Synthesis of 2+¢-(N,N,N-trimethyl)n-alkyl)-5-alkylfuryl halides
Useful probes for studying singlet oxygen dynamics and equilibria in
microcompartmentalized systems

Fernando Castafieda, Antonio L. Zanocco, Moénica Meléndrez, German Ginther, Else Lemp

Departamento de Quiica Orgéanica y Fisicogunica, Facultad de Ciencias Quicas y Farmacéuticas,
Universidad de Chile, Olivos 1007, Casilla 233, Santiago, Chile

Abstract

Three lipid-soluble furan derivatives, 2,5-disubstituted with differeatkyl chains, and a terminal trimethylammonium group were
obtained by reaction of a metalated monoalkylfuran with alkyl dihalides under conditions of thermodynamic control and subsequent
reaction with gaseous trimethylamine. These compounds are useful probes for studying singlet oxygen dynamics and equilibria in micro-
compartmentalized systems because they react very rapidly with singlet oxygen, physical quenching can be neglected, and medium effects
on reactivity are small. Location of the probe, completely incorporated in the lipidic bilayer, is predictable and controllable from structural
modifications and the small reactive moiety does not modify significantly the vesicle chain packing. Steady-state and time-resolved kinetics
employing 2-(4-N,N,N-trimethyl)-butyl)-5-dodecylfuryl bromide to monitoring singlet oxygen give a value of 0.27 for the singlet oxygen
partitioning constant between the lipidic and aqueous pseudophases of 10 mM large unilamellar dioctadecyldimethylammonium chloride
(DODAC) vesicles. The steady-state singlet oxygen concentration, sensed by this furan derivative in the microphase, #2132\,
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1. Introduction ical systems has serious limitations: (a) during the past 20
years, the 1270 nm singlet oxygen luminescence has been
Singlet molecular oxygen, £ Ag), reactions are impor-  detected mainly with cryogenic germanium diodes, the sen-
tant in biological systems, where they have important dele- sitivity of which, due to the low @A) lifetime in water
terious and/or beneficial roles, e.g., in the photo-induced (3—4u.8)[8,9], is often insufficient to provide quantitative in-
damage of tissues and the photo-dynamic therapy of canceiformation in systems with high water content such as protein
[1-3]. Evaluation and analysis of singlet oxygen mediated solutions or membrane suspensions; (b) th¢'@g) life-
chemical processes in biological systems require an under-time determined in biological media is averaged over many
standing of its reactivity towards different acceptors present different deactivation processes. Even for the most sim-
in very complex organizations. A critical characteristic of bi- ple experimental setup that mimics a biological system,
ological systems is their microheterogeneity, consequently,i.e., @ micellar solution in absence of quencher, the two
gradients can occur in both the local singlet oxygen concen- pseudophase modgO], predicts that the observed overall
tration and its reactivity. The use of fast response detectorsdecay rate constant depends on the partition constant of

with near-IR sensitivity allows direct detection onGAg), singlet oxygen between the two pseudophases, the volume
by analyzing its weak emission at 1270nm in both laser of the each pseudophase and the decay rate constants of
pulsed flash photolysis and steady-state experinfdr#]. 02(Ag) in both the aqueous and micellar regions. In the
This method is very important for the analysis Qj(émg) in presence of singlet oxygen quenchers, even where the sin-
biological systems. With this technique, Khan et[d]. de- glet oxygen equilibrium distribution is maintainedz((l)Ag)

tected, for the first time, &*A4) emission in an enzymatic  lifetime determinations as well as steady-state measure-
reaction. However, employment of this technique in biolog- ments, provide only values of the product of the quenching
rate constant in a given pseudophase and the singlet oxygen

* Corresponding author. Tel:56 2 6782877; fax:-56 2 6782868. partitioning constant, averaged over all the pseudophases
E-mail addresselemp@cig.uchile.cl (E. Lemp). [11]; (c) time-resolved methods are not currently available
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in many laboratories. These limitations enable chemical spectra were performed in a Bruker DRX-300 spectrome-
trapping methods with well designed water-soluble and/or ter. Chemical shifts are referred to internal tetramethylsi-
lipid-soluble singlet oxygen acceptors to be valuable tools lane (TMS). Elemental analyses were obtained in a Fisons
in improving understanding of singlet oxygen behavior in EA-1108 instrument. IR spectra were obtained on a Fourier
microheterogeneous systems. The measuremeng(éﬁ@) transform Bruker IFS-56 spectrometer. UV-vis measure-
concentration in the agueous pseudophase of these systemments were made in a Unicam UV-4 spectrophotometer.
by using acceptors or quenchers is difficult because of the A Fisons MD-800 GC-MS system with a Hewlett Packard
low water solubility of more reactive moleculg$2,13] Ultra-2 capillary column (25 m) was used to obtain electron
Most successful compounds employed in these experimentampact mass spectra. All spectroscopic measurements were
include water-soluble anthracene and diphenylisobenzo-performed at room temperature.
furan derivatives[14,15] Therefore, it is interesting to
study the influence of lipid bilayers on the reactivity of 2.2. Materials
the singlet oxygen acceptors incorporated in them, as well
as the relationship between acceptor localization and the All solvents used in the syntheses and spectroscopic and
eventual protective effect of the microenvironment. The kinetic measurements were of reagent grade, spectroscopic
ability of singlet oxygen to permeate lipid bilayers can or HPLC quality, and when necessary were purified by the
be studied by employing a water-soluble acceptor, which usual proceduref20]. Furan (Merck) was distilled before
guenches with zero-order kinetics of all thQ(Qg) en- use, and stored at low temperature under argon atmo-
tering or leaving the bilaye[l5]. Alternatively, a highly sphere in the dark. Tetraphenylporphyrine (TPP), Methy-
efficient lipid-soluble singlet oxygen quencher, anchored to lene Blue (MB), and 1,3-diphenylisobenzofurane (DPBF)
the water-lipidic bilayer interphase by means of a charged (Aldrich) were used as received. Dioctadecyldimethyl am-
head group, could be a valuable probe to study singlet monium chloride (DODAC) (Herga Ind.) was purified as
oxygen dynamics and estimate steady-state singlet oxygerdescribed elsewher§1]. The concentration of-butyl
concentrations at different depths in the bilayer, if there are lithium (Merck) was determined by employing the double
appropriate spacers between the charged head group and thi&ration method with benzyl chloridg22]. Dodecyl and
reactive moiety. One of the most reactive singlet oxygen ac- hexyl iodide were synthesized as described previoj23y.
ceptors in organic solvents is 2,5-dimethylfuran (2,5-DMF) 1,12-Dibromododecane and 1,4-dibromobutane (Aldrich)
[16]. Its sensitized oxygenation gives a relatively stable were used as received.
ozonide by [4+ 2] cycloaddition of Q(lAg) to the diene
system[17,18] Thermal reactions of the endoperoxide do 2.3. Methods
not interfere with singlet oxygen quenchifitg]. Because
2,5-DMF consumption in organic solvents can easily be  Time resolved luminescence measurements were carried
followed by gas chromatography, it has been frequently out in 0.5 cm path fluorescence cells at°#0 TPP was
employed in actinometry to measure the reactivity of other excited by the second harmonic (532nm, ca. 9 mJ/pulse)
molecules towards singlet oxyg¢h9]. Also, singlet oxy- of a 6-ns light pulse of a Quantel Brilliant Q-Switched
gen quenching rate constants by 2,5-DMF are practically Nd:YAG laser. When MB was used as the sensitizer sam-
solvent independent, a critical characteristic of probes for ples were excited with the 500-ps light pulse of a PTI
measurements of singlet oxygen distribution between the model PL-202 dye laser (666 nm, ca. 200pulse). A PTI
external solvent and the microphd44]. model PL-2300 nitrogen laser was employed to pump the
In order to apply the well-known ability of 2,5-DMF  dye laser. A liquid-nitrogen cooled North Coast model
and its derivatives as singlet oxygen acceptors, and, at theEO-817P germanium photodiode detector with a built-in
same time, to extend their use to lipidic bilayers, we re- preamplifier was used to detect infrared radiation from the
port here syntheses of three lipid-soluble DMF derivatives, cell. The detector was at a right-angle to the cell. An inter-
2,5-disubstituted with alkyl chains of different length and ference filter (1270 nm, Spectrogon US, Inc.) and a cut-off
including a terminal trimethylammonium head group in one filter (995nm, Andover Corp.) were the only elements
chain. We also include preliminary measurements of the re- between the cell face and the diode cover plate. Pream-
activity of these molecules towards singlet oxygen that show plifier output was fed into the 1K input of a digitizing
their use in evaluating singlet oxygen behavior in micro- oscilloscope Hewlett Packard model 54540-A. Computer-

heterogeneous systems. ized experiment control, data acquisition and analysis were
performed with LabView based software developed in our

. . laboratory.
2. Experimental details Chemical reaction rate constants were determined in
2.1. General ethanol and 10mM DODAC vesicular solutions using a

10mL double wall cell, light-protected by black paint.
Melting points (not corrected) were determined on a mod- A centered window allowed irradiation with light of a
ified Koffler or on a Electrothermal 9200 apparatus. NMR given wavelength using Schott cut-off filters. Circulating
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water maintained the cell temperature at 200.5°C.
The irradiation of the sensitizer, MB, was performed with
a visible, 200W, Par lamp. A Waters 600 liquid chro-

sulfate and the solvent was evaporated under reduced pres-
sure. Distillation of the residue gave 2-alkylfurans.
2-Dodecylfuran(3). This compound was prepared in 77%

matograph equipped with a PDA detector Waters 996 andyield from I-iodododecane as described, bp 156158

a Waters Delta Pack C-4 (3.&% 150mm) HPLC col-
umn was used to monitor furan derivative consumption.

(15 mmHg); m%° = 1.458;1H NMR (CCly): 5: 0.88 (t, 3H,
J =6.7Hz); 1.27 (m, 18H); 1.61 (t, 2Hl = 7.2 Hz); 2.57

1,3-Diphenylisobenzofurane was used as actinometer. Fresht, 2H,J = 7.5Hz); 5.85 (d, 1HJ = 3.1 Hz); 6.14 (dd, 1H,
1,3-diphenylisobenzofuran solutions prepared in a dark J=3.0Hz,J=2.0Hz); 7.17 (d, 1HJ) = 1.1 Hz). IR (KBr,

room and appropriate cut-off filters were used. Autooxi-
dation of this compound, followed by UV-vis spectropho-
tometry, was<1% under our experimental conditions.
Large unilamellar liposomes of dioctadecyldimethylam-
monium chloride, DODAC LUVs, were obtained by con-
trolled injection of a DODAC-chloroform solution (20 mM)
into 5mL D,O (Aldrich) at 75+ 0.5°C, according to the
procedure previously describg#l]. The final concentration
was fixed by the amount of injected DODAC-chloroform
solution. LUVs with furane derivatives incorporated in the
lipidic bilayer were obtained by means of the same proce-

v, cm1): 2924; 2854; 1596; 1463; 1147; 1007; 794; 725.
MS m/e: 236(M*), 237 (M + 1).

2-n-Hexylfuran (4). As for the preparation of3,
I-iodohexane yielded 74% off), bp 72—74C (18 mmHg);
np2%: 1.453.1H NMR (CDCls): §: 0.81 (t, 3H,J = 6.8 Hz);
1.25 (m, 6H); 1.55 (m, 2H); 2.53 (t, 2H,= 7.6 Hz); 5.88
(d, 1H,J = 3.1Hz); 6.19 (dd, 1HJ = 3.0Hz,J = 2.0);
7.20 (d, 1H,J = 1.8 Hz). IR (KBr, v, cm™1): 2960; 2930;
2856; 1596; 1507; 1464; 1146; 1008; 923; 795; 726. MS
m/e: 152 (M"), 153 (M + 1).

dure but first adding an appropriate amount of the probe to 2.4.2. General procedure for the synthesis of

the DODAC—-chloroform solution.

2.4. Chemical synthesis

2-Methylfuran (1). This was obtained by employing a
modification of the Wolff-Kishner methof@3]. On a solu-
tion of 0.15 mol of KOH in 50 mL of ethylene glycol gently
heated, 0.13 mol of hydrazine, 0.15mol of KOH, 0.13 mol
of furfural, and 25mL of ethylenglycol were added with
stirring and the mixture was heated at°@for 1.5 h. Hy-
drolysis of the hydrazone was complete with addition of
0.45mol of KOH, stirring overnight at room temperature
and heating at 90C until nitrogen evolution ended. Distil-
lation of the crude yielded 40% ofl), bp 61°C, *H NMR
(CDClz): 8: 2.17 (s, 3H); 5.83 (dd, 1H); 6.14 (dd, 1H); 7.14
(dd, 1H).

2-(1-(N,N-Dimethylamine)-methyl)-5-methylfuran (2).
Typically, the product of the reaction of 0.17 mol of acetic
acid, 0.06 mol of 40% aqueous dimethylamine, 0.06 mol of

2-(n-bromo-n-alkyl)-5-alkylfuran

Typically, 0.02 mol of 5-alkyl-2-furfuryl lithium was pre-
pared in dry THF by adding freshly distilled 2-alkylfuran
(0.22mol) to n-butyl lithium (0.2mol) as described for
monoalkylation. The lithium salt solution (below20°C)
was transferred to a double-wall constant pressure dropping
funnel cooled with dry ice-acetone and was added drop-
wise into a solution of the dialkyl bromide (0.02mol) in
2mL of THF kept below—20°C. After 3h, cooling was
removed and the mixture was stirred overnight at room
temperature. Working up was as described for monoalky-
lation and distillation of the residue afforded the crude
product containing a small amount of dimeric undesir-
able by-product. Careful distillation was required to afford
2-(n-bromon-alkyl)-5-alkylfuran.

2-(4-Bromobutyl)-5-dodecylfuran(5). This compound
was prepared in 59% vyield from 1,4-dibromobutane ac-
cording to the already described procedure, bp 196<200
(3mmHg).tH NMR (CDCl): §: 0.88 (t, 3H,J = 6.7 Hz);

35% aqueous formaldehyde, and 0.05 mol of 2-methylfuran 1.27 (m, 18H); 1.59 (m, 2H,); 1.77 (m, 2H); 1.89 (m,

was worked up by a standard proced{B] yielding 82%
of (2), bp 50°C (10 mmHg).*H NMR (CDCl): 8: 2.16 (s,
3H); 2.19 (s, 3H); 3.30 (s, 2H); 5.79 (dd, 1Bi= 0.77 Hz;
J =2.83Hz); 5.97 (d1H, J = 2.97 Hz).

2.4.1. General procedure for furan monoalkylati@]
Dry THF (100 mL) was cooled te-20°C in a 250-mL

two-necked flask equipped with a reflux condenser, a con-

2H); 2.52 (t, 2H,J = 7.5Hz); 2.57 (t, 2H,J = 7.1 Hz);
3.35 (t, 2H,J = 6,6 Hz); 5,74 (dd, 2HJ = 3.0Hz). IR
(KBr, v, cm1): 2959; 2921; 2852; 1613; 1566; 1463;
1010; 780; 722; 564 (st C-Br). MSwe 370 (M™),
372 (M + 2).

2-(12-Bromododecyl)-5-hexylfurdf). In a reaction sim-
ilar to that of5, 1,12-dibromododecane yielded 45% 6f,(
bp 240-250C (3 mmHg).*H NMR (CDCl): 8: 0.86 (t, 3H,

stant pressure dropping funnel, and a magnetic stirrer, andJ = 6.6 Hz); 1.39 (m, 22H); 1.58 (m, 4H); 1.83 (m, 2H);

0.06 mol ofn-butyl lithium in n-hexane was added with stir-
ring under argon. Freshly distilled furan (0.066 mol) was
added, dropwise, into the butyl lithium solution. After 4 h,
0.054 mol of alkyl bromide was added with vigorous stir-
ring and the mixture was left overnight at room temperature.

2.53 (t, 4H,J = 4.0Hz); 3.38 (t, 2H,) = 6.7 Hz); 5.81 (s,
2H). MS e 398 (M™), 400 (M + 2).

2.4.3. General procedure for the synthesis of
2-(n-(N,N,N-Trimethyl)-n-alkyl)-5-alkylfuryl halides

The solution was poured onto 200 g of ice and was extracted Usually, dry gaseous trimethylamine, produced by heat-

with diethyl ether. The extract was dried over magnesium

ing 23% aqueous trimethylamine and dried with a soda lime
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trap, was bubbled into 0.007 mol of 2-bromon-alkyl)-5-
alkylfuran in 10mL of dry acetone. After 20 min, a white
precipitate was formed. Solvent removal under vacuum
and recrystallization from acetone gave the ammonium
salt.

2-(4-(N,N,N-Trimethyl)-butyl)-5-dodecylfuryl  bromide
(DFTA). This compound was prepared in 75% yield
from compound5 following the described procedure, mp
124-130C.H NMR (CDCl): §: 0.81 (t, 3H,J = 6.7 Hz);
1.19 (m, 18H); 1.53 (t, 2H); 1.70 (m, 4H); 2.47 (m, 28,
= 7.6 Hz); 2.61 (t, 2HJ = 6.7); 3.39 (s, 9H); 3.53 (t, 2H,
J = 8.1Hz); 5.81 (dd, 2H,) = 3.0Hz). Elem. anal.: calc.
%C: 64.20; %H: 10.24; %N: 3.26; exp. %C: 63,60; %H:
10.01; %N: 3.48.

2-(12-(N,N,N-Trimethyl)-dodecyl)-5-hexylfuryl bromide
(HFDA). Following the procedure for preparation of DFTA,
2-(10-bromododecyl)-5-hexylfuran(6) yielded 68% of
HFDA, mp 210-215C with dec.'H NMR (CDClk): s:
0.89 (t, 3H,J = 6.7Hz); 1.31 (m, 22H); 1.61 (t, 4H); 1.73
(m, 2H); 2.57 (t, 4HJ = 7.8); 3.49 (s, 9H); 3.58 (t, 2H);
5.85 (s, 2H). Elem. anal.: calc. %C: 65,50; %H: 10,48; %N:
3,06; exp. %C: 65.38; %H: 10.65; %N: 3.29.

2-(1-(N,N,N-Trimethylamine)-methyl)-5-methylfuran io-
dide (MFMA). A mixture of 0.27 mol of methyl iodide and
0.04mol of 2-(1-N,N-dimethylamine)-methyl)-5-methyl-
furan @) in 15mL of dry acetone was stirred under argon
overnight at room temperature. Isolation of the white pre-
cipitate and recristallization yielded 81% of MFMA, mp
160-162C with dec.'H NMR (CDCk): §: 2.24 (s, 3H);
3.37 (s, 9H); 4.88 (s, 2H); 6.00 (s, 1H); 6.79 (s, 1H). Elem.
anal.: calc. %C: 38.45; %H: 5.70; %N: 4.98; exp. %C:
38.28; %H: 5.93; %N: 5.14.

3. Results and discussion

3.1. Synthesis of
2-(n-(N,N,N-trimethyl)-n-alkyl)-5-alkylfuryl halides

Structure of compounds synthesized in this work are
shown inFig. L DFTA and HFDA were obtained according

1. n-BuLi, THF

Rl RZ
DFTA  C,H, C,HN*(CH,),Br
HFDA  CH,, C,,H,,N*(CH,),Br-
MFMA  CH; CH,N*(CH,),[I

Fig. 1. Structures of 2r¢(N,N,N-trimethyl)-n-alkyl)-5-alkylfuryl halides.

to Scheme lwhereas compound MFMA was obtained by
using conventional method23,25]

Reactions of lithium salts of furan, pyrroles, thiophene,
and their alkyl derivatives with alkyl halides have been
previously described27,28] However, the only exam-
ple of reactions of this type of lithium salts with alkyl
dihalides has been reported by Catoni et [@9]. Re-
actions of alkylfuran lithium salt derivatives with alkyl
dihalides require a careful thermodynamic control to
avoid formation of dimeric by-products as shown in
Scheme 2 The inverse addition technique, that is, addi-
tion of the metalated alkylfuran to a concentrated solu-
tion of the alkyl dihalide maintained at very low tem-
perature, allows rigorous thermodynamic control, di-
minishing by-product formation and increasing reaction
yield. All compounds synthesized were characterized
by conventional spectroscopic and/or analytical tech-
nigues. Further details are given in the experimental
section.

3.2. Preliminary kinetic study of
2-(n-(N,N,N-trimethyl)-n-alkyl)-5-alkylfuryl halides as
singlet oxygen probes

In homogeneous media, reaction of singlet oxygen with a
target molecule, Q, involves physical (deactivation) and/or
chemical (reactive) processes. The situation can be rep-
resented in terms of a simple mechanism as shown in
Scheme 3

n

(6}

Br

+
(CH,),N(CH,)mCH

n m
DFTA 11 3

HFDA 5 11

2. 1(CH,)nCH,

0
(CH,)nCH,

(6}

1. n-BuLi, THF
2. Br(CH,)mCH,Br

N(CH,), ]\
/@\(CHZ)nCH3<(—")° Br(CHZ)mCHz/FO)\(Cﬂz)nCHS

2 Dry Acetone

Scheme 1.
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Scheme 2.
k
'lo, —4 o0, ()]
1 l(ph
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10,4+ Q —Xr 'y Products 3)

Scheme 3.

k/10's"

whereky is the solvent dependent decay rate constant of
singlet oxygen that determines its unperturbed lifetime (

= 1/kq), kon represents the second-order rate constant of
physical deactivation, ankl is the second-order rate con-
stant of the reactive pathway. In the presence of Q, the sin-
glet oxygen lifetimey, is given by:

0 1 1 1 1
0.4 0.8

[DFTA}/ 10°M

1.2 1.6

1 Fig. 2. Stern—Volmer plot for singlet oxygen deactivation by DFTA in
z= kp = kg + kt[Q] (4) acetonitrile.

wherekr is the rate constant of the whole quenching process very closely singlet oxygen lifetimes determined indepen-
(kr = kph + k). Evaluation of the singlet oxygen lifetime at  dently in experiments performed in our laborat¢8p—32]
different concentrations of Q then allows determination of = Scheme 4shows a physical model with the minimum
kr. This type of experiment can be carried out by following requirements for explaining singlet oxygen decay and
the decay of @A) luminescence, measured at 1270 nm, reactions in microheterogeneous systems comprising mi-

and provides the most reliable value of the total deactivation celles, reverse micelles, vesicles, and simple single mem-

rate constant.

The values of total (physical and chemical) quenching
rate constantsr, for the reaction of @*Ag) with furan
derivatives in several media, were obtained from the exper-
imentally measured first-order decays of singlet oxygen in
the absencekf) and presence of the furan derivativig)
according toEg. (4)

Fig. 2shows a typical Stern—Volmer plot obtained for sin-
glet oxygen quenching with DFTA in acetonitrile. The triplet

brane biological systems (such as red blood cell ghosts or
microsomes]11]. This scheme includes, as pseudophases,
the aqueous external solvent and the vesicle or membrane
bilayer neglecting the inner water pool because of its small
contribution to the total aqueous volume. In addition, in our
experiments with vesicular solutions, singlet oxygen was
generated only in the external agueous pseudophase be-
cause the sensitizer (MB) was added to DODAC vesicular
solutions just before measurements and in this system MB

decay of the sensitizer (TPP or MB) was not affected by the permeation through the bilayer is negligible at room temper-
addition of furan derivatives even at concentrations higher ature (204 2°C) [33]. Also, due to the structural similarity
than those used to quench the excited oxygen, and linearof DFTA and HFDA with the anthracene and pyrene deriva-
plots of kp versus substrate concentrations were obtainedtives, currently employed as fluorescent probes in vesicles
in all the homogeneous media employed. The intercepts ofof synthetic and natural surfactant$34—38] we consider
these plots correspond to the singlet oxygen lifetime in the that DFTA and HFDA are located exclusively in the lipidic
solvent employed. In all the experiments these values matchpseudophase. The trimethylammonium head group and the

+
—_—

k.

0,014

Scheme 4.
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length of the tether alkyl group locates the reactive fu-
ran moiety depth in the vesicle bilayer on the assumption
that alkyl groups are extended. In more complex models
both oxygen generation and/or interaction with the target
molecule could take place also at the water—lipid interface.
According to the simpler moddll0] the kp value mea-
sured in time resolved experiments with furan derivatives
anchored to the bilayer of DOCAC vesicles, is given by:

kp = kd + (1 — HkL[Q]- (5)

wheref is the fraction of singlet oxygen in the aqueous
pseudophasek% is the total quenching rate constant in
the bilayer and [Q] is the local quencher concentration
expressed in moles1! of lipidic bilayer. If K, the singlet
oxygen partitioning constant between the bilayer and the
aqueous pseudophase, is defined as:

_ [O2tAg]t

[0t AW ©)

where [Q(*Ag)]" and [(tAIW are the singlet oxy-

gen concentrations in the bilayer and the external solvent,

respectively. Fronkgs. (5) and (6)t is found that:
kp = kq + Kk-lf-[Q] (7)

with [Q] being the analytical quencher concentration.
Eq. (7) shows that the slopes of Stern

»e

8 12 16
[DFTA}/10°*M

Fig. 4. Stern—Volmer type plot for singlet oxygen deactivation by DFTA

in 10mM DODAC vesicles. Measured fresHilf, after one day®, after
two daysA .

were avoided by using deuterated watg9,40] in prepar-
ing DODAC vesicles. Decays dfig. 3 show that Q(lAg)
lifetimes diminish in the presence of DFTA anchored to
the bilayer. Noting that concentration of the hydrophobic
guencher in water will be negligible.

Stern—\Volmer plots obtained from the singlet oxygen
luminescence decays employing furan derivatives anchored
to the lipidic bilayer as quenchers are includedFig. 4.
Dependences dfp on the quencher concentration do not

~Volmer plots in a follow a linear behavior as observed in homogeneous solu-

sa/stem descrlbgd in terms of the twodpsedudophase mOdel_tion, butkp increases linearly at low concentrations of furan
then correspond to an apparent second order rate Constantyyg i\ ative and reaches a practically constant value at higher

Fig. 3 shows the decay of singlet oxygen in a DODAC
vesicular solution, in the absence and with added 2.5

10~° M DFTA. The signal have good signal/noise. The
complexities normally observed in this type of experiment,
due to the low singlet oxygen lifetime in aqueous media,

4

I/ u.a.

T 1
40 80 120 160

t/ us

Fig. 3. Singlet oxygen phosphorescence decay at 1270nm in 10 mM
DODAC vesicles, following dye laser excitation of MB at 666 nm in the
absence (upper decay) and in the presence (lower decay) of 206° M

of DFTA.

concentrations. This behavior, typical of microheteroge-
neous systems has been reported by Nonell g@a]. for
small dipalmitoyl phosphatidylcholine unilamellar vesicles,
DPPC SUVs, and can be understood in terms of bilayer
saturation. At high “local” concentrations the probe traps
all the singlet oxygen reaching the vesicle. In this situation,
singlet oxygen lifetime in the lipidic pseudophase is very
short due to the efficient quenching process promoted by
the furan derivative anchored to the bilayer and the decay
rate constantsp, fits Eq. (9)

kp = kd + kexch )
whereky is the rate constant associated with thg(]Qg)
solvent promoted decay in the pseudophase in which the
singlet oxygen lifetime is measurable, akgch is the rate
constant for the singlet oxygen exchange between the aque-
ous and lipidic pseudophases. The plotFof. 4 gives a

kp = 8.4 x 10*s~1, from which the entrance rate constant
is,k; = 1.5x 10*¥M~1s™1, considering a DODAC LUVs
concentration of 2.6< 107°M [42] and a singlet oxygen
average lifetime in PO of 58us from a large set of mea-
surements performed in our laboratory (data not published).
This value ofk,. is larger than that calculated from data of
Nonell et al.[41], for DPBF-loaded DPPC SUV&k{ = 2

x 101*M~1s~1) and very close to the value estimated by
applying the Smoluchowsky formalism ¢ 1013 M~1s71).
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Table 1
Values of the total rate constants; for reaction of singlet oxygen with furan derivatives in different media
Solvent kr/lBM-1s1

2-Methylfurar? 2,5-DMP? DFTA HFDA MFMA
n-Hexane 0.25+ 0.13 2.11+ 0.08 1.8+ 0.10 1.91+ 0.12 -
n-Heptane - 2.3% 0.10 - - -
n-Octanol 0.72+ 0.29 - - - -
n-Hexanol 0.75+ 0.30 - - - -
Benzene 1.22+ 0.62 5.06+ 0.20 2.81+ 0.11 3.48+ 0.14 2.60+ 0.14
Ethyl acetate 0.98& 0.51 4.444+ 0.18 - -
Acetonitrile 1.88+ 1.01 3.39+ 0.10 4.43+ 0.38 4.23+ 0.16 2.06+ 0.12
Chloroform - 2.96+ 0.08 1.86+ 0.06 -
Acetone 1.3% 0.71 4.45+ 0.18 - - -
Methylene dichloride 1.1H% 0.58 4.02+ 0.12 - - -
Methanol 1.16+ 0.62 5.33+ 0.27 - - -
Ethanol 0.83+ 0.54 3.33+ 0.13 3.45+ 0.27 3.00+ 0.09 0.15+ 0.04
n-Propanol 0.88+ 0.69 418+ 0.17 - - -
Benzyl alcohol 241+ 1.45 7.46+ 0.30 3.50+ 0.14 - -
Dimethylformamide 2.84+ 1.53 7.94+ 0.31 - - -
Benzonitrile 2.02+ 1.04 6.50+ 0.26 - - -
Propylencarbonate 2.96 1.62 8.58+ 0.34 - - -
D,0O - 4.43+ 0.18 3.59+ 0.29 3.53+ 0.13 1.5+ 0.08
DODAC 10 mM - - 483+ 0.21 3.86+ 0.19 5.77+ 0.22

aFrom ref.[30].
b From ref.[11].

The higher value ok, determined for the system studied On the other hand, we determine valuegothe reactive
here can be understood in terms of the larger size of DO- rate constant (due to chemical quenching) for reactions of
DAC LUVs compared with DPPC SUVs. DFTA and HFDA with singlet oxygen in ethanol and 10 mM

Table 1summarizesy values obtained for several fu- DODAC vesicular solutions, by following consumption of
ran derivatives in different media. Values lof for singlet the furan derivative by HPLC. In these experiments reaction
oxygen reactions with quenchers anchored to the bilayeris first-order in furan as shown ifig. 5. In homogeneous
in 10mM DODAC LUVs (bottom file) correspond tkypp solvents, the slope of the first order-pligyp, is:
ofEq. (8)and were calculated at low concentrations of furan 1
derivative, where there is a linear dependencippbn the — Kexp = kr(Q[O2(*Ag)] (10)
analytical furan derivative concentration. Examination of
th_e data inTable 1reveals se_veral characterist_ic_s associated ical reaction of singlet oxygen with the quencher and [O
W'th th_e effect of the medium on the reactivity of furan (tAg)] is the steady-state singlet oxygen concentration. Em-
derivatives. Largestdependences were observed for methyl-ploying as actinometer, A, a singlet oxygen quencher with
furan, wherekr increases by nearly in a factor of ten when kA iousl d-

. . previously measured:

the solvent changes from hexane to dimethylformamide.
Also this compound shows the smallef values typical k:(Q) = kexp(Q)
of mono-substituted furanfl7]. Furthermore, 2,5-DMF, ' kexp(A)
DFTA, and HFMA show similar quenching rate constants
with little solvent dependence. MFMA behaves slightly dif-
ferently, being less reactive in homogeneous solvents than 1485 @
in DODAC vesicular solutions. These differences can be
ascribed to diverse factors. In homogeneous solvents the
steric inhibition due to the 2-methylenetrimethylammonium
group and its electron withdrawing effect (singlet oxygen
is electrophilic) reduces the effectiveness of encounters
between Q(*Ag) and the furan derivative. In vesicular 14.0 -
solutions these unfavorable effects can be overcome by lo-
calization of the probe in the vesicle. Due to its structure
MFMA could be expected to locate nearly at the interface,
where local pH, surface potential, microviscosity, and mi-

cropplarlty are important in determining rea}ct|V|ty. Further Fig. 5. First-order plot for DFTA reaction with singlet oxygen in 10 mM
studies of the effect of these factors are being performed. popac vesicular solution.

wherek;(Q) is the second-order rate constant for the chem-

ke (A) (11)

° 144}

In A/A

1 1 1 1
0 100 200 300 400
t/s
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With diphenylisobenzofuran as actinometds,(DPBF)
=1.0 x 1®M~1s1 [43], we found thatk.(DFTA) and
k:(HFDA) in ethanol are (3.1 0.30) x 1°M~1s1 and
(2.9+ 0.26) x 18M~1s1 respectively. These values are

does not significantly modify vesicular chain packing, and
a small reactivity dependence on the media.

very close to those measured by time resolved methods forAcknowledgements

these compounds in the same solvérahle 1. This result
indicates that the reaction of singlet oxygen with DFTA
and HFDA occurs mainly through the chemical path and
in homogeneous solvek{ = kpp + k- ~ k. This result is
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