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Control of Electron-Transfer and DNA Binding Properties by the Tolyl Spacer Group in
Viologen Linked Acridines

Joshy Joseph, Nadukkudy V. Eldho, and Danaboyina Ramaiah*
Photosciences and Photonics:Zion, Regional Research Laboratory (CSIR),zandrum, India 695 019

Receied: October 18, 2002; In Final Form: February 15, 2003

Novel water soluble viologen and pyridinium linked tolylacridirlesb and2a,b were synthesized and their
photophysical and DNA binding properties including the photoinduced electron-transfer reactions were
investigated. When compared to the cases of the model tolylacri@inieand the pyridinium linked derivatives

2a,b, the singlet excited states b and1b were efficiently quenched in water and methanol. Intramolecular
guenching rate constantk=f) calculated in water are found to be 1x210* and 8.8x 10 s™* for 1a and

1band 1.4x 10° and 0.9x 10° s™* for 2a and2b, respectively, suggesting thereby that the viologen moiety
quenches the fluorescence of the acridine chromophore efficiently when compared to the case of the pyridinium
moiety. From the intermolecular electron-transfer studies, it was observed that the singlet and triplet excited
states of the acridine chromophore are capable of donating an electron to the viologen moiety. DNA binding
studies indicated that thetolylacridine derivativeda and 2a exhibit strong binding to DNA with binding
constants of 1.0« 10° and 3.3x 10° M1, respectively, whereas thetolylacridine derivativeslb and2b

showed negligible affinity for DNA. The rate constants for the static quenchidgahd2aby DNA (kpna)

are found to be % 10° and 3x 10° s, respectively, indicating thdta is an efficient DNA oxidizing agent.
Nanosecond laser flash photolysis studies of these systems in aqueous solutions did not show any transients.
However, in the presence of DNAa gave transient absorption due to the reduced methyl viologen radical
cation. These results demonstrate that the tolyl spacer group in these systems constitutes an interesting variation
which controls both the electron transfer and DNA binding properties, and hence, such molecules and derivatives
thereof can have potential application as probes for nucleic acids and as DNA cleaving agents.

Introduction Controls DNA binding and

. . . L . i i electron transfer properties

Design of molecules targeting nucleic acids is an active area i !
of research. Several classes of molecules, which induce DNA ! N
modifications by various mechanisms, have been reported in i i o/~ —\@ :
the literatureé~13 Among these, the photoactivated DNA cleav- i N : NQ_@“'_% 1
ing agents show some advantages, such as (i) better control of i T !
the reaction trigger, (ii) selectivity of the reaction center by | i Co-sensitizer
adjusting the wavelength of irradiation, and (iii) the ability to Nemeee / (Groove Binder)
control light, which helps to minimize the side reactions and Sensitizer
thus leads to a better understanding of the reaction mechanism. (Intercalator)

By absorption of light, these reagents are known to modify DNA
through different mechanisms, including the electron-transfer
reaction, generation of diffusible intermediates, and H-atom

abstractiort? In the latter two processes, selectivity of the DNA  introduced recently? In this approach, the photoactivated DNA
Cleavage is rather difficult to attain, as these reactions are C|eaving agent Comprises a sensitizer' which is either free or
generally nonspecific, while the former mechanism is shown coyalently linked to a cosensitizer moiety and wherein both these
to have base selectivity. The major challenges associated withmojeties are capable of binding to DNA through noncovalent
the DNA cleavage through the electron-transfer mechanism jpteractions5-17
include (i) efficiency of the DNA oxidation and (ii) selectivity With the objective of developing efficient photoactivated
of the DNA CIeaVage. The inefﬁciency associated with such DNA Clea\/ing agentS' which function through the electron-
reactions is the fast recombination of the charge separatediransfer mechanisi$,we have designed bifunctional derivatives
species, such as the oxidized base and the reduced agent. Tgrigure 1), where an intercalator (acridine) is linked to a groove
improve the efficiency of the DNA cleavage through the pinder (viologen) through a spacer group. The intercalator is
electron-transfer mechanism, a cosensitization approach has beego chosen that it can act as a sensitizer, which upon excitation
can transfer an electron to the viologen moiety, leading to the
*To whom correspondence should be addressed. Telephdtfs: radical cation of acridine and the radical cation of viologen.
471 2515362. Fax:+91 471 2490186 ort91 471 2491712. E-mail:  The radical cation of acridine, once formed, can oxidize DNA
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t Current address: Laboratory of Membrane Biochemistry and Biophys- 0@ses with a preference to guanine and thus can initiate oxidative
ics, NIH, Baltimore, MD 20852, USA. modification of DNA. The challenging difficulties involved are
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Figure 1. Schematic representation of the strategy adopted for the
design of photoactivated DNA cleaving agents.
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Synthesis of 9-(4-Bromomethylphenyl)acridine and 9-(2-
Bromomethylphenyl)acridiné solution of 9-(4-methylphenyl)-
acridine @a, 1 mmol), N-bromosuccinimide (NBS, 1 mmol),
and benzoyl peroxide (20 mg) in dry GGRO mL) was refluxed
for 8 h. The reaction mixture was cooled and filtered. The filtrate
was concentrated to give a residue, which was chromatographed
over a silica gel column. Elution of the column with a mixture
(1:4) of ethyl acetate and petroleum ether gave 9-(4-bromo-
methylphenyl)acridine in 60% yield, mp 26204°C: 1H NMR
(CDCls, 300 MHz) 6 4.7 (2H, s), 7.3-8.05 (8H, m), 8.25
Figure 2. Structures of the tolylacridine derivativéds,b, 2a,b, and 8.50 (4H, m);*3C NMR (CDCk, 75 MHz) 6 148.60, 146.28,
3a,b under investigation. 137.95, 136.04, 130.85, 129.96, 129.54, 129.06, 126.52, 125.69,

125.69, 124.92, 32.88. Exact mol wt calcd fosl@1sNBr (M
to get a control over the DNA binding and photoinduced + H)*: 348.0388. Found: 348.0384 (high-resolution mass
electron-transfer reaction to produce long-lived charge-separatedspectrometry).
species, which regulate the efficiency of the DNA cleavage  Similar reaction of 9-(2-methylphenyl)acridinga) with NBS
through this mechanism. in dry CCly in the presence of benzoyl peroxide yielded 9-(2-

Another objective of our investigation is to examine the bromomethylphenyl)acridine in 56% yield, mp 13637 °C:
effect of the spacer group on the DNA intercalating property H NMR (CDCl;, 300 MHz) ¢ 4.05 (2H, s), 7.167.90 (10H,
of the acridine moiety, which in turn can control the efficiency m), 8.15-8.45 (2H, m);*3C NMR (CDCk, 75 MHz) 6 148.46,
of the DNA photocleavage. Here we describe our results on 144.04, 136.49, 135.30, 130.62, 129.75, 129.54, 129.07, 128.26,
the photophysical and DNA binding properties, including intra- 126.23, 125.63, 124.96, 30.34. Exact mol wt calcd fesHzs
and intermolecular electron-transfer reactions of a few viologen NBr (M + H)*: 348.0388. Found: 348.0394 (high-resolution
and pyridinium linked tolylacridine derivatives (Figure 2). These mass spectrometry).
results demonstrate that the tolyl spacer group constitutes an  Synthesis of the Viologen Linked Tolylacridiriesand 1b.
interesting variation and plays a major role in controlling the A solution of 9-(4-bromomethylphenyl)acridine (1 mmol) and
photophysical and DNA binding properties of these novel 1.putyl-4,4-bipyridinium bromide (2 mmol) in dry acetonitrile

R = -(CHy);-CHs

a) para-derivative
b) ortho-derivative

molecules. (30 mL) was stirred at 30C for 12 h. The precipitated solid
) _ was filtered and washed with dry acetonitrile and dichloro-
Experimental Section methane to remove the unreacted starting materials. The solid

was further purified by Soxhlet extraction with dichloromethane
and recrystallization from a mixture (4:1) of ethyl acetate and
acetonitrile to give 77% ofla, mp 268-269 °C: 'H NMR
(DMSO-ds, 300 MHz)6 0.85-1.05 (3H, tJ = 2.89 Hz), 1.15
1.55 (2H, m), 1.86-2.20 (2H, m), 4.76-4.90 (2H, t,J = 2.80

General Techniques. The equipment and procedure for
melting point determination and spectral recordings are de-
scribed in earlier publicatiori$:?° The fluorescence quantum
yields were determined by using optically matching solutions.
9-Aminoacridine in methanold; = 0.99) was used as the
standard? The fluorescence lifetimes were measured on an H2): 6-3 (2H, s), 7.568.40 (12H, m), 8.759.05 (4H, m),

Edinburgh FLO0OCD single photon counting system. Fluores- 2:42~9-60 (2H, m), 9.76-9.85 (2H, m);*C NMR (DMSO<,
cence lifetimes were determined by convoluting the instrumental 75 MHz) 6 149.23, 1483.61, 147.74, 146.19, 146.00, 145.76,
function with a mono- or biexponential decay and minimizing 136.21,134.42,131.09, 130.64, 129.36, 128.94, 127.26, 126.79,

the 42 values of the fit to 1% 0.1. Laser flash photolysis ~ 126:38, 126.21, 124.23, 63.87, 60.64, 32.70, 18.77, 13.33; MS

experiments were carried out in an Applied Photophysics model ™2 561 (M"Br~, 5), 481 (M, 100), 424 (10). Anal. Calcd for

LKS-20 laser kinetic spectrometer using the third harmonic (355 Ca413iBraNs: C, 63.66; H, 4.87; N, 6.55. Found: C, 63.81; H,

nm) of a Quanta Ray GCR-12 series pulsed Nd:YAG laser. The 5.09; N, 6.42.

DNA binding studies were carried out in 10 mM phosphate ~ Similar reaction of 9-(2-bromomethylphenyl)acridine (1

buffer containing 2, 50, and 100 mM NaCl. The DNA binding mmol) with 1-butyl-4,4-bipyridinium bromide (2 mmol) in dry

affinities were calculated according to the method of McGhee acetonitrile and purification as in the earlier case gaben

and von Hippel by using the data points of the Scatchard 75% yield, mp 224-225°C: 'H NMR (DMSO-ds, 300 MHz)

plot22-24 The spectroscopic measurements in water were carriedo 0.80-1.00 (3H, t,J = 2.89 Hz), 1.05-1.50 (2H, m), 1.76-

out at pH 9 to avoid the protonation of the excited state of 2.10 (2H, m), 4.654.90 (2H, t,J = 2.85 Hz), 5.60 (2H, s),

acridine. Petroleum ether used was the fraction with-b§0— 7.15-8.70 (16H, m), 9.369.55 (4H, m);**C NMR (DMSO-

80 °C. ds, 75 MHZz) 6 148.50, 147.80, 145.82, 145.27, 142.77, 135.64,
Materials. 4,4-Bipyridine and methyl viologen dichloride  132.08, 131.90, 131.36, 130.55, 130.44, 129.98, 129.47, 127.08,

hydrate (98%) were obtained from Aldrich and used as received. 126.68, 126.49, 125.95, 125.34, 124.24, 62.02, 60.64, 32.68,
A solution of calf thymus DNA (Pharmacia Biotech, USA) was  18.78, 13.35; MSwz 561 (M"Br, 7), 481 (M, 100), 424 (7).

sonicated fo1 h and filtered through a 0.48M Millipore filter. Anal. Calcd for GaHaiBroNs: C, 63.66; H, 4.87; N, 6.55.
The concentrations of DNA solutions were determined by using Found: C, 63.69; H, 5.06; N, 6.46.

the average value of 6600 M cm™! for the extinction Synthesis of the Pyridinium Linked Tolylacridirgssand 2b.
coefficient of a single nucleotide at 260 rfn1-Butyl-4,4- A solution of 9-(4-bromomethylphenyl)acridine (1 mmol) and

bipyridinium bromide was obtained in 95% yield by the reaction dry pyridine (2 mmol) in dry acetonitrile (30 mL) was stirred
of 4,4-bipyridine with 1-bromobutane in the molar ratio 3:1 in  at 30°C for 12 h. The precipitated solid was filtered and washed
dry acetonitrile?® The synthesis of 9-(4-methylphenyl)acridine with dry acetonitrile and dichloromethane to remove the
(38), mp 188-189°C (lit. mp 189°C) 2" and 9-(2-methylphenyl)-  unreacted starting materials. The solid was further purified by
acridine @b), mp 212-213 °C (lit. mp 214 °C)2"28 was Soxhlet extraction with dichloromethane and recrystallization
achieved as per the reported procedures. from a mixture of ethyl acetate and acetonitrile (4:1) to dhee
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in 87% yield, mp 276-272°C: H NMR (DMSO-ds, 300 MHz)
0 6.05 (2H, s), 7.557.60 (6H, m), 7.787.86 (4H, m), 8.26-
8.25 (4H, m), 8.6#8.72 (H, t,J = 5.7 Hz), 9.319.33 (2H, d,
J=5.6 Hz);13C NMR (DMSO-ds, 75 MHZz) 6 148.63, 146.67,
145.56, 135.21, 134.90, 131.12, 131.623, 130.90, 129.85,
129.55, 129.13, 126.83, 126.65, 124.72, 63.58. Exact mol wt
calcd for GsHigN2 (M™): 347.1548. Found: 347.1546 (high-
resolution mass spectrometry). Anal. Calcd fegtigBrN,: C,
70.26; H, 4.48; N, 6.56. Found: C, 70.06; H, 4.55; N, 6.61.
Similar reaction of 9-(2-bromomethylphenyl)acridine (1
mmol) with dry pyridine (2 mmol) in dry acetonitrile and
purification as in the earlier case ga2é in 83% vyield, mp
245-246°C: 'H NMR (DMSO-ds, 300 MHz) 6 5.39 (2H, s),
7.16-7.19 (2H, d,J = 8.6 Hz), 7.4+7.57 (B5H, m), 7.79
7.85 (5H, m), 8.1+8.22 (5H, m);18C NMR (DMSO-ds, 75
MHz) 6 148.58, 147.40, 145.98, 142.47, 135.54, 132.24, 131.36,
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130.24, 129.98, 129.81, 127.36, 126.95, 126.62, 126.01, 125.45iq e 3. Absorption spectra ofb (6.8 x 105 M), 2b (6.6 x 10°5

123.52, 61.01. Exact mol wt calcd for£i;gN2 (M™):

347.1548. Found: 347.1551 (high-resolution mass spectrom-

etry). Anal. Calcd for GsH1gBrNy: C, 70.26; H, 4.48; N, 6.56.
Found: C, 70.34; H, 4.50; N, 6.67.

Cyclic Voltammetry. The cyclic voltammograms were
recorded on a BAS CV-50W voltammetric analyzer. A glassy
carbon working electrode was used along with platinum
auxiliary and Ag/AgCl (3 M NacCl) reference electrodes. The

redox potentials obtained were calibrated using ferrocene as an
internal standard. The potentials were measured in dry aceto-

nitrile, which contained 0.1 M tetrabutylammonium tetrafluo-

roborate as the supporting electrolyte. Samples were degassed 1a

for 20 min before recording the voltammogram. The sweep rate

used was 100 mV/s. Square wave techniques were used to get

the half-wave potentials under similar conditions. The measured
oxidation potential o8a was found to be 1.6 V vs SCE while
1-ethylpyridinium bromide and methyl viologen exhibited
reduction potentials of-1.34 and—0.45 V vs SCE, respec-
tively.29:30

Free Energy Calculations.The free energy of the electron-
transfer reactionAGe)) from the singlet/triplet excited states

of acridine to the acceptor molecules was calculated using the

Rehm-Weller equation (eq 32

11 1
+ rA)(37 6)
whereE°(p) is the oxidation potential of the donor (acridine),
E°wn) is the reduction potential of the acceptor (viologen or
pyridinium), Eq o) is the singlet/triplet excited-state energy of
acridine (singlet and triplet energies are 3.26 and 1.95 eV,
respectively}? s is the dielectric constant of the solvent used,
ro andra are the radii of the donor and acceptor molecules,
andd is the center-to-center distance between the ions. The
values ofrp, ra, and d,c were estimated using a computer
modeling prograni* The changes in free energy values
calculated for the electron transfeAGe) from the singlet
excited state of acridine to viologen are found to-hk24 and
—1.27 eV in methanol and water, respectively. For the pyri-
dinium systems, relatively lower change in free energy values
were observed-{0.36 and—0.40 eV in methanol and water,
respectivelyf° Similarly for the electron transfer from the triplet
excited state of acridine to the viologen moiety\Ge values
are calculated to be 0.07 and 0.04 eV in methanol and water,
respectively.

AGy=FE’p) ~ B’ ~ B~

€L
2\rp

&

GSdCC

@)

M), and o-tolylacridine @b, 6.4 x 10°° M) in water. The inset shows
the fluorescence emission spectr2bf(1.3 x 1075 M), la(1 x 1075

M), and 1b (1.2 x 10°° M) in water. Emission spectra dfa and1b

are expanded by a factor of 20 for clarity. Excitation wavelength, 355

TABLE 1: Absorption and Fluorescence Characteristics of
the Tolylacridine Derivatives?

absorption emission

Amax NM (€, M~ cm™1) 107D 7, ng

compd methanol water  methanol water methanol water
359 359 0.8 0.60 1.7 5.4
(11300) (12100)

1b 361 361 0.05 0.08 04 0.4
(9000) (9100)
585 1.2 10.6
(2250)

2a 359 359 3.8 26 11 3.9
(10750) (10300)

2b 361 360 3.2 32 2.9 8.5
(9150) (8550)

3b 356 356 58 55.0 0.91 7.8
(10450) (9200)

aAverage of more than two experimengdzluorescence quantum
yields are calculated using 9-aminoacridine as standbye=(0.99)26
error ca+5%. ¢ Picosecond time-resolved fluorescence studies showed
the existence of a short-lifetime species< 50 ps) in the case of
viologen linked acridines which could not be satisfactorily resolved
within the instrument time scale. For details see the Supporting
Information.® Fluorescence quantum yield and lifetimepsfolylacri-
dine (&) in methanol are 0.059 and 0.74 ns, respectively.

Results and Discussion

Absorption and Fluorescence Emission Propertiedrigure
3 shows the absorption spectra of tholylacridine derivatives
1b, 2b, and3b in water. Similar spectra were obtained in the
case of thep-tolylacridine derivativesla, 2a and 3a. The
absorption spectra of both the viologen and pyridinium linked
tolylacridinesla,b and2a,b can be best described as the sum
of the absorption bands of the individual units contained in them.
However, a small red shift of around-3 nm was observed in
the absorption maxima of the viologen and pyridinium linked
tolylacridines when compared to those of the model acridine
derivatives. There is no evidence for any ground-state charge-
transfer interactions existing between the acridine and viologen/
pyridinium moieties in these systems in water. Table 1
summarizes the absorption properties of the viologen and
pyridinium linked tolylacridines in water and methanol. The
viologen linkedo-tolylacridine derivativelb in dry methanol,
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on the other hand, unusually exhibited a broad and structureless

absorption at around 585 nm with time, in addition to the 301 A
absorption due to the acridine chromophore at 361 nm. This 20+
broad band decreased with increasing temperature and solvent 101
viscosity and was not observed in acidic methanol solution. We
tentatively assign this absorption to the existence of ground- 01
state charge-transfer interaction between the viologen and §_ -104
acridine moieties iib. By following the change in absorption -
of the acridine chromophore with pH, th&pvalues were E -20
determined and are found to be 4.9 and 3.5 ¥arand 1b, = 30 B
respectively. The comparison oKpvalues indicates thdtb is 5
more acidic thanla and further supports the presence of 20
effective interactions between the acridine and viologen chro- 104
mophores in the case of tleetho-derivative 1b.
The inset of Figure 3 shows the fluorescence emission spectra 0
of the viologen linked tolylacridinesla and 1b and the 104 . ' . . ' '
pyridinium linked tolylacridine2b in water. The fluorescence 04 00 -04 -08 -1.2 -1.6 -2.0

properties, including the lifetimes of these compounds in water Potential. V
and methanol, are summarized in Table 1. The fluorescence ’

yields of laand1b were found to be very low when compared Figure 4. Cyclic voltammograms of (Alb and (B)2b in acetonitrile
to those of the pyridinium linked derivativés,band the model ~ showing the reduction peaks.

tolylacridines 3a,b. For example, the pyridinium linkead- 25
tolylacridine2b exhibited a fluorescence quantum yield of 0.32 :
in water, whereas the viologen linked tolylacridine derivatives
laandl1b exhibited much lower quantum yields of 0.006 and
0.0008, respectively, indicating thereby that the fluorescence
of the acridine unit is efficiently quenched by the viologen
moiety in these systems. Furthermore, the quantum yields of
lain water and methanol were nearly 6 times higher than that
of 1b, suggesting an efficient quenching in the later case because
of close proximity of the interacting units. In contrast, a reverse
order was observed in the case of the pyridinium linked
derivatives, where thegara-derivative 2a exhibited lower
guantum yields of flourescence than that of thieo-derivative

2b (Table 1). This observation reveals that the viologen moiety
in theortho-position undergoes a more efficient interaction with
the acridine chromophore than that of thetho-pyridinium

moiety.
N y dti ved f di h hat th Figure 5. Effect of MV?* concentration on the fluorescence emission
anosecond time-resolved fluorescence studies show that theypecira ofo-tolylacridine @b, 2.9 x 10°5 M) in methanol. [M\2*]:

para-viologen linked tolylacridine derivativéa and the pyri- (@) 0; (b) 5.1; (c) 10; (d) 14.8; (e) 24.1; (f) 32.9; (g) 41.3 mM. Inset
dinium linked derivative®a and2b exhibit single-exponential ~ shows the SteraVolmer plot for the quenching o8b with MV 2+,
decay in both methanol and water (Table 1). In contrast, the Excitation wavelength, 355 nm.
ortho-viologen linked tolylacridinelb exhibited biexponential
fluorescence decay in these solvents. These observationgyhereas the third reduction could be attributed to the acridine
establish thala, 23 and2b exist as single conformers, whereas  chromophore. Similarly, theara-derivative 1a showed three
1b exists in two conformations in which the viologen moiety  requction waves in the voltammogram with no significant shifts,
has different orientations with respect to the acridine plane. In \yhen compared tdb. The pyridinium linked tolylacridine
one of the conformations, the viologen moiety lies above the geriyative 2b, on the other hand, showed only two reduction
acridine plane (folded conformation), wherein considerable \yayes appearing at the half-wave potentias 15 and—1.53
spatial interactions exist between the two interacting units. In \, (Figure 4B). These reduction waves can be assigned to the
another conformer, the viologen is away from the acridine reqyction of the pyridinium and acridine moieties, respectively.
chromophore (extended conformation), where there is less gjmilar observations were made in the case of faea-
chance for the existence of spatial interactions between the donorpyridinium linked tolylacridine2a. The observation of similar
and acceptor moietie8. redox potential values for the acridine chromophore in tolyl-
Cyclic Voltammetry Studies. Figure 4 shows the cyclic  acridines 8a,h), the viologen linked derivative$a,b, and the
voltammograms oflb and 2b in acetonitrile. Under similar  pyridinium linked derivative2a,b indicates that no ground-
conditions, the oxidation of-tolylacridine @b) was observed state interaction exists between the acridine chromophore and
to occur irreversibly at a half-wave potential of 1.6 V (vs SCE). the acceptor moiety in these systems.
Of the three reductions exhibited by tbetho-viologen linked Electron-Transfer Studies.The intermolecular photoinduced
tolylacridine derivativelb (Figure 4A), the first two, at the half-  electron-transfer reactions between tolylacridinda,l§) and
wave potentials-0.35 and—0.80 V, were found to be reversible  methyl viologen (M\Z*) were investigated by a fluorescence
while the reduction at the half-wave potentiall.54 V was technique. Figure 5 shows the effect of the concentration of
observed to be irreversible. On the basis of literature evidéhce, MV 2" on the fluorescence emission spectrundiofn methanol,
we assign the former two reductions to the viologen moiety and the inset of Figure 5 shows the corresponding Stéatmer
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TABLE 2: DNA Binding Constants (K), Intramolecular 0.05
Electron Transfer Rate Constants ker), Sums of Rate 010 a
Constants of Singlet Excited State Deactivationks), and
Rate Constants of Quenching by DNA Kpna) of Viologen/ 0.04- 0081 Mp
Pyridinium Linked Tolylacridine Derivatives 1a,b and 2a,b? 0.06
compd KpM-1 ker, st ksi®st  kona, St g 004l \c
0.03 3
la (1+01)x 10 1.16x 10 1.17x10° 7x 1@ 0.02
b npf 8.8x 1010 8.81x 100 npt g ; d
2a (3.3£02)x 10 14x10® 27x10¢  3x10° 2 0.02- 0.00
2b i 09x1¢F  22x 16 nif J/ N \ Timeps
a Average of more than two experimentsCalculated on the basis / \ NS
of fluorimetric titration of the probe against calf thymus DNA in 10 0.014 - \ s A
mM phosphate buffer (pH 8) containing 50 mM Nag&lfor 1aat 100 // N N
mM NaCl is 4.9x 10* ML ¢kg = kg + ket is the sum of radiative 0.00 : )
and nonradiative rate constants for deactivation of the acridine singlet . ! ' ’
excited stateky) and the intramolecular electron-transfer rate constant 300 400 500 600 700
(ker). 9 nb = exhibited negligible binding with DNA. Wavelength, nm

plot. The quenching rate constants were calculated by employingFigure 6. Transient absorption spectrum obtained immediately after
the Sterr-Volmer equation (eq 2) 355 nm laser excitation (pulse width 20 ns) of an argon saturated

solution ofo-tolylacridine @b, 5.1 x 10-5 M) in the presence of M%

_ (2.3 mM). Inset shows the growth of the reduced methyl viologen
IO/ =1+ st[Q] ) radical cation at 395 nm under (a) argon saturated and (b) air saturated
conditions and the decay of the acridine triplet excited state at 440 nm
and under (c) argon saturated and (d) air saturated conditions.
Kew = KyTo () to la and 1b. This fact was further substantiated by the

observation of lower change in free energy values for the
wherelo and| are the fluorescence intensities in the absence Pyridinium systemsAGe = —0.36 and—-0.40 eV, in methanol
and presence of the quencher (®) is the Stera-Volmer and water, respectively), when compared to the viologen linked
constanty is the fluorescence lifetime of the tolylacridine in ~ derivatives AGe = —1.24 eV and-1.27 eV, in methanol and
the absence of quencher, akds the quenching rate constant. Water, respectively). These observations indicate that the pyri-
On the basis of fluorescence titration data, the calculated dinium moiety is less efficient in oxidizing the acridine

bimolecular fluorescence quenching rate constant8#oand chromophore when compared to the viologen and that the spacer
3b are found to be 2.5 10 and 2.54x 10© M~1 g1, group in these systems exhibits a control over the rate of
respectively. The observed high fluorescence quenching rate€lectron-transfer reactions by positioning the donor and acceptor
constants and the calculated change in free enéx@y= —1.24 moieties at different distances.

eV in methanol) for the electron transfer from the singlet excited ~ Laser Flash Photolysis Studies.Laser flash photolysis
state of tolylacridine to M¥" indicate that both these acridine  experiments were carried out under different conditions to
derivatives 8a and 3b) are capable of donating electrons to characterize the transient intermediates involved in these
the viologen moiety very efficiently. systems. For example, Figure 6 shows the transient absorption
In the case of the covalently linked systefiesb and2a,b, spectrum obtained immediately after laser excitation (355 nm,
an estimate of the intramolecular electron-transfer rate constantg?ulse width 20 ns) ob-tolylacridine @b) in methanol and in
(ke) can be made on the basis of the fluorescence quantumthe presence of methyl viologen (MV, 1.3 mM). On the basis

yields and the lifetime of the corresponding model compound ©f quenching experiments with molecular oxygen, the transient
and using eq 4, species with absorption maxima at 440 nm could be assigned

to the triplet excited state &b. As per the literature evidenég,
Ker= [(Def @) — 1)/7,¢ (4) the other transient with two absorption maxima at 395 and 610
nm could be assigned to the reduced methyl viologen radical
wherekgr represents the intramolecular electron-transfer rate cation formed by the electron-transfer reaction figirto MV2*,
constant®.sand® are the relative fluorescence quantum yields Interestingly, the reduced methyl viologen radical cation formed
of the corresponding model compound and the acceptor linkedis found to be quite stable in methanol under argon atmosphere.
tolylacridine, respectively, andes is the fluorescence lifetime  The inset of Figure 6 shows the decay of the acridine triplet
of the model compound. The intramolecular electron-transfer and the growth of the methyl viologen radical cation, under
rate constants for the viologen and pyridinium linked tolylacri- argon saturated and air saturated conditions.
dine derivativeda,band2a,bin water were estimated and are The reduced methyl viologen radical cation can form by
summarized in Table 2. electron-transfer reaction, from either the singlet or the triplet
As shown in Table 2, thertho-derivativelb exhibits higher excited states of acridine to MV. To estimate the contributions
electron-transfer rate constants in both methanol and wiater ( of both these excited states, we have examined the electron-
= 1.3 x 10" and 8.8x 10 s 1), when compared to those of transfer reactions as a function of MVconcentration. When

the para-derivativela (ker = 6.9 x 10'%and 1.16x 100s™). the concentration of M% used was very low~10-° M), the
This can be attributed to the existence of strong through-spacegrowth of the methyl viologen radical cation was found to be
interactions between the acridine and viologen unitslin concomitant with the decay of the triplet excited state of
whereas no such possibility exists in the caselef The acridine. Its formation by quenching of the singlet excited state
pyridinium linked tolylacridine derivative®a (ke = 5.8 x 10° would be<5% at these concentrations. At higher concentrations
and 1.4x 10 s in methanol and water) argb (ke = 9 x of MV2*, the growth of the methyl viologen radical cation
10 and 0.9x 10° s™1), on the other hand, showed nearky2 became clearly biexponential with a sudden growth immediately

orders lower electron-transfer rate constants, when comparedafter the laser pulse followed by a slow growth. Under air
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[DNA]: (a) 0; (b) 0.07; (c) 0.14; (d) 0.20; (e) 0.33; (f) 0.44 mM. Inset  binding of lato CT DNA. Excitation wavelength, 355 nm.
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CT DNA under analogous conditions. [DNA]: (a) O; (b) 0.14; (c) 0.38; 12
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saturated conditions, on the other hand, the triplet excited state
of acridine was quenched by molecular oxygen, and therefore,
we observed negligible formation of the reduced methyl
viologen radical cation (inset of Figure 6).

Direct 355 nm laser excitation of the viologen linked
tolylacridines1a and 1b in water or methanol did not show
any transients. However, in the presence of an external donor
such as guanosine, both these derivatives showed transients
corresponding to the reduced methyl viologen radical cation.
This observation can be attributed to the existence of a fast 0- [ [
charge recombination reaction in these covalently linked systems 400 450 500 550 600 650 700
and the presence of sacrificial donors found to stabilize the
charge-separated species. Interestingly, the laser flash studies
of 1a and 1b in the presence of calf thymus DNA showed Figure 9. F][Ug;eSDCNeRC.e elrgissli\ﬁﬂ ﬁpecﬂafafg-zfx %Cﬁg) in tthh? .

i ivati resence 0 in 10 m osphate buffer containin
gontragtlng results. Of these two derivatives, only flaea- go oM NaCl. [DNAT (2) 0: (b) 0.po7; (ﬁ’:) 014 (d) o.go; ®) 0.26, (f)g
erivative 1a, which showed strong affinity for DNA (see 0.38; ( ) s L

. - . L . . .38; (g) 0.5; (h) 0.69; (i) 1.22; (j) 1.5 mM. Inset shows the Scatchard
section DNA Binding Studies), exhibited the transient formation 5ot for the binding of2a to CT DNA. Excitation wavelength, 355
corresponding to the reduced methyl viologen radical cation in nm.
the presence of DNA. These results reveal that effective binding
of the viologen linked tolylacridines to DNA is very essential  Furthermore, the interaction of these bifunctional molecules
for the oxidation of DNA and also for the generation of charge- with DNA was studied using the fluorescence technique. Figures
separated species. 8 and 9 show the change in fluorescence emission spectra of

DNA Binding Studies. To find out how the substitution  the viologen linked p-tolylacridine derivative la and the
affects the DNA intercalating and groove binding properties of corresponding pyridinium derivativ@a, respectively, with
the acridine and viologen chromophores, we have studied theincreasing concentration of DNA.

DNA binding properties of the viologen and pyridinium linked Only thep-tolylacridine derivativedaand2aexhibited strong
tolylacridinesla,band2a,bin 10 mM phosphate buffer using  interaction with DNA, while the fluorescence emission proper-
absorption and fluorescence techniques. Figure 7 shows theties of theortho-derivativeslb and2b remained unchanged in
change in absorption spectrum of the viologen linked the presence of DNA, indicating thereby the negligible binding
tolylacridinelawith increasing in concentration of DNA. Upon  of the ortho-derivatives with DNA. The association constant
increasing DNA concentration, the absorption spectra corre- (K) of the complex formed between tpara-derivativeslaand
sponding to the acridine chromophore showed strong hypo- 2aand DNA was calculated according to the method of McGhee
chromism (40%) as well a a 3 nmbathochromic shift, and von Hippel and using the data points of the Scatchard plot
suggesting the interaction of the acridine moiety with DNA by (insets of Figures 8 and 9§24 The pyridinium linked derivative
intercalation, whereas, in the case of trho-derivative 1b, 2aexhibited a greater association constaht (3.3 4+ 0.2) x

the absorption spectra showed negligible changes with the1®® M~1) when compared to that of the viologen linked
increase in DNA concentration, as shown in the inset of Figure derivativela (K = (1 & 0.1) x 10 M™1), indicating thereby

7. Similar observations were made in the case of the pyridinium that even the remote steric factors of the substituents perturb
linked tolylacridine derivative@aand2b, where only thepara- the intercalating interactions of the acridine moiety with DNA.
derivative2a undergoes interaction with DNA, while tleeho- On the basis of limiting fluorescence intensity (under condi-
derivative2b showed negligible affinity for DNA. tions where>99% of the substrate is bound to DNA), the rate
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constant for the static quenching of the singlet excited state of the photophysical and DNA binding properties of these mol-

the acridine chromophore in these molecules by DXAK) ecules. Furthermore, the viologen linkgdolylacrdine deriva-
was evaluated using eq 5, tive 1a, which exhibited greater affinity for DNA and oxidizes
DNA very efficiently, can have potential use as a DNA probe
/1 = 1+ konalks, 5) and as a DNA cleaving agent that functions through the

cosensitization mechanism.
wherelg and| are the fluorescence intensities in the absence
and presence of DNA arkk, is the sum of the rate constants
(ka + ker) of the singlet excited-state deactivatiiThe kpna
values obtained for these derivatives are summarized in Table
2. The static quenching rate constakinx) for 1a was found
to be 7x 10° s71, whereas a lower value of 8 10° s 1 was
observed for the pyridinium linked derivati. This observa- Supporting Information Available: Fluorescence decay

tion indicates that the viologen linkgstolylacridine derivative profile of 1a. This material is available free of charge via the
1la, though, binds less efficiently but is more efficient in Internet at http://pubs.acs.org.

oxidizing the DNA bases when compared to the corresponding
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