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The ground- and excited-state tautomerism of 2h{&lroxy-2-pyridyl)benzimidazole 1) and 1-methyl-2-
(6'-hydroxy-2-pyridyl)benzimidazole?) in various solvents was investigated by means of-tfis absorption
spectroscopy, steady-state and time-resolved fluorescence spectroscopy, and quantum-mechanical ab initio
calculations. A solvent-dependent tautomeric equilibrium was observed for both compounds in the ground
state between the lactim or normal form and the lactam tautomer resulting from a proton translocation between
the hydroxyl group and the pyridine nitrogen. Here, we report evidences for a solvent-dependent switching
in the nature of the excited-state proton transfer (ESPT) reactions undergaraamti. In the aprotic solvent
acetonitrile, no significant ESPT takes place. The protic solvents ethanol and water facilitate the proton transfer
through bridges of solvent molecules, but each solvent catalyzes specifically a different ESPT process. In
aqueous solution, the excited lactim specied ahd2 undergo a proton transfer from the hydroxyl group to

the pyridine nitrogen, favoring the lactam tautomer in the first excited singlet state. In ethanol the ESPT
takes place fol from the benzimidazole NH to the pyridine nitrogen, originating a new tautomer not observed

in the ground state. Compourl without a NH group, does not tautomerize in the excited state in ethanol.

Introduction 2-hydroxypyridine, both experimentatf43 and theoreti-
cally**45these investigations concluding that the lactim form

is more stable than its lactam tautomer in the gas phase, whereas
the amount of lactam form increases with solvent polarity, and
predominates in protic solvents. Upon electronic excitation of
the lactim form, the acidity at the hydroxyl group and the

It is well-known that the excited-state aeibbase properties
of molecules may differ markedly from those in the ground state,
leading to proton-transfer processes in the excited state.
Molecules with acid and basic functionalities may undergo an

excited-state intramolecular proton transfer (ESIPT) from the basicity at th idi it . Ki ibl
acidic to the basic site, yielding a phototautorfiet.Many asicily at In€ pyridine nirogen increase, maxing possibie an

bifunctional molecules without the geometrical requirements for ESP T assisted by protic species between these two groups.

an ESIPT can still undergo an excited-state proton transfer We have investigated the excited-state proton-transfer pro-
(ESPT) assisted by species with hydrogen bond accepting andcesses of several hydroxypyridines. Thus, we have sffawat
donating abilities, these acting as bridges between the acid andupon excitation, the lactim monocations of 2-(fydroxy-2-
the basic sité=® The understanding of these processes is of pyridyl)benzimidazole ¥) and 1-methyl-2-(6hydroxy-2-py-
importance in chemistry and biology, as they could help to ridyl)benzimidazole Z) (see Chart 1) protonated at the benz-
unravel complex problems as the mechanism of proton-relay imidazole N(3), experience in acetonitrile an alcohol-assisted
processes in biological systerhghe transport of protons in  ESPT from the hydroxyl group to the pyridine nitrogen as a
water? 10 the mutagenesis mechanisis}* and molecular  result of the increase of basicity at the pyridine nitrogen and
recognition'® acidity at the OH group upon excitation. Similar changes in
A group of bifunctional molecules experiencing assisted ESPT the acid-base properties have been observed for the related
is constituted by molecules which undergo a proton transfer compounds 2-(3hydroxy-2-pyridyl)benzimidazol® and its
from a hydroxyl or a NH group to an aromatic nitrogen. derivative methylated at the benzimidazole N{®Y.he mono-

Examples of this class of molecules are, e.g., 7-azain@iks? cations of these compounds, protonated at the benzimidazole
hyd.VOX.yqUln602|!;1365§;21*28 carbazole and .2-.(;{)yr|d3@|3r;dole N(3), undergo in aqueous solution an excited-state proton
derivatives;® and 2-(2-pyridyl) benzimidazolé’ transfer from the hydroxyl group to the pyridine nitrogen in a

Hydroxypyridines are known to show an equilibrium in the two-step process involving protonation at the pyridine nitrogen
ground state between the hydroxypyridine or lactim form and and deprotonation at the hydroxyl group. Moreover, the deriva-
the pyridone or lactam tautomgk!*3%4° The influence of the  jye 2-(2-pyridyl)benzimidazole, without a hydroxyl group,
solvent on this tautomerism has been studied, mainly for gyperiences an increase in basicity of the pyridyl nitrogen in
the electronic excited state, which triggers an alcohol-assisted

*To whom correspondence should be addressed. E-mail (F.R.-P.): ESPT from the benzimidazole NH to the pyridine nitroges,
affiorrp@usc.es. k_ the protonation at the pyridyl nitrogen in neutral aqueous
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CHART 1: Molecular Structures of 1, 2, and 3 and buffer (made up with Merck p.a. products). All experiments
Their Possible Tautomers N, T, and X were carried out at 25C except otherwise stated.
N T X pH was measured with a Radiometer PHM 82 pH meter

H equipped with a Radiometer Type B combined electrode-UV
H o HH O H Oy vis absorption spectra were recorded in a Varian Cary 3E
. @%’—5 ©[N>_<*_J§ CEN>=<‘_J> spectrophotometer. Fluorescence excitation and emission spectra
NN/ v L/ <~y \— were recorded in a Spex Fluorolog-2 FL340 E1 T1 spectro-
fluorometer, with correction for instrumental factors by means

of a Rhodamine B quantum counter and correction files supplied
H by the manufacturer. UVvis absorption measurements at low

lactim form lactam form

oH

N N= P N'CHaH\N 2 temperature were performed using an Oxford Instruments liquid
2 @ )—Q @ )—& nitrogen cryostat model 1704 with an ITC 503 control unit and
N N the spectra obtained were corrected for the temperature depen-
CH, OCH, dence of the solution volume. Fluorescence quantum yields were
N, N= measured using quinine sulfateed x 1075 mol dnT3) in
3 C[N/ \_/ aqueous ESO, (0.5 mol dn3) as standardg( = 0.546)354

Fluorescence lifetimes were determined by single-photon timing
in an Edinburgh Instruments FL-900 spectrometer equipped with
a hydrogen-filled nanosecond flashlamp and the reconvolution
analysis software supplied by the manufacturer.

Quantum-mechanical RHF ab initio calculations were per-
formed using the GAUSSIAN 94 software packa&ge.

Theoretical equations were fitted to experimental data by
means of a nonlinear weighted least-squares routine based on
the Marquardt algorithm.

NH to the pyridine nitrogen in the protonated form in acidic
aqueous solutiof?

We have also recently showtthat the lactim monoanion of
1 deprotonated at the hydroxyl group experiences in agueous
and ethanolic solutions a solvent-catalyzed ESPT from the
benzimidazole NH to the pyridine nitrogen to yield a lactam-
type anionic tautomer, deprotonated at the benzimidazole NH.
We found that in ethanol at low temperature this process is
controlled by the solvent reorganization to give a cyclical
complex with the needed geometry to yield the tautomer.
Moreover, equilibrium between the lactim anion and its tautomer 1. Absorption Spectra in Various SolventsThe absorption
was already observed farin the ground state in protic solvents,  spectra ofl, 2 and3 in acetonitrile, ethanol, and neutral aqueous
this ground-state tautomerism not taking place for the monoan- solutions are shown in Figure 1. It can be observed in this figure
ion of the similar compound 2-{ydroxy-2-pyridyl)benzimi- that the spectra af and2 were red shifted and much broader
dazole?®® than that of3, showing intense absorption at 28000 ¢where

Here, we report the first fluorescence studies in neutral media 3 did not absorb.
of 1 in several solvents. Because of the presence of different The absorption spectra tfwere measured in ethanol within
functional groups that can act as hydrogen donors or acceptorshe temperature range 16@90 K (Figure 2). On lowering the
in both ground and excited state, we can anticipate this temperature, a drastic increase in the absorption at 3082000
compound as a very useful photoprobe, not only for ESPT cm ! (band 1) and decrease at 28000 ¢n(band Il) was
studies but also in DNA environments, as has been recently observed. A clear isosbestic point at 29590 émvas detected.
reported for 2-(2hydroxyphenyl)benzoxazofé:52The excited 2. Quantum-Mechanical ab Initio Calculations. Ab initio
lactim tautomeiN* of 1 (Chart 1) may undergo in protic media  calculations were performed for the lactim and lactam tautomers
a solvent-assisted ESPT either from the hydroxyl group or from of 1 in gas phase in the ground state at the RHF/3-21G, RHF/
the benzimidazole NH to the pyridine nitrogen, leading to 6-31G, RHF/6-31G* and RHF/6-31G* levels. The relative
tautomerT* (lactam) orX*, respectively. Therefore, the main  energies at each calculation level, and dipole moments at the
objectives of this work are as follows: (1) to investigatelif =~ RHF/6-3HG* level, are compiled in Table 1.
tautomerizes in the ground state in several solvents, (2) to find 3. Fluorescence Spectra and LifetimesAcetonitrile The
out whether upon excitation a phototautomerization takes placefluorescence spectra of compountieind 2 depended on the
between the different acid/basic sites, and, in that case, (3) toexcitation wavenumber (Figure 3, parts a and b). Under
determine the groups involved and the role of solvent in the excitation at band | of the absorption spectrum (30770%m
global behavior. To throw light on these problems, we have an emission spectrum overlapping its excitation spectrum was
also studied compour®] which can only give a phototautomer-  obtained with maximum at-27000 cm® and quantum yield
ization from the hydroxyl group to the pyridine nitrogen, and values of 0.211) and 0.22 2) (Table 2). This band is similar
1-methyl-2-(6-methoxy-2-pyridyl)benzimidazole §) which to the fluorescence spectrum obtained ®under the same
cannot tautomerize. Finally, the results are discussed in termsexperimental conditions (Figure 3c). For the three compounds,
of a lactim-lactam equilibrium in the ground state and a solvent- the excitation spectrum recorded at the maximum of this
controlled switching of the excited-state proton-transfer pathway emission band matched the position of band | in the absorption

Results

followed by the lactim form. spectrum.
Under excitation at band |, the fluorescence decay at the
Experimental Section maximum, 27000 cmt, was monoexponential with lifetimes

of 1.67 ns for compound (Table 3), 1.65 ns for compourii
Compoundsl, 2, and 3 were prepared and purified as (Table 4), and 1.73 ns for compouBdWhen the fluorescence
described elsewhefé.’™H NMR data of these compounds in decay of 1 was recorded at lower wavenumbers, a more
DMSO-ds are shown in the Appendix. Solutions were made up complicated behavior was observed. A lifetime of 1.6 ns
in double-distilled water and spectroscopy grade solvents andremained as the main contribution to the decay@%), but
were not degassed. Acidity was varied with NRIBWNaHPO, we also detected a component with a lifetime between 3.2 and
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A/ nm TABLE 1: Relative Energies® and Di&)le Moments (in
230 250 275 300 350 400 Parentheses) for Various Conformer8nd Tautomers of 1 in
1 the Ground State, As Obtained at Various Levels of

2.00 5'_4 I 1’ ’ : : 3 Quantum Mechanical ab Initio Calculations
175+ T \E form  RHF/3-21G RHF/6-31G RHF/6-31G* RHF/6-3G*
1.50 £ — water pH =673 i
L5 £ —— ethanol / 3 N 0.000 0.000 0.000  0.000 (2.06 D)
] o Bl I\ E N 5.297 5.860 4.583 4.443 (3.93D)
= t tril = OH rotamer
1.00 £ acclonite ‘\‘A’}\ E T 2.296 2.066 3.026  2.719 (7.45D)
E \ E
0.75 P 7/ Q‘\ E aEnergies in kcal mott at 0 K.° N represents the conformer of N
0.50 & —\\ - E with the hydroxy group pointing toward the pyridine nitrogen (repre-
0.25 £ N \é sented in Chart 1), anNon rotamerrepresents the conformer with the
0.00 ~EHHFHHHHHH EHHHHHH T HH OH pointing away from the nitrogen.
D E 2 3 . .
g L g— =638 3 TABLE 2: Fluorescence Quantum Yields¢? of 1 and 2 in
2 150 £ water p ¥ ’?9\ E Various Solvents at 298 K
T E ethanol 3\ E
g 1.25 —é— . /‘/ '\‘ T é compoundL compound?
- 1.00 = va X E solvent o b l Su
E 075 B\ / LA ik
< T E pZd MWE acetonitrile 0.21 0.013 0.22 0.005
= 0.50 £ \ == \ 3 ethanol 0.20 0.10 0.17 0.025
= 025 ; \ z watep 0.074 0.065 0.058 0.057
@ 0.00 FHHHHHHHTHHHHHH N aUnder excitation in band l¢) and band Il ¢y). ® pH = 6.78 for
240 £—€ K] 3 1 and pH= 6.80 for2.
- —— water pH=6.80 ~ 3
o £ semontaie NI A\ nm
160 + N 3 250 275 300 350 400 500 600
1.20 £ ] . = E L L L . ' =
0.80 £ /1 E 1so£a | [ 1 abetonitrile]
. 3 \ // \ 3 E-- - ¥,,=27780em™ — - ¥, =30770 cm™'3
040 £ \ 3 125 £ v, =23260 cm™ — Ve = 28170 om™'3
0.00 :|III Ll bt bbbyl IIIII; 1.00 ; /r\\ll\ \ I\/. ;
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Figure 1. Absorption spectra ol (a), 2 (b), and3 (c) in neutral 0.25 +——= = /'- ./ A\"-.»i
aqueous solution, ethanol, and acetonitrile. 0.00 f‘:': T :". >:\.‘: o P
x/nm b 1.50 ; b 2 a etomj:nle_;
‘B 105 £ Vem=22220 em™ — - Vo =31750 em™' 3
250 275 300 350 400 450500 = : E- - Ven=27030cm™ —- ¥, =27780 cm™' 3
3.0 ] ) ] ] | g 1.00 - I | ‘ 7 3
e 2.5 F En B ok JARVIR 3
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Figure 2. Absorption spectra af in ethanol in the temperature range '
40 36 32 28 24 20

160-290 K. The inset shows the temperature dependence of the 3 ;
absorbance fod at 28250 @) and 31450 cm! (O) and the fitted V/100 em™

functions. Figure 3. Normalized fluorescence excitation and emission spectra
of 1 (a), 2 (b), and3 (c) in acetonitrile. {] = 7 x 1076 mol dn3, [2]
4.6 ns &10%) and a third one with a very short lifetime @.1 =3 x 10° mol dn73, [3] = 3 x 107° mol dn7™.
ns) and increasing contribution as the wavenumber decreased.
The excitation of compound& and 2 at band Il of the of bands | and Il. The ratio between them depended on the

absorption spectrun~28000 cntl), absent for compound, monitoring emission wavenumber. Furthermore, compoznd
led to an emission band around 24000 ér¢Figure 3, parts a showed a lower contribution of band Il compareditfor the
and b). For compoun@, an additional band located around S&me emission wavenumber.

20800 cnt was also observed (Figure 3b). The excitation  Under excitation at band Il, the fluorescence decay ahd
spectra recorded for this emission band showed contributions2 became triexponential. The values of the lifetimes were very
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TABLE 3: Fluorescence Decay Times and Associated Percentages (in Parentheses) of 1 in Various Solvers 298 K

solvent DexdCmt VemfCm ™t /ns Tlns 73ns Va
acetonitrile 31700 27 000 1.6#0.01 1.10
31700 24100 1.66 0.02 (92%) 3.2 0.3 (8%) 1.11
31700 23200 1.66: 0.01 (71%) 4.6+ 0.4 (11%) 0.03£ 0.01 (18%) 1.07
29 400 23800 1.63 0.02 (68%) 4.1 0.2 (10%) 0.07+ 0.01 (22%) 1.03
28 600 23 200 1.676%) 3.84 0.5 (14%) 0.16% 0.01 (80%) 0.95
ethanol 31700 27 700 1.640.03 1.05
31700 24100 1.2& 0.03 (47%) 3.4+ 0.1 (18%) 0.12+ 0.02 (35%) 1.04
31700 22 200 2.1z 0.02 (65%) 6.6+ 0.1 (15%) 0.12+ 0.02 (20%) 1.05
31700 21 300 2.0% 0.01 (62%) 6.9Qk 0.05 (28%) 0.25%10%) 1.07
27 000 24100 1.04—7) 2.50-+ 0.03 (24%) 0.25k 0.01 (76%) 1.06
water 31700 27 000 1.36 0.04 (68%) 2.7+ 0.1 (15%) 0.3Qk 0.05 (17%) 0.98
pH 6.23 31700 22 200 15 0.2 (9%) 5.3+ 0.2 (17%) 0.27= 0.01 (74%) 1.00
29900 23800 3.6: 0.1 (13%) 0.340Gk 0.006 (87%) 1.09
29900 22 200 4.6 0.1 (13%) 0.310t 0.005 (87%) 1.07

a[1] = (1-3) x 107> mol dn3. ® Fixed. ® The associated amplitude is very small and negative and the percentages of the other two lifetimes
have been calculated assuming a biexponential decay.

TABLE 4: Fluorescence Decay Timeg and Associated Percentages (in Parentheses) of 2 in Various Solveéras 298 K

solvent Pexdom 1 VemfCm L 71/ns 72/ns T3/ns P
acetonitrile 31700 27 000 1.660.01 1.05
31700 24 100 1.7% 0.03 1.07
29 400 24 100 1.6 0.03 (63%) 4.52+ 0.07 (20%) 0.08t 0.01 (17%) 1.09
29 400 22 200 1.7% 0.02 (65%) 4.7 0.2 (11%) 0.06E 0.01 (24%) 1.19
ethanol 31700 27 000 1.5560.03 1.08
31700 24 100 1.5% 0.01 (76%) 4.3t 0.1 (9%) 0.03: 0.01 (15%) 1.04
31700 22 200 1.76 0.02 (59%) 4.9 0.1 (21%) 0.03t 0.01 (20%) 1.06
29 400 24 100 1.6% 0.02 (64%) 4.4+ 0.1 (20%) 0.08E 0.04 (16%) 1.10
29 400 22 200 1.86- 0.03 (39%) 4.°H 0.1 (37%) 0.06+ 0.01 (24%) 1.08
water 31700 27 000 1.8 0.1 (56%) 3.6+ 0.2 (9%) 0.074 0.01 (35%) 1.10
pH 6.11 31700 24100 14 0.1 (13%) 3.6+ 0.1 (12%) 0.1Qk 0.01 (75%) 1.18
31700 22 200 1.4- 0.1 (9%) 4.4+ 0.1 (15%) 0.09t 0.01 (76%) 1.07
29 400 24100 1.6 0.2 (7%) 3.4+ 0.2 (12%) 0.15 0.01 (81%) 0.99
29 400 22 200 0.9- 0.1 (10%) 3.9+ 0.1 (14%) 0.11 0.01 (76%) 1.13

a[2] = (1—-4) x 10°°> mol dnm 3.

similar in both compounds, with the lifetime of 8.7 ns high-energy region. However, the excitation spectra showed a

matching that of the fluorescence decay under excitation at bandstronger dependence with the emission wavenumber. A fluo-

I. Although the lifetime values were very similar in both rescence excitation band with maximum at 29800 tfior 1

compounds, the contributions of the three components showedand at 31250 cm* for 2 was obtained with the emission

different patterns. Thus, the main contribution for compofind monochromator positioned at 22730 and 24100 §mespec-

corresponded to a lifetime of 0.16 ns (80%) while for compound tively. When the excitation was collected at the blue edge of

2 it was a lifetime of 1.6 ns (65%). The third component showed the emission specti@em= 27000-28000 cn1?), an excitation

a lifetime of 3.8-4.7 ns and a contribution less than 20% for band with maximum at 31700 crhfor 1 and 33100 cm! for

both compounds. 2 was observed. The fluorescence quantum yields are shown
Ethanol The fluorescence behavior of compouridand 2 in Table 2.

in ethanol (Figure 4, Tables 3 and 4) was qualitatively similar ~ The fluorescence decay 8fin aqueous solution at pH 6.72

to the previously reported in acetonitrile, with the exception of was monoexponential with a lifetime of 2.32 ns. A triexponential

the following: (i) under excitation at band | compouhdhowed decay was obtained fdrwhen exciting at 31700 cn (Table

a shoulder with maximum at20000 cn1?, not observed for 3). A decay time of 1.36 ns was obtained, its percentage

compouna in this solvent or for neither of them in acetonitrile;  decreasing as the emission wavenumber decreased, together with

(ii) in both compounds the excitation spectra obtained at a decay time of around 0.30 ns, showing its maximum

emission wavenumbers lower than 27000 ¢showed a bigger ~ contribution to the decay at low emission wavenumbers. The

contribution of band Il in comparison to acetonitrile; (iii) the third component, 27#5.3 ns, contributed less than the other

fluorescence quantum yield under excitation at band Il was two to the global decay. Altexc = 29900 cn? the fluorescence

higher than in acetonitrile (Table 2); (iv) the fluorescence decay decay was biexponential at both 23800 ¢nand 22200 cm!

of compoundl at 27000 cm?! when exciting at band | was  emission wavenumbers. The main component showed a decay

faster (1.04 ns) than in acetonitrile (1.67 ns), while @r  time of ~0.30 ns & 87%) and the second decay time had a

remained very similar (1.55 ns); (v) for compouhdand only value of~4 ns.

under excitation at band |, a very long lifetime (6.6.9 ns) For 2 (Table 4), the fluorescence decay at pH6.11 was

was detected at low emission wavenumbers. triexponential independently of the excitation wavenumber. A
Neutral Agueous SolutionThe excitation and emission decay time of 1.8 ns with a 56% contribution was obtained at

spectra ofl and 2 in neutral aqueous solution are shown in e = 27000 cnT! under excitation at 31700 crh A short

Figure 5, parts a and b, respectively. The emission spectralifetime of ~0.1 ns was also observed with its contribution

showed for both compounds a much weaker dependence withincreasing on going from high to low wavenumbers<{83.%).

the excitation wavenumber than that observed in acetonitrile The third component had a lifetime ef4 ns and showed a

and ethanol, the spectra obtained differing only slightly in the very small contribution (9-15%) at all emission wavenumbers.
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Figure 4. Normalized fluorescence excitation and emission spectra
of 1 (a) and2 (b) in ethanol. {] = 4 x 10® mol dm3, [2] = 3 x
1075 mol dnt3.
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Figure 5. Normalized fluorescence excitation and emission spectra
of 1 (a) and2 (b) in neutral aqueous solutionl][= 7 x 107% mol
dm3. [2] = 3 x 1078 mol dnT*

Discussion

1. Interpretation of the Absorption Spectra: Tautomeric
Equilibrium in the Ground-State Modulated by the Solvent.
The absorption spectra df and 2 in acetonitrile and ethanol

J. Phys. Chem. A, Vol. 108, No. 29, 2002121

(Figure 1) were broader than those recorded3{osuggesting
more than one species in the ground state. Furthermore, the
increase in the absorption at30000 cnt! (band I) and the
isosbestic point detected on lowering the temperature from 290
to 160 K (Figure 2) indicate that in ethanol there is an
equilibrium between two species in the ground state. Also, they
must be neutral as they do not match any of the spectra reported
previously for the monoanioP&in the same solvents or for the
monocation¥’ in acetonitrile.

To identify these species, we must consider all the possible
neutral structures for these compounds. Three different candidate
structures fod can be proposed (Chart 1): the lactim or normal
form N, the lactam tautomefT resulting from a proton
translocation between the hydroxyl group and the pyridine
nitrogen, and a second tautomépriginated by proton transfer
from the benzimidazole NH to the pyridine nitrogen. Tautomer
X can be ruled out because compoutdmethylated at the
benzimidazole NH, cannot givé but showed absorption spectra
similar to those fod. This points ta\ andT being responsible
for the absorption bands | and Il obtained fbrand 2 in
acetonitrile and ethanol. The tautomeric lactitactam equi-
librium is analogous to that reported for 2-hydroxypyridine and
derivatives'33%-46 various levels of RHF ab initio ground-state
calculations were performed in gas phase forand two
conformers of the lactim form df: N (shown in Chart 1), and
NoH rotamer With 180 rotation of the OH group. Table 1 shows
the results of these calculations. It is clearly seen that,
independently of the calculation level is the more stable
structure in the gas phase followed By this species being
between 2.00 and 3.00 kcal mélless stable. From these
figures, a percentage of2% of T in the ground sate is
calculated in equilibrium at room temperature.

Nevertheless, the stability ™ andT is probably different
in solution. It is shown in Table 1 that the dipole momentof
(7.45 D) is higher than that &f (2.06 D). According to thisT
is expected to be more stabilized thdrby polar solvents. It is
important to point out that thtH NMR spectra ofl and2 in
DMSO-ds (see the Appendix) showed broad signals for the
protons in ortho and para positions with respect to the OH group,
in agreement with the existence of equilibrium betwé&kand
T.

We still must assign absorption bands | and [INcand T.

This can be done taking into account that compoud
methylated both at the hydroxyl group and at the benzimidazole
NH, can only exist as the lactim form. Thus, on the basis of
similarities in position and shape between the absorption
spectrum oB and band | of compoundsand?, it is reasonable

to propose that band | is due iy whereas band Il corresponds
to the absorption of .

From the temperature dependence of the absorption spectra
of 1 in ethanol (Figure 2) the values afH® and AS’ for the
equilibriumN = T can be estimated if we assume that, in the
range 166-290 K, AH°® andAS’ do not depend on temperature.
Assuming an ideal behavior of the very diluted solutions, the
temperature dependence of the absorbance at any wavenumber
can be calculated using egs 1 and 2.

s AL HAK
A=k 1)
_ m _ _AH° —TAS
K== exp[ A2 @)

In these equationsy;” and A7° are the absorbance values,
at any wavenumber, oN and T when the equilibrium is
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completely shifted toN or T respectively, andK is the be possible, however the sensitivity of our photomultiplier drops
equilibrium constant defined by eq 2. Equations 1 and 2 were substantially in that region. Affem < 24000 cnT?, a triexpo-
fitted to the experimental absorption data at various wavenum- nential fluorescence decay was obtained for compodnd

bers. A global fit within the range 4167®8250 cnt! was independently of the excitation wavenumber. One of the
carried out, the results at 28250 and at 314507doeing shown lifetimes observed, 1.6 ns, corresponds\tg its contribution
in the inset of Figure 2. The optimization procedure led\&} being again due to the detection Nf emission within this
=44 +£ 4 J moit K™t and AH° = (11.2 4+ 0.8) kJ mot™. wavelength region. A component of0.1 ns showing its main

With these results, the equilibrium constdhis calculated to contribution (80%) af’ey, = 23 200 cn1! under excitation in
be 0.04+ 0.03 at 160 K and 2. 1.2 at 298 K. It is clearly band Il was also obtained and must correspond*toFinally,
seen that whereas is the more stable form at low temperatures, a third component ofv4 ns with a minor contribution to the
T becomes the more stable tautomer as the temperature igylobal decay €14% at all emission wavenumbers) was also
increased, the entropic term favoring the stabilizatiof ofhe detected. The low participation of this component makes it
value of AH® can also be estimated from the electronic energies impossible for us to prove its identity, but we believe that this
of N and T obtained from ab initio calculations (Table 1). To lifetime corresponds to a trace impurity present in the sample,
calculate the enthalpy ol and T, the contributions of the  probably similar to that detected in the spectrum of compound
translational, vibrational, and rotational enthalpy must be taken 2, as a similar component lifetime was also found for compound
into account. As the molecular structureshofindT are very 2 (see next paragraph).
similar, we can assume that those terms cancel each other in The behavior o2 under excitation in band Il was very similar
the calculation ofHr® — Hn°, AH® being estimated as the o that of 1 except for the fact that the fluorescence spectrum
difference between the electronic energyNJfand T. In this ShOWGd, besides the band due'n'q a second band at around
way, a value foAH® between 9 and 13 kJ mdlis calculated. 21000 cn! which was absent fot. As we suspected that this
This figure is in good agreement with that obtained experimen- hand could be due to an impurity, we synthesized a new sample
tally, although the theoretical value corresponds to the gas-phasesf 2 and measured again the fluorescence (spectrum shown in
equilibrium. Figure 3b). We found that the intensity of the band-@1000

With regard to the behavior df and 2 in neutral aqueous  cm™! diminished, whereas the rest of the spectrum did not
solution, it is not clear from the absorption spectra if an change, which strongly supports our hypothesis that this band
equilibrium betweenN and T exists, as in acetonitrile and is due to an impurity. The very low fluorescence quantum yield
ethanol, or if there is only one absorbing species. The study of of T* would allow the detection of residual emission from a
the fluorescence excitation and emission spectraafid 2 in trace impurity of high fluorescence quantum yield. The observa-
aqueous solution, discussed in the next section, will allow us tion of the fluorescence emission band of the impurity only for
to clarify this point. Furthermore, the analysis of the fluorescence compound can be due to the fact that the fluorescence quantum
spectra of these compounds in acetonitrile and ethanol supportsyield under excitation in band Il (which at least involves,
the interpretation of the absorption spectra in these solvents. besidesT*, the species fluorescing at about 21000 &)ris

2. Interpretation of the Fluorescence Spectra in Acetoni-  lower for 2 (0.005) than forl (0.013), this meaning thatr is
trile: No Significant Excited-State Proton Transfer. The much smaller for2 than for1. The fluorescence decay @fat
fluorescence spectra df 2, and3 obtained in acetonitrile are  low emission wavenumbers was, as fy triexponential,
shown in Figure 3. The excitation of compouridand2 atthe ~ showing the contributions dii* (component of 1.6 ns), and
maximum of band | led to a single fluorescence band that T* (component of lifetime< 0.1 ns). The third component of
overlapped the excitation spectrum and decayed monoexpo-’\’4.6 ns must be assigned to the fluorescence of the trace
nentially at the maximum with lifetimes of 1.67 and 1.65 ns impurity, showing a similar lifetime as that detected for
(Tables 3 and 4), respectively. From the similarities in the compoundl.
fluorescence position and lifetime obtained fbrand 2 with Although the pure excitation spectrum Dfwas not known,
those recorded foB (1.73 ns), and taking into account that the the absorption spectrum of bothand?2 could be satisfactorily
latter can only exist as the lactim form, we can conclude that decomposed as a sum of the contributionsNof(corrected
under these conditions the fluorescence observet &md?2 is excitation spectrum obtained &, = 27780 cn1?) and that of
mainly due to the excited lactim foriN*. Furthermore, from a mixture ofN andT (corrected excitation spectrum obtained
the resemblance in the lifetime values of the three compounds,at ¥em = 23260 cnT?, showing the maximum contribution of
we can rule out the possibility dfi* undergoing any other  the lactam tautomer). Figure 6a shows the resultslfoFhe
deactivation process apart from the fluorescence decay. good agreement between the experimental and calculated

For compoundl, excitation of T at the absorption band Il absorption spectra of (and also of2, results not shown)
led to a structured emission spectrum (Figure 3a) that overlappedsupports the initial assumption that only two species are present
the absorption band. This indicates that the fluorescencein the ground state. Furthermore, the excitation spectrum
emission is mainly due t&*. The excitation spectrum of this  attributed toN + T showed a higher contribution & than
fluorescence band showed contributions of absorption bands Ithat observed in the absorption spectrum due to the facthat
and |1, with the ratio between them strongly dependent on the > ¢r, this resulting in a negative contribution of the pure
emission wavenumber. The fluorescence quantum yield (Table€Xcitation spectrum o to calculate the absorption spectrum.
2) obtained under excitation in band Il, attributedrtds around 3. Interpretation of the Fluorescence Spectra in Ethanol:
20 times lower than that measured under excitation in band I, Excited-State Proton Transfer from the Benzimidazole to
due toN + T, implying that ¢ > ¢r. This difference in the Pyridine Ring. The behavior of2 in ethanol (Figure 4b,
fluorescence quantum yield values allowed some fluorescenceTable 4) resembles that observed in acetonitrile. The excitation
from N* being detected at the emission maximunTdf It has of 2 at band | led mainly to the emission of the lactim fokif
not been possible to obtain the excitation spectrum*adlone with maximum at 27000 cmt and a lifetime of 1.55 ns, very
because thil* emission overlapped almost entirely the emission similar to that obtained fo3 in ethanol (1.67 ns). Under
band ofT*. Only at wavenumbers around 17000 chthis may excitation at band Il the emission band of the lactam tautomer
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Figure 6. (a) Experimental®) absorption spectrum dfin acetonitrile
together with the calculated~) spectrum obtained by fitting a linear
combination of the fluorescence excitation spectrun¥aat= 27780
cm! (— —, negative contribution) and that correspondingvai=
23260 cn! (aAA). (b) Experimental©) absorption spectrum dfin
aqueous solution of pH 6.88 together with the calculatedspectrum
obtained by fitting a linear combination of the fluorescence excitation
spectrum afier= 27780 cni! (— —, small negative contribution; the
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SCHEME 1: Excitation and Deactivation of 1 in

Ethanol
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ponential, the major component showing a lifetime of 0.25 ns,
originating fromT*. The decay was also triexponential within
the region 2410621300 cn1! under excitation at band I. One
component had a decay time of 8:0.2 ns, matching the decay
time of the lactam tautomer*. The other two decay times
depended on the monitoring emission wavenumber. Thus, a
component with a decay value of-2 ns was observed, whereas
the other decay time had a value ranging frer8 to ~7 ns.

The decay time of 2 ns should be ascribed t*, the
dependence of this value with the emission wavenumber being
probably due to the existence of some correlation in the fit due
to the detection, as in acetonitrile, of the lifetime ®# ns
assigned to the trace impurity. The last component showed a
long lifetime (>6.6 ns) only in the emission region of the
shoulder located at 20000 cfand under excitation at band I,
where N absorbs. All these suggest that this long lifetime
corresponds to the species responsible for the emission at 20000
cm~1, which must be formed upon excitation of the lactim
tautomem. Further evidence can be obtained by analyzing the
excitation spectra. It is observed in Figure 4a thatat= 23580

/
N

factor represents the number by which the spectrum should be multipliedcm™* (maximum of T* fluorescence band), the excitation

to obtain the real contribution) and that correspondin@egt 22730
cm! (AAA). [1] = 7 x 107 mol dn3 for fluorescence.

spectrum showed a higher intensity of band Il and a lower one
of band | as compared to those observed in the excitation
spectrum obtained dtey, = 20000 cntl. This confirms that

T* was observed, the fluorescence quantum yield obtained beingthe precursor of the species fluorescing at around 20006 cm
about 4 times higher than in acetonitrile, but even so much lower s the lactim formN.

than that of the lactim form (Table 2). Atm < 24000 cnt?
the fluorescence decay @fwas triexponential (Table 4). The
first exponential showed the characteristic decay timéNdf

Moreover, the lifetime of the excited lactim fori* of 1,
1.04 ns, is clearly shorter than that of this species for compounds
2 (1.55 ns) an® (1.67 ns), suggesting that the lactim form of

and a decreasing contribution as the emission wavenumber] experiences an additional deactivation channel as compared
decreased, this species being detected at these emission waveg the other two compounds. This process must correspond to

numbers due to its high fluorescence quantum yield. A decay the formation, fromN*,

time ¢ < 0.1 ns showing its main contribution to the decay at
~22000 cm! was also detected, and is assignedrto The
third decay time of 45 ns might be assigned again to an
impurity. Because of the higher quantum yieldTdfin ethanol

of a new fluorescent species*,
responsible for the emission-a20000 cnt with long lifetime.

This new species must be neutral, since its fluorescence does
not match any of the monoanidd®r monocatiorn¥ of 1. We

can get information about its nature if we take into account

than in acetonitrile, the emission band of the impurity cannot that the lactim tautomer & where the benzimidazole NH group

be detected in the spectrum.
The behavior oflL under excitation at band | (Figure 4a) is
different from that of theN-methyl derivative2 shown above.

has been replaced by NMe, does not undergo any process in
the excited state. This points to the benzimidazole NH group
as the active site and suggests that the process taking place for

Thus, besides the characteristic fluorescence band due mainlyl is a solvent-assisted excited-state proton transfer from the

to the lactim formN*, a shoulder undetectable when exciting
at band Il and with maximum at20000 cn1! was observed.
At 27700 cn! the fluorescence decay due only W is
monoexponential with a lifetime of 1.04 ns, about 1.6 times
lower than the lifetime obtained for the same tautomer in
compounds2 and 3. This suggests an additional deactivation
channel as compared to the lactim form2oénd 3.

Under excitation at band Il (ascribedT) and at 24100 cri¢
emission wavenumber, the fluorescence decay whs triex-

benzimidazole NH to the pyridine nitrogen (see Scheme 1). This
process is favored by the increase of basicity of the pyridine
nitrogen in $ state, as it has been reported for 24§2ridyl)-
benzimidazolé%-38 2-(3-hydroxy-2-pyridyl)benzimidazole®

and 1-methyl-2-(3hydroxy-2-pyridyl)benzimidazolé? A simi-

lar excited-state process was demonstrated for the monoanion
of compoundl®® and 2-(2-pyridyl)benzimidazole in neutr&#3’

and protonated forr#E It is worth stressing that procesl —

X* probably does not take place intramolecularly, but needs
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the assistance of one or more molecules of the hydroxylic SCHEME 2: Excitation and Deactivation of 1 in Neutral
solvent, which would act as bridge between the acid and the Aqueous Solution
basic site. This is suggested by the fact that the process does H
not takes place in acetonitrile, and was demonstrated for the ,H P HHo O
similar processes taking place for 2-{8ridyl)benzimidazol&&-38 @N)_Cj . ©[N/>_<f§

The rate constank;, of procesdN* — X* can be estimated N \* 1/36 ns NS
as follows. As the fluorescence lifetime b in acetonitrile, Ne - ™
solvent where no proce$¢* — X* occurs, is about the same
for 1, 2 and3 (1.67, 1.65, and 1.73 ns, respectively) we can
consider the fluorescence lifetime of the lactim formIofn 33100 cm’!
ethanol in the absence of phototautomerization to be that of
compound3 in the same solvent(° = ky~1 = 1.67 ns). Taking H
v = (kn + k)1 to be 1.04 ns fod, k; is calculated to be 3.6 H o HoH O
x 10 sl Similar values were obtained for the similar @%_{“j L ©[N>_<i§
phototautomerization process observed for the monoaion NN/ K W/
of 1in ethanol (2.0x 10° s71) and water (1.52< 10° s71), 50 N T

Finally, as not only the basicity of the pyridine nitrogen, but
also the acidity of the OH group increase in the excited state
we cannot rule out that a fraction of the excitdd species
experience in this protic solvent a proton transfer from the
hydroxyl group to the pyridine nitrogen to giver. We will
show in the next section that this process can be inferred for
and 2 in neutral agueous solution. From the data available,
procesdN* — T* cannot be verified although the fact that the
decay time of the lactim form d (which cannot yieldX* but
may, asl, experience the proceB¥ — T*) is almost coincident
with that of compound3 (which cannot suffer that process),

1 — *
suggests that the phototautomerizathth— T* does not take species comes from the excitation Mfthrough a phototau-

place to a great extent in this solvent. tomerization processl* — T*. The amount ofN* emission

4. Interpretation of the Fluorescence Spectra in Aqueous  detected at 22000 cri, which corresponds to the tail of its
Solution: Excited-State Proton Transfer within the Pyridine fluorescence spectrum, must be undetectable because even when
Moiety. In contrast to what happens in acetonitrile and ethanol, | is excited at its absorption maximum the amount of emission
the fluorescence emission spectral@nd2 in neutral aqueous  detected is very weak. For this reason, we can rule out point i.
solution (Figure 5) showed only a minor dependence on the Fyrthermore, point i will not explain the short fluorescence
excitation wavenumber. Under excitation at the maximum of |ifetime of N* as compared t8, whereas point ii seems more

the absorption spectrum-@9500 cm?), we detected a single  plausible as it explains the decrease in the lifetimeNbfas
emission band with maximum at24000 le that decayed Compared tcB, in Wh|Ch procesm* — T* cannot take place

kn 29800 cm’!
0.30 ns

contributions of the excitation spectra obtained at 27780 and
' 22730 cnTl. The results are shown in Figure 6b. It is seen that
the absorption spectrum almost coincides with the excitation
spectrum obtained at 22730 chexcept at high wavenumbers
whereN absorbs, the excitation spectrum showing a somewhat
higher intensity than the absorption spectrum in that region. This
means that part of the fluorescence frdforiginates fromN.
There are two possibilities to explain this: (i) Under excitation
at wavenumbers whemg absorbs, a small part of the fluores-
cence detected at 22000 chis due toN*, and (ii) all the
fluorescence detected correspondgtobut a fraction of this

with a component X80%, Tables 3 and 4) with lifetimes of We can conclude that in neutral aqueous solution a water-
0.3 (1) and 0.1 ns2). Both lifetimes and emission maxima are  assisted phototautomerizationf to yield T* takes place for
very similar to those obtained for the lactam forfit in 1 as shown in Scheme 2. A similar excited-state proton transfer

acetonitrile and ethanol. The excitation spectrum performed atfrom the hydroxyl group to the pyridine nitrogen has been
the maximum off* overlapped the emission band and was very detected by us for the monocationslofnd2 in acetonitrile in
similar to the absorption spectrum (see Figure 6b). All these the presence of small amounts of alcobnd watef the
suggest the lactam tautomer as the main species in both grounghrocess being more efficient fat than for 2. As regards
and excited states. This is consistent with the results of the compound?, the excitation spectrum obtainediat, = 22200
quantum-mechanical calculations, showing that the dipole ¢m-1 is blue shifted with respect to the absorption spectrum,

moment is higher fofl than forN, and thereforel becomes  and the fluorescence lifetime &f (1.8 ns) is also lower than
more stabilized in polar solvents. Similar results were obtained that of 3. From both findings we propose that procéés —

for other hydroxypyridine$?3°-4> Although the lactam tautomer  T* also takes place fc2.

is the main species in ground and excited states, a weak emission \yjith respect to the mechanism of the phototautomerization,
from N* was detected at 27000 ct decaying with lifetimes  there are three different processes that could yifdfrom
of 1.36 (1) and 1.8 nSZ). The excitation SpeCtra carried out at N*: (1) deprotonation olN* at the hydroxy| group to give
27000 le matched that 03, which can Only exist as the latim normal anionNA* which then protonates at the pyridine
form. nitrogen to yieldT*; (2) protonation ofN* at the pyridine
The possibility that procesg* — T* takes place in this protic  nitrogen leading to a monocation which then deprotonates at
solvent remains to be considered. More insight about this topic the hydroxyl group giving*; (3) a water-assisted multiprotonic
can be gained from the comparison of the fluorescence lifetime transfer from the hydroxyl group to the pyridine nitrogen.
of N* for compoundsl and 2 with that of 3, for which that Process 1 can be ruled out on the following grounds. At pH
process is not possible, and from the comparison of the = 6, the H" concentration is too low for the protonation of
excitation and absorption spectra foand2. The fluorescence  NA* by H™ to compete with the deactivation dfA*. Water
lifetime of N* is 2.32 ns for3, but only 1.36 ns forl, this would have to act as acid to proton®é* yielding T*. This
difference pointing to the existence of an extra deactivation process could also take place at higher pH, but we have
channel forl. As for acetonitrile and ethanol, we tried to demonstrated recentithat direct excitation of the normal anion
decompose the absorption spectrumloés the sum of the  NA in aqueous solution does not leadTtvbut to a tautomeric
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lactam anionTA* as result of a proton transfer from the
benzimidazole NH to the pyridine nitrogen, both fluorescence
from NA* and TA* being observed. This fact rules out the
existence of process 1.

The small amount oN present in the ground state makes it

J. Phys. Chem. A, Vol. 108, No. 29, 20081125

fluorescence fromN* is observed for both compounds. In
ethanol, a fraction of the excited normal formbéxperiences

a proton transfer from the benzimidazole NH to the pyridine
nitrogen to givexX* as a result of the increase of basicity of the
pyridine nitrogen in the excited state. This process cannot take

impossible to decide between mechanisms 2 and 3 for this place for2. In neutral aqueous solution a different phototau-
phototautomerization, but process 2 seems to be less probabléomerization is observed. Both farand2, part of the excited

as we have never detected that intermediate monocation inN* molecules undergo a proton transfer from the hydroxyl group
acidified solvents. Nevertheless, if we assume that the sameto the pyridine nitrogen yielding the lactam tautoriér. Both

mechanism holds fat and2, we can estimate the rate constant
k{ for this process as follows. As the fluorescence lifetime of
N* in acetonitrile, a solvent where no procé$s — T* occurs,

is about the same fot, 2 and 3 (1.67, 1.65, and 1.73 ns
respectively), we can consider the fluorescence lifetimii®of

in the absence of phototautomerization foand2 in aqueous
solution to be that of compour@glin the same solventr(° =
kvt = 2.32 ns). Takingy = (ky + k¢')~1 to be 1.36 ns fod
and 1.80 ns fop, k' is calculated to be 3.6 1(® s for 1 and
1.2 x 10 s7! for 2, indicating that the proceds* — T* is
more efficient forl than for2. This is in agreement with our
previous finding that the analogous lactitactam phototau-

phototautomerization processes are assisted by the solvent.
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Appendix

Compound 3.™H NMR (300 MHz, DMSOdg), 6 (ppm):
7.95 (dd, 1HJ = 7.5 Hz, 1.5 Hz), 790 (t, 1H,J = 7.5 Hz),

tomerization taking place for the monocations of these com- ; g (ddd, 2H), 7.29 (dd, 2H] = 7.6 Hz, 1.2 Hz), 6.95 (dd

pounds in acetonitrile, assisted by alcohols, is more efficient

for 1 than for2,4” and must be due to the presence of a methyl
group at the benzimidazole nitrogen N(1) in compo@nd

To sum up, the behavior ®* in compoundl found in our
studies is strongly dependent on the solveit. does not

1H,J = 7.5 Hz, 1.5 Hz), 4.27 (s, 3H, NCHj), 3.99 (s, 3H,
O—CHg).

Compound 2.H NMR (300 MHz, DMSO¢g), 6 (ppm):
12.9 (s, N-H), 11.1 (s, G-H), 7.74 (t, 1H,J = 8.4 Hz), 7.68
(ddd, 2H,J = 7.6 Hz, 1.4 Hz, 0.7 Hz), 7.46 (broad d, 18~

tautomerize in acetonitrile but undergoes a proton transfer from g 4 Hz), 7.28 (dd, 2HJ = 7.6 Hz, 1.4 Hz), 6.66 (d, 1H] =

the benzimidazole NH to the pyridine nitrogen in ethanol
(N* — X*) and a proton transfer from the hydroxyl group to
the pyridine nitrogen in wateN* — T*). The reason for this
behavior lies in the protic properties of the solvent and the
solvation dynamics, which decisively influence the rates of the

8.4 Hz), 4.15 (s, 3H, NCHj).

Compound 1.'H NMR (300 MHz, DMSO¢g), 6 (ppm):
12.9 (s,N-H), 11.1 (s, G-H), 7.70 (t, 1H, 37.5 Hz), 7.64
(broad band, 2H), 7.45 (broad band, 1H), 7.22 (broad m, 2H),
6.65 (broad d, 1HJ ~ 7.5 Hz).

various competing processes. In acetonitrile, the phototautomer-

ization of 1 must be very slow, and was in fact not detected,
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