However, values of coefficients associated todlparameter  the electrophilic attack of the excited oxygen on the nitro-
(Table 2, do not follow this prediction. On the contrary, value gen quinuclidine moiety. The higher reactivity of tgr-

of B coefficientis markedly less important for reactions of sin- isomer relative to the correspondimyS-isomer would be
glet oxygen with cinchonidine and quinine than that observed explained by the geometrically favorable intra-exciplex sta-
for reactions of cinchonine and quinidine (coefficientssof  bilizing interaction between the non-bonded oxygen of the
equal to 0.756 and 1.004 for cinchonidine and cinchonine, pernitrone and the hydrogen of the hydroxyl substituent at
and 0.930 and 1.018 for quinine and quinidine, respectively). C(9), that is sterically hindered for the reaction oj(bsg)

The dependence @f on TLSER parameters follows a sim-  with theR,S-isomers.

ilar trend than that observed for the dependence on LSER

parameters. These results can be explained on the basis of

the isolated molecules structuré&sgy. 4 shows the gas-phase Acknowledgement
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at the level 631g+d and the most probable orientation for  The financial support from FONDECYT (grant 1011027)
singlet oxygen attack on the nitrogen of the quinuclidine moi- s gratefully acknowledged.

ety. Clearly, the structure of the cinchonidine-singlet oxygen
exciplex offig. 4A, shows the feasibility of an intra-complex
stabilizing interaction between the most negative non-bonded
oxygen atom of the pernitrone and the hydroxyl substituent
on the C(9) of the cincho_ni_dine. Ide_nt_ical_theoref[ical (_:alcul_a— [1] E. Lemp, A.L. Zanocco, E.A. Lissi, Curr. Org. Chem. 7 (2003)
tions were found for quinine—quinidine isomeric pair. This 799-810.

intramolecular interaction opens an additional stabilizing [2] C. Schweitzer, R. Schmidt, Chem. Rev. 103 (2003) 1685-1757.
path, geometrically favorable, increasing the total reaction [3] M. Honigsbaum, The Fever Trail. The Hunt for the Cure for Malaria,
rate constant. Thus, the smaller dependence off solva- [4] |'\3/I a;ﬁ]tlllﬁnﬁ L;)An;u?'?(;ez?lb'Brien Nature 386 (1997) 535-536
jtochromlc parameterfor rgacuon C,a” be u'nders.topq consider- [5] The WorI’d Health Oréanization (\;VHO) Report 2002. Reducing risk,
ing thatthe intramolecular interaction partially diminishes the promoting healthy life, pp. 186-191.

stabilizing effect of HBA solvents once the exciplex has been [6] H.H. Tonnesen, S. Kristensen, K. Nord, in: H.H. Tonnesen (Ed.), The
generatedFig. 4B shows that, in the event of electrophilic Phostability of Drugs and Drugs Formulations, Taylor & Francis,
attack of singlet oxygen on cinchonine, it most probably pro- 7 gvaEShrxl/lnc?;?: 'VDJC’Hlegrr?r?{ens Photochem. Photobiol. 36 (1982) 71-77
cegds on the qumuc"din,e nitrqgen by the opposite side to EB% S: P.(ristens'en; A.-L. Orsteén, S.A. San.de, H.H. 'i'onn(esen,)J. Pho.-
which the hydroxyl substituent is attached at C(9), prevent- tochem. Photobiol. B: Biol. 26 (1994) 87-95.

ing eventual intra-exciplex stabilizing interactions between [9] H.H. Tonnesen, D.E. Moore, Int. J. Pharm. 70 (1991) 95-101.

References



E. Lemp et al. / Journal of Photochemistry and Photobiology A: Chemistry 175 (2005) 146—153 153

[10] J.D. Spikes, J. Photochem. Photobiol. B: Biol. 42 (1998) 1-11. [20] D.J. Carlsson, G.D. Mendenhall, T. Suprunchuk, D.M. Wiles, J. Am.
[11] S. Kristensen, R.-H. Wang, H.H. Tonnesen, J. Dillon, J.E. Roberts, Chem. Soc. 94 (1972) 8961-8962.
Photochem. Photobiol. 61 (1995) 124-130. [21] A. Michaeli, J. Feitelson, Photochem. Photobiol. 59 (1994) 284—
[12] S. Kristensen, L. Grinberg, H.H. Tonnesen, Eur. J. Pharm. Sci. 5 289.
(1997) 139-146. [22] A. Reichardt, Solvents and Solvent Effects in Organic Chemistry,
[13] S. Kristensen, K. Nord, A.-L. Orsteen, H.H. Tonnesen, Pharmazie VCH, Weinheim, 1990.
53 (1998) 98-103. [23] M.J. Kamlet, J.L.M. Abboud, M.H. Abraham, R.W. Taft, J. Org.
[14] A.G. Motten, L.J. Marinez, N. Holt, R.H. Sik, K. Reszka, C.F. Chem. 48 (1983) 2877-2887.
Chignell, H.H. Tonnesen, J.E. Roberts, Photochem. Photobiol. 69 [24] M.H. Abraham, R.M. Doherty, M.J. Kamlet, J.M. Harris, R.W. Taft,
(1999) 282-287. J. Chem. Soc., Perkin Trans. 2 (1987) 913-920.
[15] K. Briviba, L.-O. Klotz, H. Sies, Biol. Chem. 378 (1997) 1259-1265. [25] A.L. Zanocco, G. @nther, E. Lemp, J.R. de la Fuente, N. Pizarro,
[16] L.M. Hultén, M. Holmstbm, B. Soussi, Free Radic. Biol. Med. 27 J. Photochem. Photobiol. 140 (2001) 109-115.
(1999) 1203-1207. [26] G.R. Famini, C.A. Penski, J. Phys. Org. Chem. 5 (1992) 395-408.
[17] E. Lemp, C. Valencia, A.L. Zanocco, J. Photochem. Photobiol. A: [27] D.T. Cronce, G.R. Famini, J.A. De Soto, L.Y. Wilson, J. Chem. Soc.,
Chem. 168 (2004) 91-96. Perkin Trans. 2 (1998) 1293-1301.
[18] A.L. Zanocco, G. @nther, E. Lemp, J.R. de la Fuente, N. Pizarro, [28] D.T. Cronce, G.R. Famini, J.A. De Soto, L.Y. Wilsdrttp://www.rsc.
Photochem. Photobiol. 68 (1998) 487-493. org/suppdata/perkin2/1998/12933

[19] A.L. Zanocco, E. Lemp, G. tnther, J. Chem. Soc., Perkin Trans. [29] E.L. Clennan, L.J. Noe, T. Wen, E. Szneler, J. Org. Chem. 54 (1989)
2 (1997) 1299-1302. 3581-3584.


http://www.rsc.org/suppdata/perkin2/1998/12933
http://www.rsc.org/suppdata/perkin2/1998/12933

	Reaction of singlet molecular oxygen, O2(1 g), with the Cinchona tree alkaloids Effect of absolute configuration on the total rate constant
	Introduction
	Experimental
	Results and discussion
	Acknowledgement
	References


