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Dimerization by Hydrogen Bonding and Photochemical Properties of Dipyridone
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The ground state and the excited state of dipyridones are studied by various spectroscopic methods: absorption
spectra, fluorescence spectra, time resolved fluorescence measurements, and nanosecond transient absorption
spectra. In the system of 3-[(1,6-dihydro-6-oxo-2-pyridinyl)ethynyl]-2(1H)-pyridinone, the absorption and
fluorescence spectra are assigned to the keto form in comparison to model compounds. The absorption spectra
and the emission decay depend on the concentration in chloroform solution whereas they do not in methanol.
This difference can be explained by the formation of a hydrogen-bonded dimer only in chloroform solution.
The excited singlet states of the monomer and the dimer have different lifetimes even though they have same
keto form. The origin of the fast nonradiative relaxation processes in the dimer system is discussed with the
results of transient absorption spectroscopy. As an application of the formation of dimers by hydrogen bonding,
the effect of the dimerization on photochemical isomerization is demonstrated in the system of 3-[2-(1,6-
dihydro-6-oxo-2-pyridinyl)ehenyl]2(1H)-pyridinone.

1. Introduction bonding. In the present paper, we have studied the behaviors

. . of the present compounds both in chloroform and methanol
Hydrogen-bonded compounds have received considerablegy tions and have clarified that dimer formation can be con-

a_ttenti_on with a view toward applicatipn to material science, qjled by changing solvents. In addition, we demonstrate a
blologlcal systems, and so fprth.As for mtermqlecular hydrogen drastic change in the photochemical properties of 3-[2-(1,6-
bonding compounds, DNA is very famous for its double helical dihydro-6-oxo-2-pyridinyl)ehenyl]2(1H)-pyridinoné)(in Scheme

structure using hydrogen bonding and other interactions. Many 45 an application of controlling hydrogen bonding by selecting
scientists have studied the excited-state behavior of intermo- yifrerent solvents.

lecular hydrogen bonding compounds as a prototype for the

DNA misprinting system caused by photoirradiation. 7-Azain- o Experiments

dole (7Al) is one of the most famous systems to form a )

hydrogen-bonded dimer in nonpolar solvent and produces Materlals. Solvents chloroform and methanol are spectro-
excited-state double proton transfer (ESDPT)In addition, scopic grade (Kanto Chem. Co. and Wako Chem. Co.) and were
its variable fluorescence properties have been stifdfe@ther used as received. Compountisand 2 were synthesized ac-
compounds, such as purine, adenine, and 4-azabenzimidazol&0rding to the literaturé Compound3 was synthesized accord-

derivatives, have been studied as intermolecular hydrogening to the procedure to obtain such methylated compothds.
bonding compounds:13 Compound4 was prepared by the hydrogenation ®fwith

The formation of the quadruple hydrogen-bonded dimer in lthium alminium hydride followed by hydrolysis. _
3[(1,6-dihydro-6-oxo-2-pyridinyl)ethynyl]-2(1H)-pyridinon&) Equipment. UV —vis absorption spectra were measure_d with
has been reported by Wuest ef4hnd is shown in Scheme & JASCO Ubest-55 spectrophotometer. Sample cells with path
1. The photochemical character of compouni interesting ~ 1€n9th of 1 mm, 1 cm, and 10 cm were used to measure the

from the point of view of the investigation of the relationship Cconcentration dependence af Fluorescence spectra were

between the hydrogen bonding and the dynamic process of themeasured with a Hitachi F-4000 spectrofluorometer. Transient

excited states. In the present paper, we have studied theabsorptiogn specira were measured with equipment previously
association behavior by hydrogen bonding and the character of/€POrted:® Fluorescence lifetimes were measured with a pico-
the photoexcited states by time-resolved fluorescence experi-S€¢ond mode-locked YAG laser (Continuum PY61-10, 40-ps

ments and the transient absorption Ioaind its model com- fwhm: Third Harmonics 355 nm) as an excitation light source
pounds. and a streak scope (Hamamatsu C4334, Hamamatsu C1808)

Even as a sinale moleculd has the possibility to take keto connected to a monochromator (Jobin Evon CP200). Every data
g ’ P y - analysis and fitting was performed with an original software
and enol forms in the ground state and the excited states.

Therefore, one of the essential problems is the determinationP"°9"&M (Igor Pro, Wavemetrics, Inc.).

of the structure of the excited states. To solve this problem, we 3. Results and Discussion

prepared model compounds of keto and enol forms (compounds

2 and 3, respectively) and compared the spectroscopic data. 3.1. Ethynyl-Bridged Dipyridone (1). (a) Absorption Spec-

Another interesting point is the effect of solvents on hydrogen tra. The absorption spectra of compountts3 are shown in
Figure 1. The absorption df has been observed from 350

* Corresponding author. E-mail: arai@chem.tsukuba.acjp. Tel and 400 nm both in methanol and chloroform as shown in Figure
Fax: 0298-53-4315. la. The absorption spectra bfare similar to those observed
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SCHEME 1: Possible Keto and Enol Structures and Dimerization of Ethynyl-Bridged Dipyridone 1 and Structures of

the Model Compound of Keto Form 2 and Enol Form 3
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SCHEME 2: Proposed Reaction Scheme of the Photochemical Reaction of Ethenyl-Bridged Dipyridone 4 in Chloroform

and Methanol
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for the model compound of the keto fori2) @s shown in Figure
la and b. In contrast, the model compound of the enol f&m (
has an absorption band from 36850 nm both in methanol
and chloroform as shown in Figure 1c.

The wavelengths of the absorption peaks of compodnrts
are summarized in Table 1. The spectrdl@fre similar to the
spectrum of model compouritd Therefore 1 exists as the keto

procedure for various concentrations. In contrast to this, the
spectra in chloroform have a clear dependence on the concentra-
tion as shown in Figure 2b. At higher concentration, the
spectrum has shifted to lower wavelength, and its extinction
coefficient in the range of 325425 nm has changed. Two
isosbestic points at 380 and 400 nm can be recognized. These
features of the absorption spectra indicate that the molelcule

form in the ground state. This result contrasts with the fact that produces a dimer in chloroform and not in methanol. This fact
2-pyridone takes the enol form in nonpolar solvent at low can be rationalized if the hydrogen bond plays an important

concentratiort®

The absorption spectra df observed at various concentra-

role in the association of a couple of molecules. Here we present
the structure of the dimer df as the hydrogen bonded species

tions in chloroform and methanol are shown in Figure 2a and as shown in Scheme 1.

b. Both of the spectra are presented on the scale of the molar

extinction coefficient,eqgps The spectral profile andgps in

The averaged extinction coefficients in the wavelength
range of 347380 nm have been plotted by various concen-

methanol do not depend on the concentration as shown in Fig-trations of 1 and are shown in Figure 2c. To analyze the
ure 2a. The linear relationship of the absorbance to the ap-association feature df in chloroform, we have used a simple
plied concentration shows the accuracy of our experimental association model in which the association conskarfor the
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Figure 1. Absorption spectra ol (a), 2 (b), and3 (c) in methanol
(- - -) and chloroform €).

formation of the dimer can be expressed by

1o

a [M] 2 (1)

where M and D represent the concentrations of dimer an
monomer, respectively.
The total concentratio can be expressed by

C=[M] + 2[D] ()

The observed extinction coefficiemgns can be formulated
by the solution of eqs 1 and 2 and can be described by

€obs — EM[M] + ED[D]

-1+ ,1+8KC
€m " K +

a
14 4KC— J1+8KC
‘" 8K

a

whereep andey are the molar extinction coefficients for the
dimer and monomer, respectively.
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3. The fluorescence spectrabhave been observed in the range
of 400—600 nm in methanol as shown in Figure 3a. The spectra
of 1 are similar to those of the model compound of keto form
2 shown in Figure 3b. In contrast to this, the spectra of the
model compound of enol form3 have been observed in the
range of 336-450 nm as shown in Figure 3c. The similarity of
the fluorescence spectra dfand 2 indicates thatl takes the
keto form in the excited singlet state. By the fluorescence and
absorption spectra, we conclude thaakes the keto form both

in the ground state and the excited singlet state. This fact is
also supported by the small Stokes shift, which indicates a small
adiabatic conformational change in the excited singlet state. We
have also studied the fluorescence and excitation spectra in
chloroform solution. However, there has been no noticeable
spectral change from that in methanol solution except for the
guantum yields of the fluorescence.

The emission maxima, the values of singlet energy, and the
fluorescence quantum yieldsp;, of 1—3 in methanol and
chloroform solutions are summarized in Tabled%.of 1 was
determined to be 0.32 and 0.093 in methanol and chloroform,
respectively. The values @ in model compoun@ and3 are
about 0.3 and 0.6, respectively, and have a small dependence
on both solvents. The large difference in the fluorescence
guantum yields of between chloroform and methanol solutions
seems to be due to dimer formation in chloroform solution as
discussed in the previous section. In methadoéxists as a
solvated monomer, and in chloroforhgxists as a mixture of
the monomer and the hydrogen-bonded dimer. This feature
clearly appears in the time-resolved measurements of the
fluorescence that is shown in the next section.

(c) Fluorescence Decaifhe fluorescence time profiles f
in methanol are shown in Figure 4a. The decay curve has been
analyzed by a single-exponential function, and the lifetime is
1.6 ns. In methanol, the lifetime does not depend on the
concentration as shown on the right side of Figure 4a. However,
in chloroform, the fluorescence decay depends on the concentra-
tion of 1 as shown in Figure 4b. The decay curvesloin

d chloroform have been analyzed by a double-exponential func-

tion, and the lifetimes of long and short components have been
determined to be 0.3 and 1480.2 ns, respectively. The short-
lifetime component increases with increasing concentration as
shown on the right side of Figure 4b. This change in the decay
kinetics by concentration happens on a similar scale{M)

to the change in the absorption spectra shown in Figure 2. This
result indicates that the concentration dependence on both the
absorption and fluorescence decay is caused by dimerization
with hydrogen bonding.

The fluorescence time profiles of the model compound of
the keto form,2, in chloroform solution are shown in Figure
4c. The decay curve does not have a concentration dependence,
and the lifetime has been determined to be 2.0 ns. Compound
2 does not produce the hydrogen-bonded dimer, in contrast to
the fact that compounti produces the dimer, as shown by the
absorption spectra. Thus, the short-lived component that is
observed at higher concentrationsloin chloroform solution

The experimental results in Figure 2c can be fit by eq 3, and is due to the hydrogen-bonded dimer. Therefore, the hydrogen-

the association constaldt, was determined to be (14 0.6) x
10° M~ by curve fitting. TheK, for 1 obtained here is about
10 times larger than that for 2-pyridone-10%).17 The large
value of the association constant fbrcan be attributed to
quadruple hydrogen bonding.

(b) Fluorescence Spectrdhe fluorescence and excitation
spectra ofL—3 in methanol and chloroform are shown in Figure

bonded dimer ofl has a fast nonradiative relaxation pathway.
However, we cannot claim that only the hydrogen bonding
enhances the nonradiative transitions because the fluorescence
of 1 has a long lifetime in the alcohol solution. We conclude
that dimerization via hydrogen bonding is essential to the short
lifetime of the excited singlet state &f This conclusion implies

that the conformational holding to the planar structure by
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TABLE 1: Summary of the Absorption and Fluorescence Spectra of Ethynyl-Bridged Dipyridone and Its Model Compounds

solvent compound compound? compound3
absorption maxima/nm glﬁgl? ggg 37772 5’359 3?5633(;643596 313613325%032321
fluorescence maxima/nm Eﬂﬁ(é:: ﬁg ;12105"444355 334466?’335599
singlet energy/kJ mot '\Cﬂf'(é:: Sgg 229906 335504
fluorescence quantum yiéld Eﬂﬁg:: 8853 853»2 822

a Concentration of the compound was 10~ M. ? Concentrations of the compounds were about M. Except for a and b, the values ido not
depend on the concentration in the range of*:1.07¢ M.
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Figure 2. Absorption spectra of in methanol (a), and in chloroform
(b). The concentrations of the solutions are (1) 8.007%, (2) 2.0 x
104 (3) 1.0x 104 (4) 6.0x 1075 (5) 4.0x 1075 (6) 3.0x 1075,

(7) 1.2 x 1075 (8) 8.0x 1075, (9) 3.2x 1075, (10) 1.6 x 1078, and
(11) 9.6 x 107 M. (c) Concentration dependence of the averaged
extinction coefficient in the chloroform solution &f The solid line is
theoretical curve obtained by eq 3 wih = 1.4 x 10° ML,

hydrogen bonding is one of the important factors for the
acceleration of the nonradiative transition process.
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Fluorescence Intensity

i @
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Figure 3. Fluorescence spectra-) and excitation spectra (- - -). (a)
CompoundL in methanol solution:ex = 370 nm for the fluorescence
spectrum, andem = 425 nm for the excitation spectrum. (b) Compound
2 in methanol solution: lex = 376 nm, andiem = 435 nm. (c)
Compound3 in methanol solution:dex = 290 nm, andlem = 400 nm.

(d) Transient Absorption of Triplet Excited Stat&sansient
absorption spectra df—3 are shown in Figure 5. All observed
absorption bands are assigned to the excited triplet state because
they are quenched by oxygen. The-T absorption ofl was
observed around 440 and 630 nm in methanol (Figure 5a) and
decayed with a lifetime of 4.@s under an argon atmosphere.
This absorption signal was quenched by oxygen with a rate
constant of 2.0x 10° M~! s~1. Similar T-T absorption was
observed in chloroform, and its lifetime was @gl The spectral

shape ofl is similar to that observed in the model compound
of the keto form,2 (Figure 5b), but is different from that
observed in the model compound of the enol foBr{Figure
5c¢). By this, we assign the observed spectrurh tf the triplet
state of the keto form.

The concentration for the observation of the T absorption
spectra was 2 1074 M, in which many of the molecules in

chloroform are dimers. However, no noticeable difference

between chloroform and methanol solutions has been observed
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Figure 4. Fluorescence decay curves in the system of ethynyl-bridged dipyridons. (a) Compauntethanol observed at a concentration of 4

x 1078 M and simulation by convolution with a single-exponential function (left side) and the concentration dependence (right side). (b) Compound
1in chloroform observed at 4 104 M and simulation by convolution with a double-exponential function (left side) and concentration dependence
(right side). (c) Compoung in chloroform observed at ¥ 102 M and simulation by convolution with a single-exponential function (right side)

and observed at two different concentrationsy 107% and 1x 1073 M (right side).

with regard to the spectral shape, the absolute intensity, andbe assigned to the keto form by the analogy of the results in
the lifetime of the T absorption. Those results indicate that the system of ethynyl-bridged dipyridong, The spectra do
the character of the triplet excited states has not been affectednot have a large dependence on the solvent.
by the dimerization ofl. The similar intensity of the ¥T The time evolution of the absorption spectrumtains-4
absorption spectra also shows that the intersystem crossing (ISCunder the photoirradiation in chloroform solution is shown in
pathway is not the origin of the fast fluorescence decay kinetics Figure 6b. The spectral shape hardly changed by irradiation.
of the dimer. This result means that theins-4 is stable under light irradiation
3.2. Ethenyl-Bridged Dipyridone (4). In this section, we in chloroform solution. In contrast to this, the absorption
demonstrate an application of the hydrogen-bonded dimer onspectrum in the methanol solution has been changed by light
the photochemical isomerization process. For this purpose, weirradiation as shown in Figure 6¢c. The absorption band from

synthesized a trans ethenyl-bridged dipyridot@ns4) as 350 to 450 nm decreased in accordance with the increasing

shown in Scheme 2 and studied the photochemical behavior ofabsorption band at around 320 nm. This feature is characteristic

it. of the photoinduced isomerization from the trans to the cis
(a) Absorption Spectra and Chemical Isomerizatidhsorp- isomer. However, these changes in the spectra do not have clear

tion spectra otrans4 are shown in Figure 6a. The spectra in isosbestic points. Therefore, the following photochemical reac-
chloroform and methanol are not different each other and cantion process after isomerization to the cis isomer is expected.
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Figure 5. Transient absorption spectra observed by pulse excitation Wavelength /nm

(308 nm) of1 (a), 2 (b), and3 (c) in methanol. Figure 6. (a) Absorption spectra dfans4 in methanol (- - -) and
) ) . chloroform (). (b) Change in absorption spectra by irradiation with
The time evolution of the absorbance observed at 375 nm is 374-nm light in the chloroform solution dirans-4. (c) Change in
shown in Figure 7. This picture clearly shows the difference in absorption spectra by irradiation with 374-nm light in the methanol
the photochemical behavior dfin chloroform and in methanol ~ solution oftrans-4.

solutions. The photochemical process in methanol solution has
two stages: rapid process within 8 min and slower decay after ost 9
8 min. By this, we can expect two steps of the photochemical T
processes. 2] 3R] o
The intermediate and the product have been determined by £ 5 02 ]
NMR spectra recorded after photoirradiation. The dependence &
of the spectra on the irradiation time is shown in Figure 8. %167 2
Before irradiation, the NMR spectrum shown in Figure 8a can £ 24 0167
be assigned to the trans isomerdofThe splitting byl = 16.4 2 0 2 6 8
Hz observed ab = 7.41 and 7.57 is characteristic of the olefin 0.08 Time  min
peaks of the trans isomers of olefines. One can notice that the .04
olefin peaks of the cis isomer have appeared at 6.48 and 1 ] ] ] o
6.82 with a characteristic coupling constait 12.4 Hz) after 0 00 200 300 400 500 600

10 min of irradiation and have disappeared by additional Time / min

disappearec. The time scale of the Speciral shange 1 coingider 911 7. Time evolion of the absorbance observed at 374 m by
; : ; a radiation of the light at 374 nm. That on the short time scale is

with the two stages of the absorption change in Figure 7. By syperimposed in the graph.

the results of the NMR analysis, we propose the reaction scheme

shown in Scheme 2. The intermediate and the product by yield in methanol ® = 0.036) is much smaller than that in

irradiation are assigned to the cis isome#daind the cyclized chloroform @ = 0.1). This result is in contrast to the case of

product, respectively. In chloroform solution, photoisomerization compound1 and indicates that dimerization by hydrogen

does not take place because dimerization by hydrogen bondingbonding is not essential to the fast nonradiative relaxation

stabilizes the trans structure and prevents isomerization to thepathway. The small quantum yield of fluorescence emission in

cis isomer. methanol is rationalized by the isomerization to the ground state
(b) Fluorescense Spectra and Decayhe character and  of the cis isomer.
dynamics of the excited state of compoufdire studied by Fluorescence decay curves tfans4 in methanol and

fluorescence spectroscopy. The fluorescence spectra and excitaehloroform were fitted by monoexponential functions with

tion spectra (not shown) are similar in methanol and chloroform lifetimes of 1.0 and 0.4 ns, respectively. It is remarkable that
solutions. This result indicates that the ground and the excited the nonradiative pathway of the excited singlet state is sup-
singlet states of} take the keto form. However, the quantum pressed by hydrogen bonding in chloroform solution. The origin



Dimerization by Hydrogen Bonding of Dipyridone

i | |' ‘||

1@ LU

_:Mf'-*m-a L L SRR WP e Ut L R L A N VIR 5

T I

E | |

19 ALl P Al

E 1 /| I '|

_:“El_'_ Al bt o b __i_‘.'-liklﬂ_._’x b g M JJ_[J.. I SOl

E " ;|

_E by "I‘H ’I_l_‘1_|.l_ | _I\MJ \' | | { F |\,.\

3 \ m

E I

dy Ml | |

: O TR L . A S O

8.8 8.4 8.0 7.6 7.2 6.8 6.4 6.0

&/ ppm

Figure 8. Change in théH NMR spectra (400 MHz, CEDD) of 4

by light (366 nm) irradiation. NMR spectra are recorded (a) before
irradiation and (b) 10, (c) 60, (d) 180, and (e) 270 min after the light
irradiation. The assignments of the NMR peaks are as folltnass-

4: reactant observed before irradiation (4);NMR (400 MHz, CD-
OD): 6 6.47 (d, 1H,J = 8.8 Hz), 6.51 (t, 1H,J = 6.8 Hz), 6.65 (d,
1H,J = 6.9 Hz) 7.41 (d, 1H) = 16.4 Hz), 7.48 (dd, 1H) = 6.8, 1.6
Hz), 7.57 (d, 1H,J = 16.4 Hz), 7.61 (dd, 1HJ = 8.8, 7.2 Hz), 7.72
(dd, 1H,J = 7.2, 1.6 Hz).cis4: intermediate observed strongly after
10 min of irradiation (b)H NMR (400 MHz, CBOD): ¢ 6.36 (d,
1H,J = 6.8 Hz), 6.37 (t, 1HJ = 6.8 Hz), 6.44 (d, 1H) = 9.2 Hz),
6.48 (d, 1H,J = 12.5 Hz), 6.82 (d, 1HJ = 12.5 Hz), 7.47 (dd, 1HJ

= 6.7, 2.2 Hz), 7.51 (dd, 1H] = 9.1, 6.9 Hz), 7.45 (dd, 1H] = 6.9,

2.2 Hz broad). Cyclized produdinal product observed after 270 min
of irradiation (e);*H NMR (400 MHz, COD): ¢ 6.80 (d, 1H,J =

9.8 Hz), 7.31 (d, 1HJ = 7.4 Hz), 7.45 (d, 1HJ = 7.4 Hz), 7.50 (d,
1H,J = 9.1 Hz), 7.87 (s), 8.12 (s), 8.46 (d, 1Bi= 9.1 Hz), 8.65 (d,
1H,J = 9.8 Hz).

of the nonradiative transition in methanol should be a non-
adiabatic transition to the ground stateais-4.

4. Conclusions

The characteristics of the excited states of dipyridones have
been studied by various spectroscopic methods. One of the

J. Phys. Chem. A, Vol. 107, No. 47, 200B0045

or pump-probe techniques of the fluorescence measurement
are promising for testing this problem.

The other characteristic of dimers is a restriction of the
photoinduced isomerization in the system of compound
Compound4 shows a clear and drastic change in its photo-
chemical properties by changing the solution from a protic
solvent to an aprotic one. This is a simple demonstration that
shows the application of the hydrogen-bonded dimer for
controlling the photochemical reactions.
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