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Abstract

The quantum yields of azido group photodissociation were determined for 4-azidopyridine and 4-azidoquinoline and their protonated and
methylated derivatives at endocyclic nitrogen atoms. The dissociation yields are 0.49-0.83 (in MeCN) for neutral azides and decrease t
0.22-0.37 for the positively charged derivatives. The semiempirical and nonempirical quantum-chemical calculations were performed to
interpret experimental data. For all azides studied, in the grow)@&{&e, the calculations predict rather large positive charge at two terminal
nitrogen atoms of the azido group. In the lowest excited singlgt $&te, the antibondingy, molecular orbital is filled that results in
relatively high quantum yields of photodissociatigr=(0.1) for all azides. The decrease of quantum yields on going from neutral to charged
azides appears to be connected with increasing barrier for electron density transfer from positively charged aromatic nucleus to azido grouj
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction observed on going from APA th-methylated catiof6]. In
both cases, insertion of positive charge into heteroaromatic

The photochemistry of aromatic azides receives contin- azide molecule has led to a drastic change in the azide pho-
uous attention because of their useful applications in hete-toreactivity.
rocyclic syntheses, photoresist techniques and photoaffinity Examination of the ‘structure—reactivity’ relationship in
labeling[1-4]. The key reaction in all cases is the photoin- the series of aromatic azides reveals a general interesting
duced N-N bond dissociation with formation of nitrene (Eg. regularity in their photochemical properties: neutral azides
(1)), and main parameter of this reaction is the photodissoci- decompose under light irradiation with high quantum yields

ation quantum yieldg): (¢>0.1), whereas for positively charged azidesgh&alues
N drop below 0.017-10]. Based on the value of photodissoci-
RN-N2 7 RN + N2 1) ation quantum yield, aromatic azides can be divided into two

types, photoactivey(>0.1) and photoinerig< 0.01) azides,
Recently we have found that quantum yield of azido group respectively.
photodissociation reduces by two orders of magnitude (from A photoinert azides are charged and most of them are
0.82 to 0.0069) on going from 9-t4zidophenyl)acridine  heterocyclic cations. It seems reasonable to assume that in-
(APA) to its protonated at endocyclic nitrogen atom cation sertion of positive charge into azide molecule gives rise to the
[5]. The two-order reduction of quantum yield has been also |oss of photosensitivity. This assumption is based on the re-
sults of quantum-chemical investigations of electronic struc-
* Corresponding author. Tel.: +7 96 517 1903; fax: +7 96 514 3244. ture of aromatic azides in the ground and lowest excited states
E-mail addressbudyka@icp.ac.ru (M.F. Budyka). [10,11] Inthe ground (g) state, two terminal nitrogen atoms

1010-6030/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2005.01.004



M.F. Budyka et al. / Journal of Photochemistry and Photobiology A: Chemistry 173 (2005) 70-74 71

of the azido group possess rather large positive charge (up taives have been studied earl[@B—16] main attention being
0.5¢). During dissociation, this charge should be neutralized paid to identification of various reaction products, whereas
by electron density transfer from aromatic nucleus, since de-quantum yield of azide decomposition has been measured for
taching nitrogen molecule is uncharged. Really, upon exci- 1 only, ¢ =0.75[17].

tation from the §to S state, the structure of azido group

in photoactive azides changes appreciably that results in the

above electron density transfer and facilitates the dissociation2. Experimental

reaction11]. On the contrary, the structure of azido group in

photoinert azides does not practically change, and terminal  4-Azidopyridine @) and 1-methyl-4-azidopyridinium
nitrogen atoms remain positively charged. Positive charge atmethylsulphate3) were synthesized by known procedures
aromatic nucleus appears to create a barrier for the electror18]. 4-Azidoquinoline §) and 1-methyl-4-azidoquinolinium
density transfer from the nucleus to azido group that hinders methylsulphate®) were prepared according to the reported
subsequent cleavage of the-N, bond. methodg$19,20]. Azidopyridinium hydrochlorideZ) and azi-

On the other hand, all charged azides are dye derivatives,doquinolinium hydrochlorides) were obtained in situ by ad-
i.e. large molecules with three and more aromatic nuclei. dition of conc. HCI to the solutions df and4, respectively;
Therefore, there is another possible explanation of the differ- the content of unprotonated azides in the reaction mixture
ence between photoactive and photoinert azides: in a largewas less than 0.1% of the total azide concentration.
molecule, the enhanced internal conversion from th&oS The absorption spectra were recorded on a Specord M-
Sy state with following vibrational relaxation results in fast 40 spectrophotometer, using a 1cm quartz cuvette. Air-
deactivation of reactive excited state and thus decreases quarsaturated azide solutions were irradiated by low pressure
tum yield of the reaction. The similar effect is observed in (254 nm) or high pressure (313nm) Hg lamps equipped
luminophores, where fluorescence quantum yield decreasesvith appropriate glass filters, light intensity wasc20-10
with increasing rate constant of competing internal conver- to 9x 10~ 1°Einsteincn?s-! at 254nm, and 2.5 10~°
sion (non-radiative transition). Good luminophores havetobe to 3x 102 Einsteincn?s™! at 313nm; 1x 1072 to
planar and rigid in order to reduce non-radiative transitions 3 x 10-° M azide concentrations were used.

[12]. Absorption coefficients (in M* cm~1) of azides at irradi-

To disclose the effect of positive charge on photochem- ation wavelengths are as follows: at 254 nm: 13,200 and 9110
ical properties of aromatic azides depending on the size ofin EtOH for azidedl, 2, and 9720, 8840, 6320 in MeCN for
azide molecule, in the present paper, we studied experimen-azidesl, 2, 3, respectively, at 313 nm: 7170, 14,200, 13,200
tally and theoretically two azides, 4-azidopyridine and 4- in MeCN for azided¢}, 5, 6, respectively.
azidoquinoline, and their derivatives. These heteroaromatic Quantum-chemical calculations were performed using
azides are convenient model compounds for the study of pos-semiempirical method PMR1], program package MOPAC
itive charge effect, since they can be easily transformed from 93. The structures of compounds in the ground and lowest
the neutral to positively charged form by protonation or alky- excited singlet states were calculated with full optimization
lation at endocyclic nitrogen atoms, the size of molecules of the geometrical parameters and using configuration inter-

being practically unchanged upon protonation. action (Cl =2) for the excited states. It should be noted that
The quantum yield of azido group photodissociation was PM3 method, as has been shown in previous investigations
measured for 4-azidopyridin&)( its hydrochloride 2), and by comparison with results of the higher level ab initio cal-

1-methyl-4-azidopyridinium methylsulphat8)( as well for culations, describes correctly the photodissociation of azido
4-azidoquinoline 4), its hydrochloride ), and 1-methyl-4- group[11]. Ab initio and density functional theory (DFT)
azidoquinolinium methylsulphaté) (seeScheme L More- calculations were performed using the GAUSSIAN 94 pro-
over, the structure of azides was calculated in the grougld (S gram packagf2] on supercomputer RM600 at the computer
and lowest excited singlet (pstate, the quantum-chemical center of IPCP RAS.
data were used for interpretation of the experimental results.

It should be noted that photochemical properties of iso-
meric azidopyridines and azidoquinolines and their deriva- 3. Results and discussion

The electronic absorption spectra of 4-azidopyridine, 4-

N e ] N azidoquinoline and their hydrochlorides in acetonitrile are
f 1 ] “ 7 shown inFig. 1 Azido group as a chromophore (in hydra-
N~ N N N zoic acid and alkyl azides) possesses a long-wave absorption
o RX 4 R band in the region of 250-320 nm arising frorsnm” tran-
5 % s H o sition[23,24] This transition is forbidden and therefore is of
3 CH, CH,080, 6 CH, CH,050, very low intensity € ~20 M~ cm™1). For the studied het-

eroaromatic azides, this band is masked by the two-order
Scheme 1. more intense n+ bands of heteroaromatic nuclei and, also,



72

6x10°
5x10°

4x10"

e/ M'em’”

3x10"
2x10°

1x10° -7

200

Amm

Fig. 1. The electronic absorption spectra in MeCN: (1) 4-azidopyridije (
(2) 4-azidopyridinium hydrochloride2}, (3) 4-azidoquinoline4), (4) 4-
azidoquinolinium hydrochloridebj.

in azidoquinoline, by ther—r" band of quinoline nucleus
[25,26]

Upon protonation, the long-wave absorption bands of azi-
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spectral changes observed upon irradiation of 1-methyl-4-
azidoquinolinium methylsulphaté&), Simultaneously with
the decay of the absorption bands6odt 238, 273, 314 and
331 nm, new bands at 229, 252 and 300 (shoulder) nm ap-
peared, which can be presumably ascribed to reaction prod-
ucts of nitrene and rearranged intermediates with the solvent
and with oxygen. The absorbance decay@it irradiation
wavelength (313 nm) was found to be first order over four
orders of magnitude (see insethiy. 2).

The photodissociation quantum yields of the heteroaro-
matic azides were calculated from kinetic curves according
to formula (2):

| [DQ—DOO

D, — Dw ()

} = 2.3¢¢lt,
whereDyg, Do, andDy are the initial and final optical densities
of the reaction mixture and optical density at timeespec-
tively, ¢ an absorption coefficient of azide (Mcm™1) at
irradiation wavelengthg an intensity of incident light (Ein-
steincnm2s~1), andt the reaction time (s). The values ob-

doazines increase in intensity by 1.5-2-fold and are shifted tained are shown ifiable 1 Itis seen that insertion of positive
to red from 249 to 275 nm and from 299 to 316—-331nm in charge into azide molecule results in decrease optedue;

4-azidopyridine and 4-azidoquinoline, respectiveétig( 1).

This behavior resembles that of corresponding amino-

derivatives of pyridine and quinoliq@7].
Azido group in hydrazoic acid is known to be protonatedin
superacid solutions with formation of aminodiazonium ion,

for example, quantum yield decreases from 0.83 to 0.22 (in
MeCN) on going from 4-azidopyridinel) to hydrochloride
(2). A somewhat less decrease of thevalue is observed
upon protonation of azidopyridine in ethanol and upon pro-
tonation or alkylation of azidoquinoline. And it should be

H2N—N2*; in the gas-phase protonation, the iminodiazenium noted that in all cases, the charged azides remain photoactive

ion, HNNNH*, can be also forme{28]. The protonation

(¢ >0.1). Thus, photochemical properties of derivatives of 4-

of azidopyridine and azidoquinoline takes place definitely at azidopyridine and 4-azidoquinoline differ appreciably from
endocyclic (“azine”) nitrogen atom; the spectra of protonated those of 9-(4azidophenyl)acridine, where insertion of pos-

azidoazines coincide with those fmethylated ones.
During irradiation at long-wave absorption bands, all
azides rapidly decomposed. As an exampligy. 2 shows
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Fig. 2. Spectral changes upon irradiation (313nm, Hg lamp) of
1.85x 10~° M solution of 1-methyl-4-azidoquinolinium methylsulpha (

in MeCN, irradiation time (s), (1)—(8): 0, 5, 14, 27, 44, 66, 97, 210; light in-

tensity 2.7x 10~ Einstein cnm2s1. Inset: (1) absorbance decay at 313 nm

and (2) semilogarithmic anamorphosis of the kinetic curve.

itive charge resulted in two-order decrease of quantum yield
(see above).

To explain the effects observed, the structures of azides in
the ground (§) and lowest excited singlet {pstates were
calculated by different quantum-chemical methods; the data
obtained are shown iMable 2 One can see that in compari-
son with ab initio and DFT methods, PM3 overestimates the
charge at terminal nitrogen atoms; nevertheless, all methods
predict positive charge in the ground state even in the neutral
azides. And all methods predict essential increase of charge
upon protonation, for example, in cati@rmas compared with

Table 1

Dissociation quantum yields) for 4-azidopyridine and 4-azidoquinoline
and derivatives (irradiation by Hg arc lamp, 254 nm for azitie®, 3, and
313 nm for azided, 5, 6, error+20%)

Azide solvent 1)

1 MeCN 0.83
1 MeCN/EtOH (1:1) 0.40
1 EtOH 0.35
2 EtOH 0.23
2 MeCN 0.22
3 MeCN 0.27
4 MeCN 0.49
5 MeCN 0.37
6 MeCN 0.36
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Table 2

Selected optimized parameters for heterocyclic azides in the grow)d (S
and lowest excited singlet {Bstates: N-N bond length () and bond order
(p), NNN valence angledgynn) and Mulliken chargeZn) on the terminal
group N (cations2, 3, 5, and6 were calculated without counterions)

Azide State r(A) p Onnn ©) Zn (8 Method
1 S 127 135 1695 a0 PM3
124 124 1742 @7  HF/6-316
125 128 1724 @2  MP2/6-31G
124 136 1723 @1  B3LYP/6-31G
S 135 1.02 1334 -003 PM3
2 S 130 1.18 1688 85 PM3
127 1.08 1721 B9  HF/6-31G
126 125 170.4 84  B3LYP/6-31G
S 141 087 1281 09 PM3
3 S 130 119 168.4 64  PM3
S 140 0.88 129.3 08 PM3
4 S 127 134 1693 @i PM3
S 135 1.08 1379 -005 PM3
5 S 130 119 168.6 85  PM3
S 142 0.89 134.4 07 PM3
6 S 130 119 168.7 84  PM3
S 141 092 1349 07 PM3

azidel charge increases from 0.40 (0.21) to 0.55 (0.34), PM3
(B3LYP/6-31G) data.

In the lowest excited singlet state, theN bond is elon-
gated by about 0A, the NNN valence angle is reduced by
about 35, and the charge at terminal nitrogen atoms de-
creases by about 0.d%Table 9. These changes are defined
by the nature of molecular orbital (MO) that is filled in the
S; state. In the case of photoactive azides, this is an orbital
of definite structure, namelyy\-MO, which is localized on
the azido group and is antibonding in respect to theNi
bond[11]. As an examplekig. 3 shows the structure of the
frontier molecular orbitals for 4-azidoquinolind)(and 4-
azidoquinoliniumion%): the highest occupied MO (HOMO)
and the lowest unoccupied MO (LUMO) for theg State, the
lowest semioccupied MO (LSOMO) and the highest semioc-
cupied MO (HSOMO) for the Sstate. In the both azides, in
the ground state both HOMO and LUMO atietype MOs
localized mainly on the quinoline nucleus with some contri-
bution by the atomic orbitals of azido group; in the Sate,
theoyy-MO is LUMO + 1 in neutral azidé and LUMO + 2
in cation5. However, upon excitation to the State, as a re-
sult of relaxation, the-{,-MO is occupied instead of LUMO
in both the neutral and cationic compounBgy( 3). Depopu-
lation of --HOMO, which becomes LSOMO in the State,
and population of-MO, which becomes HSOMO, results
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Fig. 3. Structure of the frontier molecular orbitals (MOs) for (a) 4-
azidoquinoline 4) and (b) 4-azidoquinolinium iorbj: the highest occupied
MO (HOMO) and the lowest unoccupied MO (LUMO) in thg Sate, and

the lowest semioccupied MO (LSOMO) and the highest semioccupied MO
(HSOMO) in the $ state.

in the first case, the antibonding,,-MO is filled upon exci-
tation, whereas in the latter case, #{g,-MO remains empty

[5]. Nevertheless, protonation (alkylation) of azidoazines
studied results in some decrease of quantum yield. Appar-
ently, positive charge of aromatic nucleus increases the bar-
rier of azido group dissociation reaction. The higher level ab
initio or DFT scanning the potential energy surface should

inthe above structural changes: electron density transfer fromanswer this question. Moreover, one should not exclude the

aromatic nucleus to azido group, bending of this group and
weakening of the NN» bond.

Thus, the photoactivity of positively charged deriva-
tives of 4-azidopyridine and 4-azidoquinoline X0.1)
in contrast to the photoinertness of derivatives of 9-(4
azidophenyl)acridineg(< 0.01) is explained by the fact that

possibility that in protonated (alkylated) azides, additional
channel arises for dissipation of excitation energy.

The decrease of quantum yield fbion going from ace-
tonitrile to ethanol Table 1) can be explained as follows.
Being comparatively strong organic base, pyridine nucleus
is known to form hydrogen-bonded complexes with solvent
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moleculeqg29]. H-bond is strengthened in the State, since [4] W.T. Borden, N.P. Gristan, C.M. Hadad, W.L. Karney, C.R. Kemnitz,
pyridine compounds become much more basic on excitation _ M.S. Platz, Acc. Chem. Res. 33 (2000) 765. _
[30] (the basicity increase can reach 7—8 orders of magni— [5] M.F. Budyka, N.V. Biktimirova, T.N. Gavrishova, O.D. Laukhina,
tude): the limiti . full ton t fer. Thi . Mendeleev Commun. 14 (2004) 119.

E‘ e)’ e Im' Ing case ch’ a lull proton transter. . 1S .glves 6] M.F. Budyka, M.M. Kantor, R.M. Fatkulbayanov, Khim. Geterotsikl.
rise to a positive charge increase on the endocyclic nitrogen = sped. (1997) 1504.

atom and results in retardation of dissociation reaction. Con- [7] A. Reiser, R. Marley, Trans. Faraday Soc. 64 (1968) 1806.

Sequenﬂy’ the;vajue forldecreases on going from MeCN to [8] V.Y. Pochinok, V.A. Smirnov, S.B. Brichkin, L.F. Avramenko, L.I.

MeCN/EtOH mixture and further to EtOH, becoming closer mt::a'zrj"zoc(;{iggs”zgoé Il.A. Olshevskaja, V.N. Skopenko, Ukr.

to that for protonated aZIC%(TabIe J) [9] M.W. Geiger, M.E. Elliot, V.D. Karacostas, T.J. Moricone, J.B.
Salmon, V.C. Sideli, M.A.S. Onge, Photochem. Photobiol. 40 (1984)
545.

4. Conclusion [10] M.F. Budyka, T.S. Zyubina, M.M. Kantor, Russ. J. Phys. Chem. 74
(2000) 995.

. . 11] M.F. Budyka, T.S. Zyubina, J. Mol. Struct. (Theochem) 419 (1997
Thus, experimental and theoretical results presented here! ] 191 y y ( ) (1997)

in Cpmbinationwith ourearli_e_rwork, allow usto drawthe fol-  [12] R.P. Wayne, Principles and Applications of Photochemistry, Oxford
lowing conclusion. The positive charge of aromatic nucleus University Press, Oxford, 1988.
influences the photochemical properties of aromatic azide,[13] S. Kamiya, Chem. Pharm. Bull. 10 (1962) 471.
the effect depends on the size of azide molecule [14] H. Sawanishi, T. Hirai, T. Tsuchiya, Heterocycles 19 (1982) 1043,
: . ) : 2071.
In Sma” azides, with 1-2 aromatlc nuclei, pOSItI\'/e chgrge 15] H. Sawanishi, T. Hirai, T. Tsuchiya, Heterocycles 22 (1984)
results in some decrease of azido group photodissociation ~ 1501,

quantumyield in comparison with the neutral analogue, quan-[16] H. Sawanishi, K. Tajima, T. Tsuchiya, Chem. Pharm. Bull. 35 (1987)

tum yield remaining rather higho¢>0.1). The decrease ap- 3175. _ _
pears to be connected with increasing barrier for electron [17] 4Aé\g Eltsov, A. Hanchmann, N.I. Rtischev, Zh. Org. Khim. 8 (1977)
density transfer from aromatic nucleus to azido group. [18] M. Tanno, S. Kamiya, Chem. Pharm. Bull. 27 (1979) 1824.

In large molecules, with 4 and more aromatic nuclei, pos- [19] 7. Itai, S. Kamiya, Chem. Pharm. Bull. 9 (1961) 87.
itive charge leads to the loss of photoactivity, photodissocia- [20] S. Kamiya, Chem. Pharm. Bull. 10 (1962) 669.
tion quantum yield of charged azide decrease by 2 and moref21] J.J.P. Stewart, J. Comput. Chem. 10 (1989) 208, 221.
orders of magnitudes< 0.01) in comparison with the neutral [22] M.J. Frisch, G.W. Trucks, H.B. Schlegel, P.M.W. Gill, B.G. Johnson,

hotoactive analogue. In the photoinert azides. the antibond- M.A. Robb, J.R. Cheeseman, T. Keith, G.A. Petersson, J.A. Mont-
p v gue. p ! Zl ! I gomery, K. Raghavachari, M.A. Al-Laham, V.G. Zakrzewski, J.V.

ing O'TQN'MO remains empty in the. |0W9$t excited Singl_eIXS ' Ortiz, J.B. Foresman, J. Cioslowski, B.B. Stefanov, A. Nanayakkara,
state, in contrast to the photoactive azides, where this orbital M. Challacombe, C.Y. Peng, P.Y. Ayala, W. Chen, M.W. Wong, J.L.
is filled in the § state. Andres, E.S. Replogle, R. Gomperts, R.L. Martin, D.J. Fox, J.S.

Binkley, D.J. Defrees, J. Baker, J.P. Stewart, M. Head-Gordon, C.
Gonzalez, J.A. Pople, GAUSSIAN 94, Revision D.1, Gaussian, Inc.,
Pittsburgh, PA, 1995.
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