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ABSTRACT 

Detection of O,('A,) phosphorescence emission, A,,,, = 
1270 nm, following laser excitation and steady-state com- 
petitive methods was employed to measure total rate con- 
stants, k,, for the reactions of the diuretic furosemide, 2- 
methylfurane and furfurylamine with singlet oxygen in 
several solvents. Correlation of k ,  values with solvent pa- 
rameters and product identification shows that the re- 
action mechanism is strongly solvent dependent. In ali- 
phatic alcohols, the dependence of k, on solvent param- 
eters is similar to the one observed for triethylamine, sug- 
gesting a reaction mechanism involving partial charge 
transfer from the amino group to the singlet oxygen. In 
nonprotic solvents, the dependence of kT on solvent pa- 
rameters resembles the behavior found for 2-methylfur- 
ane and furfurylamine, implying that mostly a 2 + 4 cy- 
cloaddition mechanism of singlet oxygen to furane ring 
of furosemide occurs in these solvents. These mechanistic 
differences are explained in terms of hydrogen-bonding 
interactions between the carboxylic group in the aro- 
matic ring and the amino group of furosemide. Further- 
more, direct generation of O2('Ag) by furosemide was de- 
tected. Quantum yields of 0.047 & 0.003 and 0.078 f 
0.004 were determined in acetonitrile and benzene, re- 
spectively. This last result may be related, at least par- 
tially, to the photodynamic effects of this diuretic drug. 

INTRODUCTION 

Furosemide,$ 4-chloro-N-furfuryl-5-sulfamoylanthranilic 
acid, is a widely used diuretic in the treatment of edema, 
which is administered both orally and parenterally. Previous 
studies have established that furosemide causes adverse pho- 
tosensitivity effects in vivo (1) and has a high in vitro pho- 
tosensitizing capability, being able to initiate both excited- 
state energy transfer reactions and free radical reactions 
(2,3). Several researchers have studied its photodegradation. 
Rowbotham et al. (4) reported that UV irradiation of furo- 
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sennide in aqueous alkaline solutions produces 4-chloro-5- 
sulfoanthranilic acid by oxidation of the sulfamoyl group 
and hydrolysis of the furfuryl group, whereas Moore and 
Tamat (5) reported complete dechlorination of furosemide in 
deoxygenated neutral water. Irradiation of methanolic solu- 
tions of furosemide with 365 nm UV light induces two types 
of processes: photoreduction to give N-furfuryl-5-sulfamoyl- 
anthranilic acid and photosolvolysis to yield saluamine (6). 
Additionally, Bundgaard et al. (7) found that furosemide and 
furosemide esters were highly unstable when exposed to ar- 
tificial laboratory light or daylight. These authors postulated, 
according to Moore and Sithipitaks (6), that the most likely 
photoreaction is dechlorination to give N-furfuryl-5-sulfa- 
mctylanthranilic acid and the corresponding esters. 

In connection with a more detailed study of the photo- 
chemistry of furosemide in organic media, we note marked 
differences when photolysis was carried out in the presence 
and in the absence of oxygen. In these studies we found that 
the apparent rate constant for furosemide photodecomposi- 
tion in methanol is about a factor 10 larger if irradiation is 
performed in the absence of oxygen. This difference would 
be explained in terms of an efficient quenching of the triplet 
state of the molecule, thus accounting for the effectivity of 
furosemide in photosensitized oxidation reactions in metha- 
nol (5) .  The same molecule shows a low, but biologically 
significant, quantum yield of singlet oxygen when furose- 
mide-sensitized production of singlet oxygen at 1270 nm is 
observed. In addition to the photosensitizing ability of fu- 
rosemide, this molecule reacts efficiently with excited mo- 
lecular oxygen. 

In this work we report on kinetic results obtained in the 
study of the sensitized photo-oxidation of furosemide using 
bol h steady-state and time-resolved methods. Additionally, 
product identification and solvent effect correlations were 
employed to propose a reaction mechanism. 

MATERIALS AND METHODS 
The following compounds: furosemide (Sigma Chemical Co.), phen- 
azime, rubrene, 5,10,15,20-tetraphenyl-2 IH,23H-porphine (TPP) and 
9,lO-dimethylanthracene (DMA) (Aldrich Chemical Co.) were used 
without further purification. Furfurylamine, 2-methylfurane and ben- 
zophenone (Aldrich Chemical Co.) were distilled twice prior to use. 
All solvents used (Merck) were spectroscopic or HPLC quality. 

IJltraviolet-visible absorption spectra and steady-state competitive 
kinetic experiments were performed in a Unicam UV-4 spectropho- 
tonieter interfaced with a DTK personal computer. The cell holder 
was maintained at 22.0 t 0.5"C by circulating water from a Haake 
thermoregulated bath. 

Chemical reaction rate constants were determined using a double 
wall cell of 10 mL capacity, light protected by black paint. A cen- 
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tered window allows irradiation with light of a given wavelength by 
using Schott cut-off filters. The cell was thermostated by circulating 
water at 22.0 t 0.5"C. The TPP (A,,, = 419 nm) was employed as 
a sensitizer. Illumination was performed with a visible, 200 W, Par 
lamp. In these experiments furosemide consumption was evaluated 
by observing the decrease in the concentration of the substrate in a 
Waters 600 HPLC system equipped with a Waters 474 fluorescence 
detector (A,,, = 286 nm, A,, = 410 nm) and a Merck RP Select B 
column. A linear gradient from methanol-1% aqueous acetic acid 
(1:9) to 100% methanol in 7 min was used to elute the samples. 
9,lO-Dimethylanthracene was employed to evaluate the steady-state 
concentration of O,('A,) (8). 

Time-resolved phosphorescence measurements were carried out 
in 1 cm fluorescence cuvettes. Phenazine excitation was by absorp- 
tion of the third harmonic (355 nm, -1.5 mJ per pulse) of the 6 ns 
light pulse of a Quantel Brilliant Q-switched Nd:YAG laser. When 
'TPP was used as the sensitizer, excitation was by absorption of the 
500 ps light pulse of a PTI model PL-202 dye laser (419 nm, -200 
pJ per pulse). A PTI model PL-2300 nitrogen laser was employed 
to pump the dye laser. A liquid nitrogen-cooled North Coast model 
EO-817P germanium photodiode detector, equipped with a built-in 
preamplifier was used to detect infrared radiation emitted from the 
cuvette. The detector was coupled to the cuvette in right-angle ge- 
ometry. The only elements between the cuvette face and the diode 
cover plate were an interference filter (1270 nm, Spectrogon US, 
Inc.) and a cut-off filter (995 nm, Andover Corp.). The output of the 
preamplifier was fed into the 1 MO input of a digitizing oscilloscope 
Hewlett Packard model 54540 A. Computerized experiment control, 
data acquisition and analysis were performed by a Labview-based 
software developed in our laboratory. Singlet oxygen quantum yields 
1 @J were measured in time-resolved phosphorescence experiments 
using benzophenone as the actinometer = 0.37 in acetonitrile, 
(PA = 0.31 in benzene) (9), by comparing the response of the detector 
extrapolated at zero time and zero laser power, the latter adjusted 
using a set of neutral density filters. 

Electronic impact mass spectra were obtained in a Fisons MD- 
800 gas chromatography/mass spectrometry system equipped with a 
Hewlett Packard Ultra-2 (25 m) capillary column or in a Fisons 
Platfform I1 mass spectrometer interfaced to a Hewlett Packard 10.50 
HPLC system. The NMR experiments were performed in a Bruker 
ADX 300 NMR spectrometer. 

Oxygen consumption experiments were carried out in a double- 
wall cell of 10 mL capacity, light-protected by black paint. A cen- 
tered window allows irradiation with light of a given wavelength by 
using a Schott cut-off filter, Oxygen concentration in methanol was 
continuously monitored using a Clark-type electrode attached to a 
YSI model 58 dissolved oxygen meter. 

Peroxide measurements were performed using Mair and Graup- 
ner's method (10) that involves volumetric determination of the io- 
dine liberated by the redox reaction between iodide and peroxide. 

Simple semiempirical calculations of charge distribution in furo- 
semide were performed employing the MOPAC 6.0 program, work- 
ing in Cartesian coordinates. Geometry optimization and calculations 
were performed using the AM1 method. The X-ray diffraction data 
were employed to introduce initial geometry parameters. 

Low molecular weight products of furosemide photooxidation in 
methanol were isolated by solvent evaporation under nitrogen. Solid 
residue was extracted with benzene followed by solvent elimination 
under nitrogen and recrystallization of the solid product from carbon 
tetrachloride. 

RESULTS AND DISCUSSION 
Generation of singlet oxygen by furosemide 

Direct evidence of O,(lA,) generation by furosemide was 
demonstrated for the first time by detection of 02( lAg)  phos- 
phorescence emission, A,,, = 1270 nm, following laser ex- 
citation at 355 nm (Nd-Yag laser). This method is much 
more reliable than the indirect trapping method with diphen- 
ylisobenzofuran; it may give erroneous results, if significant 
interactions between the sensitizer and the molecule under 
study occur (1 1). Using the phosphorescence method (12), 
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Figure 1. a: Singlet oxygen phosphorescence decay at 1270 nm, 
following dye laser excitation at 419 nm, using TPP as sensitizer in 
acetonitrile as the solvent. b: As in a, but in the presence of 0.54 
mM furosemide. 

quantum yields (@J equal to 0.047 ? 0.003 and 0.078 ? 
0.004 were determined for O2(lAg) formation by furosemide 
photosensitization in acetonitrile and benzene, respectively. 
These values were independent of furosemide concentration, 
between 1.5 X lo-, and 8 X lo-* mM. Furthermore, these 
values were independent of the laser power, between 4 and 
45 mJ per pulse. Using phase demodulation methods, fluo- 
rescence lifetimes of furosemide equal to 950 ? 60 ps, 880 
2 52 ps and 990 -C 58 ps were determined in nitrogen- 
saturated solutions of furosemide in methanol, acetonitrile 
and benzene, respectively. Similar values within the exper- 
imental error were obtained in air-saturated solutions in the 
same solvents. These results show that no appreciable 
quenching of furosemide excited singlet state occurs in these 
conditions and suggest that singlet oxygen generation by fu- 
rosemide involves triplet quenching of the drug. In spite of 
the low @A observed values, these could explain, at least 
partially, photodynamic action of furosemide (1). 

Reaction of furosemide with singlet oxygen 

In most of the solvents employed in this work, total rate 
constants, kT, for the reaction between furosemide and 
02(' A& were determined using time-resolved phosphores- 
cence measurements. Figure 1 shows the luminescence de- 
cay of singlet molecular oxygen at 1270 nm in acetonitrile 
as the solvent and TTP as the sensitizer. In the same figure 
the decay obtained in the presence of 0.54 mM of furosemide 
is included. From the single exponential decays, the lifetime 
of 02(lAg) in the absence and in the presence of variable 
concentrations of furosemide was obtained. If decay data are 
represented according to Eq. 1, linear plots in the range of 
furosemide concentrations employed are obtained. 

(1) 

Figure 2 shows a typical Stern-Volmer-type plot for the 
quenching of singlet molecular oxygen by furosemide. Total 
rate constants, k,, in different solvents, for the reaction be- 
tween furosemide and 02(IAg) were obtained from the slope 
of these plots. When water, chloroethanol and formamide 
were the solvents, phenazine was used as a sensitizer. 

Due to the low solubility of furosemide in benzene (small- 
er than 1.2 mM), no reliable quenching data of O2(lAg) by 

7-1 = T,-I + kT [furosemide]. 
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Figure 2. Stern-Volmer-type plot for the deactivation of singlet 
oxygen by furosemide in acetonitrile. 

furosemide were obtained. In this solvent, values of kT were 
determined by observing the inhibition of the rubrene au- 
tooxidation rate at 520 nm. In this case kinetics does not 
correspond to first order and the rate constant was obtained 
from the initial rates of rubrene consumption (13) according 
to Eq. 2: 

where [R], and [F] are the initial rubrene and furosemide 
concentrations, (d[R]/dt)i and (a[R]/dtW are the initial con- 
sumption rates of rubrene in the absence and in the presence 
of furosemide and kd and k,, are the rate constants for the 

decay of singlet molecular oxygen in the solvent and the 
reaction rate of rubrene with O,('A,), respectively. Table 1 
includes the values of kT determined in different solvents. 

F.egardless of the sensitizer employed to evaluate k., ,  these 
methods are applicable only if furosemide does not quench 
the sensitizer excited states, singlet or triplet under the ex- 
perimental conditions employed (14). We can disregard this 
possibility for the following reasons: ( I )  in steady-state ex- 
periments, values of k, were found independent of the initial 
concentration of rubrene; ( 2 )  linear Stern-Volmer-type plots 
were obtained over a wide range of furosemide concentra- 
tions (to 40 mM); ( 3 )  very close values of k,, 3.2 X lo7 M I 

s-I and 2.5 X 10' M - '  s were obtained in the mixtures 
benzene : methanol ( 2 :  1) and benzene : methanol-d, (2: I), re- 
spesctively (15) and (4) sensitizer consumption was not ob- 
served in time-resolved measurements. 

The rate constants for the chemical reaction between fu- 
rosemide and O,('A,) were determined in acetonitrile, ben- 
zene and methanol employing TPP as sensitizer. Furosemide 
consumption was evaluated by observing the decrease in 
concentration of the drug as a function of the reaction time. 
To determine the steady-state O,(lA,) concentration, DMA 
was used as an actinometer (8). Rate constants for chemical 
reaction, k,, were obtained from the slope of pseudo-first- 
order plots. These results are included in Table 1. 

Values of k,  are very similar to those obtained for k,, in 
the same solvent, indicating that most of the encounter com- 
plexes resulting from the interaction between furosemide and 
singlet oxygen evolve to yield products. Furthermore, al- 
though total rate constant values for the quenching of singlet 

Table 1. Values of k,  and k ,  for the reactions between furosemide, 2-methylfurane and furfurylamine with O,('Ag) in different solvents 

k,/107 M 1 s 1 kR/107 M 1 s I - 

Solvent furosemide Furosemi,de 2-Methylfurane* Furfurylatnine* 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Methanol 
Ethanol 
n-Propanol 
n-Butanol 
n-Pentanol 
n-Octanol 
i-Propanol 
Cyclohexanol 
n-Hexanol 
Bencylic alcohol 
Ethylenglycol 
Benzene 
n-Hexane 
Chloroform 
Methylene chloride 
Acetone 
Dimethylformamide 
Acetonitrile 
Benzonitrile 
Formamide 
Ethyl acetate 
2-Chloroethanol 
Water, pH 10 
Propylencarbonate 

1.04 i 0.05 1.16 i 0.06* 
1.63 i 0.09* 
2.30 f 0.14* 
2.00 i- 0.1 3" 
2.10 i- 0.1 1 4 :  

2.00 i- 0. I 0* 
1.96 2 0.30* 
7.31 i 0.38* 

7.62 t 0.41* 

1.06 i- 0.1 

3.5 2 0.4 

1.67 t 0.081 

1.80 2 0.09* 
2.85 i- 0.115* 
3.93 i 0.116* 
8.08 i 0.42* 
5.24 i 021* 

9.46 i- 0.40$ 
3.50 t 0.118* 
25.8 t 1.30$ 
28.9 i 1.42$ 

11.60 +- 0.62 
8.28 t 0.54 
8.82 2 0.69 
7.31 5 0.37 

7.20 t 0.35 

9.41 f 0.49 
7.48 i- 0.41 

24.10 ? 1.45 
14.20 2 0.82 
12.20 t 0.62 
2.51 f 0.13 

1 I .  10 2 0.58 
13.90 i- 0.71 
28.40 2 1.53 
18.80 i- 1.01 
20.20 i 1.04 

9.79 t 0.51 
22.40 2 1.15 

29.00 f 1.62 

4.66 f 0.22 
4.49 i- 0.27 
4.20 i- 0.23 
4.05 f 0.21 

4.24 2 0.24 
3.95 2 0.24 
4.67 i 0.28 

13.70 i- 0.82 
11.60 2 0 . 6 1  
4.46 t 0.24 
7.49 i- 0.52 
1.69 f 0.08 

6.30 i 0.33 
8.49 i 0.45 

20.50 i 1.23 
10.00 ? 0.58 

8.69 2 0.42 

20.30 2 1.02 

* Sensitizer: TPP, dye laser; Nd-YAG laser. 
t Sensitizer: rubrene, steady-state method. 
$ Sensitizer: phenazine, Nd-YAG laser. 
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Figure 3. Plot of log k ,  versus ET(30) for the reaction between 
furosemide and singlet oxygen. 

oxygen by furosemide are solvent dependent as shown in 
Table 1, increasing from 1.7 X lo7 M s-' in benzene to 
28.9 X lo7 M-I s-' in water at pH 10, the nature of the 
encounter complex cannot be suggested from a simple anal- 
ysis of the dependence of kT on macroscopic solvent param- 
eters such as the dielectric constant, E. For instance, in chlo- 
roform (E = 32.66), the kT value is very close to those de- 
termined in benzene (E = 2.27). 

Taking furosemide molecular structure into account, there 
are at least two possible sites that can suffer the attack of 
singlet oxygen, the nitrogen atom in the secondary amine 
group and the furane ring. A rough first approach to estimate 
the relative importance of each site was obtained from sim- 
ple semiempirical calculations of charge distribution in fu- 
rosemide employing the MOPAC-AM1 program and using 
X-ray diffraction data (16) to introduce the optimal geome- 
try. From these calculations, it was found that the relative 
charge density on the nitrogen atom in the secondary amino 
group is approximately a factor two larger than the one cal- 
culated for carbons in the furane ring. This result suggests 
that the main path for the reaction between furosemide and 
singlet oxygen could involve the interaction of O,('A,) with 
the secondary amine group to generate a charge transfer in- 
termediate, followed by product formation. However, kT val- 
ues in several solvents are on the order of those reported in 
the literature for the reactions between singlet oxygen with 
both aliphatic amines and substituted furanes (17-20), which 
precludes the obtention of additional conclusions about the 
reaction site in the furosemide molecule. 

In order to clarify the nature of the reaction and its mech- 
anism, an analysis of solvent effects in terms of multipara- 
metric correlations using microscopic solvent parameters 
was performed. No good fittings were obtained when data 
were correlated using a generalizated solvatochromic equa- 
tion (21,22). However, plots of log kT versus the solvent 
parameter ET(30), as shown in Fig. 3, exhibit a clear depen- 
dence of kT on the E.,(30) parameter at least in nonprotic 
solvents. This result indicates that there is a significant 
charge separation along the reaction coordinate, and the in- 
termediate is stabilized in polar solvents. Additionally, as 
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Figure 4. Plot of log k,  (calculated) versus log kT (experimental) 
for the reaction between furosemide and singlet oxygen: (0) non- 
protic solvents; (0) aliphatic alcohols. 

can be noted in Fig. 3, aliphatic alcohols separate markedly 
from the main tendency. In this type of solvent, kT dimin- 
ishes with greater values of ET(30), a result that suggests a 
different effect of this type of solvent on the stabilization of 
the activated complex. If kT values obtained in nonprotic 
solvents and the ones obtained in aliphatic alcohols are cor- 
related separately using a generalized solvatochromic equa- 
tion (21,22), the behavior shown in Fig. 4 is observed. In 
nonprotic solvents, kT is dependent only on the r parameter, 
while in aliphatic alcohols k, values depend on parameters 
a and r .  These results can be understood if solvent effects 
on the sensitized photooxidation of triethylamine and asym- 
metrically substituted furanes, as 2-methylfurane and furfur- 
ylamine, are considered. Values of kT for the reaction be- 
tween 2-methylfurane and furfurylamine with O,( lAg) mea- 
sured in time-resolved experiences are included in Table l .  
As is observed, the values for the reaction between singlet 
oxygen and these compounds also are solvent dependent but 
in a different way from that observed for furosemide. Table 
2 includes characteristic coefficients associated with the sol- 
vent parameters when a generalized solvatochromic equation 
(21,22), appropriately modified, was employed to correlate 
experimental kT values with microscopic solvent properties. 
The same table includes data obtained for triethylamine em- 
ployed as a model tertiary m i n e  (A. L. Zanocco, unpub- 
lished data). 

Analysis of data in Table 2 allows the differences ob- 
served for kT dependence in aliphatic alcohols and nonprotic 
solvents to be explained. As can be seen in this table, kT 
values for furosemide in protic solvents are mainly sensitive 
to parameters a and r* ,  with coefficients of -2.46 and 0.66, 
respectively. This dependence on solvent parameters is com- 
parable to the one observed for triethylamine. As a takes 
into account the solvent ability to donate a hydrogen atom, 
it is obvious that solvents with the largest values of a di- 
minished the reaction rate, preventing access of the excited 
oxygen to the reactive center in the furosemide molecule. 
This supports the idea that the reactive site in aliphatic al- 
cohols corresponds to the secondary amino group. The 
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Table 2. 
triethylamine with singlet oxygen 

Dependence of kT values with microscopic solvent parameters for the reactions of' furosemide, 2-methylfurane, furfurylamine and 

3 1m 
73 

Compound 

~ 

Log k ,  (Y 8 

~~ 

r2 n 

Furosemide, aliphatic alcohols 9.04 -2.46 0.66 -0.33 0.86 9 
Furosemide, nonprotic solvents 6.93 - I .04 -0.41 0.92 8 
2-Methylfurane 7.43 - I .07 -0.09 0.90 17 
Furfury lamine 7.32 -0.26 1.06 -0.12 0.95 17 
Triethylarnine 8.13 - 1.23 0.35 -0.87 0.89 20 

above considerations can be rationalized in terms of a mech- 
anism involving the formation of a charge transfer complex 
(17,lS) by the attack of excited oxygen to the nitrogen atom 
on the secondary amine group. This intermediate subse- 
quently evolves to yield reaction products. Moreover, mea- 
surements of oxygen consumption in methanol show that the 
ratio between moles of oxygen consumed to moles of furo- 
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Figure 5. a: Electronic impact mass spectrum of butenolide 2. b: 
Proton-carbon correlation NMR spectrum of butenolide 2 in deu- 
teroacetone as the solvent. 

sernide consumed increases with the photooxidation time 
range from 0.9 to 1.2 (until 30% furosemide consumption) 
up to 1.3 to 1.6 (at 80% reaction). This result suggests that 
addition of a second singlet oxygen molecule to the primary 
photooxidation product occurs. Scheme 1 presents the most 
probable mechanism for this reaction in aliphatic alcohols 
reg,arding the above observations. 

Scheme 1 

COOH 1 

Ho*o + H,NO,S gN+o'cH3 
Bulenolide 2 lmlne 1 

14dditional support for the proposed mechanisms was ob- 
tained from the analysis of reaction products using mass 
spectrometry and 'H-NMR. Figure 5 shows the mass spec- 
trum and the HC correlation NMR spectrum obtained for 
only the low molecular weight product isolated in the pho- 
tooxidation of furosemide in methanol using TPP as a sen- 
sitizer. Figure 5a shows a molecular ion at m/z equal to 100 
and a fragmentation pattern that is compatible with the struc- 
ture of butenolide 2. The HC correlation NMR spectrum of 
Fig. 5b shows that the doublet at 7.44 ppm correlate5 with 
a "C-NMR signal at 153.93 ppm, the singlet at 6.25 ppm 
correlates with a I 'C-NMR signal at 99.66 ppm and the dou- 
blet at 6.22 ppm correlates with a ' C N M R  signal at 124.43 
ppm. These can be ascribed to the olefinic proton on carbon 
3, 1 0  the proton neighbor to the hydroxylic group and to the 
olefinic proton adjacent to the carbonyl group in the buten- 
olide 2, respectively. An additional signal in the "C-NMR 
spectrum at 171.45 ppm can be attributed to the carbon atom 
of the carbonyl group. In these experiments, we were not 
able to isolate pure products coming from the aromatic moi- 
ety of furosemide. However, the 'H-NMR spectrum of a 
partially purified product mixture shows a signal at 3.21 
ppm, indicating the incorporation of a methoxyl group in the 
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product. Figure 6 shows the changes in the 'H-NMR spec- 
trum, between 6 and 8 ppm, as a function of photooxidation 
time (in CD30D as the solvent). The growths of signals cor- 
responding to the butenolide 2 are clearly evident. Further- 
more the formation of the imine derivative 1 can be sup- 
ported by the growth of a singlet signal at 7.15 ppm. The 
chemical shift of this signal is within the range reported for 
similar imine compounds (23 ) .  Treatment of the crude re- 
action with an aqueous acid solution yields saluamine (as 
shown by its NMR and mass spectra) as the only aromatic 
product in the furosemide photooxidation. Formation of sal- 
uamine is easily explained by the hydrolysis of imine 1. 
Attempts to measure hydrogen peroxide formation using 
Mair and Graupner's method (10) permit us to detect only 
trace amounts (nonstoichiometric) of this product. Probably 
because this method requires large photooxidation times to 
accumulate measurable quantities of peroxide, side reactions 
involving hydrogen peroxide would occur under our exper- 
imental conditions. 

In nonprotic solvents, kT for furosemide is mainly depen- 
dent on the IT* parameter. As seen in Table 2,  kT for furo- 
semide in nonalcoholic solvents does not depend on the a 
parameter and is mainly sensitive to the IT* parameter, a 
behavior very similar to that observed for 2-methylfurane 
and furfurylamine. Values of the coefficient associated with 
IT* are equal to 1.04, 1.07 and 1.06 for furosemide, 2-meth- 
ylfurane and furfurylamine, respectively, a result that can be 
explained if the same reaction mechanism applies to the 
three molecules under consideration. If this dependence 
upon the solvent and classical 2 + 4 cycloaddition of singlet 
oxygen and furans (24) is considered, products arising from 
the reaction of singlet oxygen with the furane ring in the 
furosemide molecule can be represented according to 
Scheme 2.  

Scheme 2 

CI 

k' i 
COOH 

i 

H O e  + @NccH~ 

H,NO,S 
I 
CI 

Butenolide 2 lmine 2 

It should be considered that oxygen consumption mea- 
surements in acetonitrile give approximately a l : l relation 
of moles of furosemide consumed to moles of oxygen con- 
sumed even at a higher furosemide conversion. 

Formation of butenolide 2 was demonstrated in the same 
form as described for reaction product analysis in aliphatic 
alcohols. Imine 2 was not isolated as a pure product, but the 
'H-NMR spectrum of the reaction products, partially purified 
in the absence of water, show a doublet at 5.29 ppm assigned 
to the iminic protons of the imine 2.  Treatment of the crude 
reaction with water at pH 2, affords saluamine (characterized 

a 

I 
C 

1 i 
Figure 6. The IH-NMR spectrum between 6 and 8 ppm as a func- 
tion of the photooxidation time of furosemide in CD,OD as the 
solvent. Arrows show the growth of signal corresponding to the 
butenolide 2 and imine 1. (a) Time zero, (b) 20% of furosemide 
consumption and (c) 408 furosemide consumption. 

by its mass and 'H-NMR spectra) as expected from the hy- 
drolysis of imine 2. 

Data obtained in this study show that the solvent activates 
one or the other of the two different furosemide sites avail- 
able for attack by singlet oxygen. These significant differ- 
ences can be explained if, in nonprotic solvents, the carbox- 
ylic substituent in the aromatic ring of furosemide interacts 
with the amino group to form intramolecular hydrogen bond- 
ing between the carboxylic oxygen and the hydrogen of ami- 
no group. Alternatively, intramolecular hydrogen bonding 
may occur between the hydroxylic proton and the nitrogen 
atom of the amino group. According to the MOPAC-AM1 
simple calculations (solvent effects not included), there are 
no significant differences between the formation heats for 
one or the other hydrogen-bonding interactions. Then, if the 
electron pair on the nitrogen atom is occupied by intramo- 
lecular interactions, the attack of singlet oxygen is unfavor- 
able and a reaction with the furane ring occurs. In aliphatic 
alcohols, solvation of the carboxylic group leaves the elec- 
tron pair on the nitrogen atom available, and then the elec- 
trophilic attack of excited oxygen predominates. 

CONCLUSIONS 
Furosemide reacts efficiently with O2(IAg). The reaction 
mechanism is strongly dependent on the solvent in which 
the photooxidation reaction is performed. In nonprotic sol- 
vents the reaction occurs predominantly by a 2 + 4 cycload- 
dition mechanism, whereas in aliphatic alcohols the inter- 
action between singlet oxygen and the amino group in the 
furosemide molecule through the formation of a charge 
transfer intermediate appears as highly favorable. Addition- 
ally, data obtained in this study show that the furosemide 
photodynamic action can be related, at least partially, to the 
ability of furosemide to produce biologically significant 
quantities of singlet oxygen ('Ag) in polar and nonpolar me- 
dia. Several authors have proposed that adverse photosen- 
sitivity effects of furosemide can be related to photoproducts 
arising from direct photolysis or those coming from type I 
photoreactions. Data obtained in this study suggest that pho- 
tooxidation products, of similar structure to those obtained 
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by direct photolysis or in type I photoreactions, also should 
be responsible for the reported adverse photosensitivity of 
the diuretic. 
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