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The reduction of dipyridil[3,2a:2'3'-c]phenazine, dppz, by
pulse radiolytically generated g, or by the reaction of the
dppz excited states with electron donors produces the radical
dppzH. The dimer radical, (dppzii®, exists in equilibrium
with dppz with an association constakt= 10°* M~*. The

rate constant for the reaction of dppzWlith dppz isk =

4.3 x 10° M~1 s71, DFT calculations on the structures of
dppzH and the doubly reduced and doubly protonated
dppzH rendered a planar structure for the former species
and a bent one for the latter.

Interest in dipyridil[3,2a:2'3'-c]Jphenazine, dppz, has been
motivated by the intercalation of dppz, free and complexed to
transition metals, in DNA and the differences between the

photophysical and photochemical properties when they are free

or intercalated:” In addition to photopysical and photochemical
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FIGURE 1. Spectra of the products formed in the elctrochemical and
phtochemical reduction of dppz. The spectrum in (a) corresponds to
the product formed when 3.8 104 M dppz in CHCN is reduced
over a Pt working electrode. Transient spectra, (b), recorded with
different delays from the 351 nm laser flash irradiation of 2075 M

dppz and 0.93 M TEOA in CKCN.

work, some studies have been concerned with the reduction
products of dpp2:® Theoretical calculations have shown that
the added electron in the radical anion, dppzan be localized

in different sectors of the molecuté. These sectors have been
identified as an antibonding orbital,;(phz) placed in the
phenazine region and two orbitals(W) and a(y), localized

In the bipyridinic region of the ligand. The former orbital is
generically described as “the redox orbital”, while the latter
orbitals are denominated “optical orbitals”. Despite the work
done on the radical anion produced by the electrochemical
reduction of dppz, the formation of oligomers by reaction of
the radical anion with dppz has not been investigated. We
communicate here the formation of such an oligomer, (dppz)

in ground- and excited-state reactions of dppz.
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Spectroelectrochemical experiments were carried with de-
aerated 3x 104 M solutions of dppz in acetonitrile. The
spectrum of the reduced dppz, Figure la, was in very good
agreement with a literature spectrum assigned to dpz
However, the dependence of the spectrum on dppz concentra-
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tion, comunicated elsewhere in the text, demonstrates that this 0.03
is the absorption spectrum of a dimer radical.
The 351 nm flash irradiation of deaerated solutions containing

2 x 107> M dppz and 0.93 M triethanolamine, TEOA, in &
methanol or acetonitrile produced excited states that readily Jre
reacted with TEOA, Figure 1b. This reaction of the dppz excited oo2f !
state, dppz*, with TEOA to produce the dppaziddical is shown u""?
in egs 1 and 2.

t, us

s .
T dppZz” + TEOA™ (1) ! .§
0.01 ; {:\. Del5ay
_ - _ . o, o 5pus
dppZ” + BH="dppzH + B (2) E .___,\.5.\ .
This spectrum in Figure 1b and the spectrum of related '.‘:}:\ —®—T75us
phenazine radicals, e.g., the 1,10-phenanthrolinekadical, AT $2g00ste0
exhibit shared spectroscopic featut&s3 Because of the strong , : L L s ! .
base character of these anion radicals, the spectrum must be 400 450 500 550 600 650
assigned to the dppzHadical. The strong base character of A, nm

anion radicals related to dppzhas been well established in
the literature report&:14.15|n the reaction media used in our FIGURE 2. Transient spectra recorded when adaturated, 1M

: : ; dppz solution in methanol was pulse radiolyzed. An oscillographic trace
experiments, the protonation by any proton donor, i.e.,-BH . h b X .
methanol and/or TEOA in eq 2, it is expected to be too fast, in the inset shows the association of the dppedlical with dppz.

dppzﬂ dppz*

and it cannot be kinetically decoupled of the eq 1. after the completion of the eq 3, i.¢.> 1.0us, became more
To confirm the nature of the species observsed in the already evident with dppz concentration. While the spectral changes
described flash photolysis experimentsx210™> M dppz in were insignificant in the 16 M dppz solution, the formation
N, saturated methanol was reduced with pulse radiolytically of the reaction product was easily observed with the31d
generated &, eq 3. solution of dppz, Figure 2. These spectral changes are accounted
~ CH.OH by the formation of the species with the spectrum recorded in
dppzi dppZ”~ ik anke dppzH + CH,0~ ©) the electrochemical experiments in a proportion that increases

with dppz concentration. Moreover, the kinetics of the spectral
An absorption band at 400 nm in the spectrum of the product, changes at 400 and 470 nm, Figure 2, are in accordance with a

Figure 2, was identical to the one observed in flash photolysis, félaxation of the equilibrium in eq 4.
Figure 1b. This observation showed that the same radical dppzH

k
was formed in the photochemical and radiolytic reductions of dppzH + dppz—-k—~1 (dppz)H° 4)
dppz. The redox potentials of the couples OHH"/C*H,OH, 2
E?=—0.92 Vvs NHE, and dppz/dppz E° = —1.0 V vs NHE, Based on the kinetics of the spectral change in solutions

show that (t)he reduction of the dppz byHzOH has a Gibs free ¢ aining respectively, 16 and 104 M dppz, i.e., processes
energyAG” > 0. In accordance with the endoergonicity of the  g5teq {0 the association equilibrium in eq 4, the calculated
reaction, no transient spectrum indicative of a reaction between o quilibrium constant i — kyfk, = (1.1 4 0.3) x 10° M
C._HZOH and dppz was ok_)served in pulse radioly_sis exper_injents and the rate constant of the associatiokjis= 4.3 x 10° M1
with NO-saturated solutions ‘Ejdpp_zl- An extinction coefficient g1 The same value for the equilibrium constant was calculated
for dppzH, €apo~ 1.0 x 10° M~ cm™, was calculated onthe ¢ the dependence of the spectral change at 470 nm on the
basis of the absorbance change at 400 nm and the concentratioq,,, concentration. On the basis of the value of the equilibrium
of dppzH estimated on the basis of the dosimetry. . constant, concentrations equal to or larger thanx1.003 M

The pronounced differences between the spectra recorded in, required to have more than 50% of the (dpigzjadical in
the reduction of dppz by electrochemical and flash photochemi- equilibrium with dppzH. The observation of the (dpp#)*
cal means could also be attributed to the formation of oligomers, spectrum in spectroelet.rochemical experiments, i.e., in Figure
(dppz), wheren > 1. Since changes in the UWis spectrum 15 " nyqt also fulfill this condition. The dppz concentration in

; . ;
with dppz concentrations equal to or less than 20 *M obey 6 yicinity of the electrode must be, threfore, equal to or larger
Beer’s law, no oligomers were formed in the solutions used for than 1.0x 102 M. An equilibrium constantk = 1 x 1C°

Fhis W.Ork' Th_e associatic_m Of. the dpp’zfadical _With dppz was . M™1, accounts for the photoinduced spectral changes in Figure
investigated in pulse radiolysis experiments with a concentration 1, The value oK also suggests that literature ESR and Raman
of dppz between 1T and 10° M. Spectral changes followed  g0ca of the reduced dppz may have been recorded under
conditions where the dimer (dpp#yr achieved significant
concentration$?
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SCHEME 1
+ CH;0H
CH;0 "+ H' C'H,OH + CH;0H

H
T+ ot + CH;0H

v CH;OH®" + e + CH;0 +H'

l‘FNzO

C'H,OH + N, +OH"

troelectrochemical measurements were made by modulating the
electrode potential at 11 Hz around the potential of the appropriate
CV wave. Reflected light with the spectroscopic information was
demodulated with a lock-in amplifier.

Pulse-Radiolytic Procedures.The instrument for the pulse
radiolysis experiments and the computerized data collection for
. time-resolved UV~vis spectroscopy and reaction kinetics have been

Indeed,_ a plot Of. the reC|prc_)caI of the absorbance change, yescrined elsewhere in the literatd?e? The liquids were deaerated
1/AA, vs time was linear. A ratio,Kes00 = (2.6 £ 0.2) x 194 with streams of the @free gas, N, or N,O, that was required for
cm s, of the decay rate constantk2to the extinction  the experiment. These studies have shown that pulse radiolysis can
coefficient, e400, at 400 nm was calculated from the slope of be used as a convenient source of.,eand CH,OH radicals,
the line. To calculate the decay rate constaktx22.8 x 1C? Scheme 2325
M~1 s71 2kleq00 was multiplied by the value o&s00 com- Since €5 and CHO, Hf/C'H,OH have, respectively, the
municated above. The value of the rate constant is close toreduction potentials-2.8 V vs NHE and—0.92 V vs NHE, they
values communicated in the literature for the decay rate constantd'® frequently used for the reduction of organic and inorganic
of the 1,10-phenanthroline radical, 222 1(° > 2k > 0.5 x comp_ounds and for the initiation and study of fazs_t electron-transfer
10° M~1 s 11 and may likewise approach the diffusion limit. reactions. The yield of gy in CH;OH (G. 1.172 is about one-

. ) ; . third of theG value in the radiolysis of kO (G. 2.8)]%° In solutions
On the basis of the iy, of related azine radical anions, the where €, was scavenged with O, the CH,OH radical appears

protonation of the radical anion, eqs 2 and 3, is highly probable ( pe the predominant product (yiell 90%) of the reaction
under our experimental conditiof!°Our calculations of the  petween CHOH and O

structure and electronic spectroscopy of the one- and two- Computational Details. Density functional theory (DFT) was
electron-reduced species in acetonitrile are in accordance withused to calculate the structure and stability of the dppz radical anion,
this proposition. They show that protonation of dppan N(5) its protonated form, dppztiand the diprotonated form of the doubly
produces a species ca. 30 kJ/mol more stable than the speciegduced anion, dppz-Geometries were initially optimized at the
protonated on N(1) with the latter being ca. 30 kJ/mol more Hartree-Fock level using a small split-valence basis, HF/3-2¢G.

stable than the radical anion. Our calculations also show that Structures were then refined in DFT calculations with the gradient-
. ) . corrected hybrid B3LYP functiondf, using first the heavy-atom
the electronic spectrum of the species protonated on N(5) shows olarized, split-valence 6-31G* bagisand later with a more

Fhe best agrgemgnt with the Spectrum. of the tr.anSIentS Qbserve‘ﬁexible basis of triple¢ quality augmented with diffuse functions
in pulse radiolysis and flash photolysis experiments. Different ¢ the heavy atoms, 6-3#1G(d,p)2° The effect of the solvating
structures were calculated for the dppzhbllcal and the twice medium was recovered emp|0ying the IEFPCM variant of the
reduced and protonated dppzbpecies, Figure 3. While the  polarized continuum approaéh.At the optimized geometries,
former is planar, the species produced by the addition of an vertical excitation energies were calculated with time-dependent
electron and a proton to the dppzkhdical is stabilized in a DFT and a basis set that included diffuse functions on the heavy

bent configuration when the protons are on N(5) and'N(5
Isomers of dppzkiwith protons on N(1) and N(5) or N(1) and (19) Lezna, R. O.; Juanto, S.; Zagal, J. HElectroanal. Chem1993

, ; : 389 197.
N(5') are ca. 63 kJ/mol less stable than the isomer with protons (20) Hugh, G. L.: Wang, Y.: Schich, C.: Jiang, P.-Y.: Fesenden, R.

on N(5) and N(5. W. Radiat. Phys. Chen1999 54, 559.

(21) Feliz, M. R.; Ferraudi, Ginorg. Chem.1998 37, 2806.

(22) Buxton, G. V.; Greenstock, C. L.; Hellman, W. P.; Ross, A. B;
Tsang, W.J. Phys. Chem. Ref. Datt988 17, 513.

Flash Photochemical ProceduresAbsorbance changed\A, (23) Getoff, N.; Ritter, A.; Schworer, fRadiat. Phys. Chen1993 41,

occurring in a time sgale longer than 10 ,ns were investigated at (24) Dorfman, L. M. InThe Sadated Electron in Organic LiquidsSould,
room temperature with a flash photolysis apparatus describedr F. 'Ed.; Adv. Chem. Series; American Chemical Society: Washington,
elsewheré$ In these experiments, 10 ns flashes of 351 nm light DC, 1965.

dppzH,

FIGURE 3. Calculated structures for the planar dppzeidical and
the bent doubly reduced dppzidpecies.

Experimental Section
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and ac voltammetries have been described elsevifigfeSpec- (27) Becke, A. D.J. Chem. Phys1993 98, 5648.
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atoms (6-3%G*). The solvent used was acetonitrile. All calcula-
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have affected the experimental results. The 250 MHz dpf’s

tions were spin-unrestricted and conducted with the Gaussian 03NMR in CD3CN exhibited the following resonances: H(standard

series of program¥.

Materials. The dppz and 1,10-phenanthroline-5,6,-dione were
prepared by a literature proceddfe3* The melting point, the UV
vis spectrum, and the half-wave potential of the dppz/dppauple,
Ei, = —1.19 V vs Ag/AgCI/KCl,; were all in good agreement
with those communicated in the literature repdit&urthermore,
the 'H NMR spectra of the samples used for the photochemical
work indicated that they were free of major impurities which could

(31) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J,;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian
03, revision B.04; Gaussian, Inc.: Wallingford, CT, 2004.

(32) Hiort, P.; Lincoln, B.; Norde, B. J. Am. Chem. Sod993 115
3448.

(33) Dickeson, J. E.; Summers, L. Aust. J. Chem197Q 23, 1023.

(34) Bates, W. D. Ph.D. Dissertation, University of North Carolina at
Chapel Hill, Chapel Hill, NC, 1995.

solvent signal) 9.597 (H4, dd), 9.203 (H2, dd), 8.366 (H6, dd),
8.004 (H7, dd) and 7.867 (H3, dd) with the proton numbering given
in the Introduction. To verify that the results were not affected by
impurities that remained undetected with the previous analyses,
samples of the dppz, already purified by recrystallization according
to the literature procedure, were sublimated under vacuum, i.e.,
~0.2 g sublimated at- 443 K under a pressure f0.027 Torr.
The pale yellow material and the material purified only by
recrystallization showed the same BVis spectrum and insignifi-
cant differences in their photophysical properties.

Other materials were reagent grade and used without further
purification.
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