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Electron-transfer interconversion between the four-electron oxidized form of a quaterpyrrole (abbreviated as

P, for four pyrroles) and the two-electron oxidized forfukl,) as well as betweeR,H, and its fully reduced
form (P4H,) bearing analogous substituents in theand-pyrrolic positions was studied by means of cyclic
voltammetry and UW-visible spectroelectrochemistry combined with ESR and laser flash photolysis
measurements. The two-electron oxidized folPah,, acts as both an electron donor and an electron acceptor.
The radical cation”;H>*) and radical anionR;H>"~) are both produced by photoinduced electron transfer
from dimeric 1-benzyl-1,4-dihydronicotinamide faH, whereas the cation radical form of the compound is
also produced by electron-transfer oxidationRafH, with [Ru(bpy}]®". The ESR spectra dP4H,"t and
P,H>~ were recorded at low temperature and exhibit spin delocalization over all four pyrrole units. Thus, the
two-electron oxidized form of the quaterpyrrole,{,) displays redox and electronic features analogous to

those seen in the case of porphyrins and may be considered as a simple, open-chain model of this well-

studied tetrapyrrolic macrocycle. The dynamics of deprotonation Rgh3*™ and disproportionation d?;H,

were examined by laser flash photolysis measurements of photoinduced electron-transfer oxidation and reduction

of P4sH, respectively.

Introduction provide the less-stable fully reduced form of the pyrrole
represented aBsHg.

We have also applied the enolate coupling, 1,4-dicarbonyl
cyclization method to obtain odd-numbered oligopyrréfeEhis
made it feasible to explore the electron-transfer properties of
the fully reduced bi-, ter-, and quaterpyrrol&sKl,, PsH3, and
P4H 4, respectively) bearing analogous substituents irtend
B-pyrrolic positions. This was done in a recent publication where
we analyzed redox potentials and effective conjugation pathways
as a function of subunit number and chain length by means of

Open-chain oligopyrroles have attracted increasing attention
recently as potential building blocks for new types of porphyrins
and related macrocycles, as well as for applications running the
gamut from materials science to drug developniehtAmong
the various known systemg;substitutedo-linked oligomers
are of particular interest because thgyrrolic substituents
provide the solubility necessary for both initial characterization
and subsequent manipulation and use. However, until recently,

rglanvely elaborate mqltlstgp synthese; were requ[red o Obtalncyclic voltammetry, ESR and UVvis spectroelectrochemistty.
higher order open-chain oligopyrroles (i.e:Jinked oligomers : i
A comparison ofEj; values for the first one-electron

containing more than three pyrroles). This has limited their . .

application in synthesis and has precluded detailed investigationsacl;g[;a\clt'On f(rjom thte b|pyrr|(;9|_2|H2 éld;gf?\/v)’ terpﬁ"?'?ﬁrfh
of their electronic, electrochemical, and spectroscopic properties( ) )’. and quaterpyrroley a ( L ) reveale at the
and hence fundamental comparisons to porphyrins and Otherlongerollgopyrroles are easier to oxidize, as would be expected

well-studied tetrapyrrolic macrocycles to which they might be given the potentla}lly longer con]ugatlon.pathways that such
expected to bear analo§y!® Recently, however, we have systems can prodeé._Ir_] the context of this study, we found
developed improved syntheses/tubstituted quaterpyrroles that PsH, could be @;}'d'ﬁed by two eIe_ctrons ancli two protons
(abbreviated a®4H, for four pyrroles and two protons) that to g(_aneratePﬁg, with the correspondmg one electron Inter-
involve the oxidative homocoupling of bipyrrotél” The initial mediate,P,H4™, being chair7acter|zed by Uwisible speciro-
P4H> product of this coupling is the two-electron oxidized form electrochem|_stry n Chc.lz' .
of the quaterpyrrole, which is a relatively stable species that The chemical reductidf of P4H; to PsH4 and its electro-
may easily be reduced chemically or electrochemically to chemical qmdatloi':? back toPsH2 is similar to the two-proton
tranformations that accompany the electrochemical reduction
* Corresponding authors. K.M.K.: fax, (713) 743-2745; tel, (713) 743- of porphyrinsi® This led us to consider th&H, might serve

2741; e-mail, kkadish@uh.edu. S.F.,: e-mail, fukuzumi@chem.eng.osaka- @S an open-chain, electronic model for porphyrins. To explore
uacjp. J.L.S.: fax, 1 512 471 7550; tel, 1 512 471 5009; e-mail: this analogy more fully, we have now carried out a detailed

Se?&%ﬁgﬂ"lgfﬁsﬁ%ﬁ analysis of the two-electron reductioRsH,—P4H,4) as well as
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10.1021/jp0766306 CCC: $40.75 © 2008 American Chemical Society
Published on Web 01/25/2008



1634 J. Phys. Chem. A, Vol. 112, No. 7, 2008 Zhang et al.
SCHEME 1

EtOOC P4H, COOEt EtOOC P4H, COOEt

troscopy. We have found that electrochemical conditions under Nd:YAG laser (Continuum, SLII-10,46 ns fwhm) at 355 nm.
which the initial two-electron oxidized form of the quaterpyrrole The resulting time-resolved transient absorption spectra were
(P4H2) could be converted into its fully oxidizel, form or its then measured by using a continuous Xe-lamp (150 W) and a
fully reduced formP4H, (cf. Scheme 1 for overall two-electron  photodiode (Hamamatsu 2949) as the probe light and detector,
transfer and protonation/deprotonation reactions). We have alsorespectively. The output from the photodiode and the photo-
examined the dynamics of deprotonation frdpH** and multiplier tube was recorded using a digitizing oscilloscope
disproportionation oP4H>*~ by laser flash photolysis measure- (Tektronix, TDS3032, 300 MHz).
ments of photoinduced electron-transfer oxidation and reduction Theoretical Calculations. Density functional calculations
of P4H», respectively. In both cases, the relevant one-election were performed with Gaussian03 (Revision C.02, Gaussian,
intermediates could be characterized at several different pro-Inc.y?2 using the spin-restricted B3LYP functional for the open-
tonation states. Thus, this study provides the full characterizationshell molecule on an eight-processor QuantumCube developed
of redox and acietbase intermediates in redox reactions of the by Parallel Quantum Solutiors.
open-chain quaterpyrrole (Scheme 1).

Results and Discussion

Experimental Section Electrochemistry and Spectroelectrochemistry in CHCl».

Chemicals.Anhydrous dichloromethane (GHI,) was pur- The two-electron oxidized form of the quaterpyrrofH,,
chased from EMD Chemical Co. and used as received without undergoes two irreversible oxidations and three reductions in
further purification_ Tetrm_buty|ammonium perch|orate (TBAP) CH.Cl,, the first two of which are also irreversible, as illustrated
was purchased from Sigma Chemical or Fluka Chemika Co., in Figure 1. Similar currentvoltage curves and peak potentials
recrystallized from ethyl alcohol, and dried under vacuum at were obtained by regular and thin-layer cyclic voltammetry
40°C for at least 1 week prior to use. Trifluroacetic acid (TFA) (CV) The irreversible nature of the first oxidation and first
was purchased from Fluka Chemika Co. Tetrautylammo- reduction processes are consistent with the products of these
nium hydroxide (TBAOH) was purchased from Sigma-Aldrich €lectron-transfer reactions being unstable on the cyclic volta-
Chemical Co. 9-Mesityl-10-methylacridinium perchlorate ([Aer mmetry time scale. However, as will be shown in the following
Mes]CIO,~) was purchased from Tokyo Chemical Industry Section, the singly oxidized and singly reduced form®gi,
(TCI) Co., Ltd. The dimeric 1-benzyl-1,4-dihydronicotinamide, could both be characterized by ESR spectroscopy after being

(BNA),, was prepared according to the literatit€? The producedn situusing chemical means. In addition, it was found
oxidized and reduced forms of quaterpyrrole were prepared asthat many of the electron-transfer stepsRaH; are coupled
described previously. with protonation events.

Instrumentation. Cyclic voltammetry was carried out with Nonetheless, the global processes involving the addition or

an EG&G Princeton Applied Research (PAR) 173 potetiostat/ abstraction of electrons and protons were in all cases reversible
galvanostat. A homemade three-electrode cell was used forunder the application of an appropriate oxidizing or reducing
cyclic voltammetric measurements and consisted of a platinum Potential. On this basis, we conclude that little or no decomposi-
button or glassy carbon working electrode, a platinum counter tion of the quaterpyrrole occurred under the electrochemical
electrode, and a homemade saturated calomel reference electrodeonditions and that, as a consequence, such methods could be
(SCE). The SCE electrode was separated from the bulk of theused to probe the interconversions betw®gli, andP4H4 or
solution by a fritted glass bridge of low porosity, which Pa.

contained the solvents/supporting electrolyte mixture.-UV To evaluate the prevailing electron-transfer mechanisms in
visible spectroelectrochemical experiments were performed with CHzClz, the products of each oxidation and reduction were

a home-built thin-layer celt that had a light transparent
platinum net working electrode. Potentials were applied and
monitored with an EG&G PAR Model 173 potentiostat. Time-
resolved U\~visible spectra were recorded with a Hewlett-
Packard Model 8453 diode array spectrophotometer. The ESR
measurements were performed on a JEOL JES-FA100 ESR

076 119

Regular CV

1.52 110 -
spectrometer. The ESR spectra were recorded under nonsat- 02 077 120 -160

urating microwave power conditions. The magnitude of modula-

tion was chosen to optimize the resolution and the signal-to- gy jayer cv
noise (S/N) ratio of the observed spectra. Thealue and

hyperfine coupling constants (hfc) were calibrated by using an

Mn2™ marker.

Laser Flash Photolysis MeasurementsMeasurements of 160 120 080 040 000 -0d0 -080 -120 -160
transient absorption spectra in the photochemical reactions of Potential (V vs SCE)
P4H, with (BNA), and Acr’—Mes were performed according  Figyre 1. Regular and thin-layer cyclic voltammograms of the two-
to the following procedure: A degassed &INs solution electron oxidized form of the quaterpyrroRyH,, in CH,Cl, containing

containing Act—Mes or (BNA), andP,H; was excited by a 0.1 M TBAP.
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Figure 2. UV —visible spectral changes observed during the first and Wavelength, nm
second electrochemical oxidations R in CH,Cl, containing 0.2 Figure 3. UV—visible spectral changes observed during the three
M TBAP. electrochemical reductions BfH in CH,Cl, containing 0.2 M TBAP.

monitored by thin-layer spectroelectrochemistry; examples of shown in Figure 2b. Again, isosbestic behavior is observed. The

the resulting UV-visible spectra are shown in Figure 2 for final oxidation product is generated-af..70 V and is assigned

electrooxidation at the indicated applied potentials. to P4, a species that is characterized by a single band at 395
Two sequential sets of spectral changes, each with isosbestiomm and no other absorption features between 300 and 1000 nm.

points, are obtained upon applying a controlled oxidizing This spectrum is shown in Figure 2c.

potential of+1.30 V. The first set of changes (Figure 2a) occurs  The electrochemical conversion BfH, to P4H, was also

from O to 120 s after application of the oxidizing potential and monitored by thin-layer spectroelectrochemistry in ;CH

is characterized by a decrease in intensity of the 500 nm bandduring controlled potential reduction at ef1.00,—1.35, and

for neutral P4H, and the appearance of a new BVisible —1.70 V, each value representing the potential position of the

spectrum with a strong absorption at 700 nm, a shoulder at 760irreversible reduction peaks shown in Figure 1. These spectral

nm and two smaller bands at 548 and 595 nm. There is also achanges are illustrated in Figure 3.

well-defined isosbestic point at 563 nm. The appearance of this  As seen in Figure 3a, controlled potential reductiorPgl»

spectrum is then followed by a second set of spectral changesat —1.00 V leads to a disappearance of the characteristic broad

that occur from 126:300 s after application of the potential as band centered at around 500 Afrand the appearance of two
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Figure 5. Spectral changes observed during the chemical one-elec-
tron oxidation of 1.66x 1074 M P4H, with [Ru(bpy)]®" in CH,Cl,.

The final spectrum was obtained after the addition of 1 equiv of
[Ru(bpy)]*".

assigned td°sH4. Thus the overall spectral changes in Figures
2 and 3 are consistent with conversion RfH, to P, upon
abstraction of two electrons and two protons and the conversion
of P4H; to P4H4 upon addition of two electrons and two protons,
as shown in Scheme 1.

The electrochemically induced conversions betwegt, and
P4H,4 or P4 lead us to suggest that the “reverse” processes,
involving reduction ofP, and oxidation ofP4H4 might also be
possible by application of an appropriate reducing or oxidizing
potential. This was indeed the case as inferred from monitoring
the UV—visible spectra as the potential in the thin-layer cell
was sequentially set at first1.70 V and then-1.70 V, and
then taken back te-1.70 V again. The final spectra obtained
at each potential at the end of each respective electrolysis step
are shown in Figure 4. Conversion between the totally proto-
nated and totally deprotonated forms of the quaterpyrrole was
carried out at least five times with no apparent loss of intensity
in the absorption bands. Of some significance is the fact that
conversion oP4H4 to P4 invariability passed througRsH», as
indicated by the appearance of a transient spectrum for this
species. However, this was not the case for conversidh tf
P4,H,4, a process that revealed no evidence RaH, as an
intermediate. Thus, the prevailing mechanism is considered to
be that given in Scheme 2.

Chemical One-Electron Oxidation of PjH, in CH,Cl,. A
chemical one-electron oxidation &;H, by [Ru(bpy}]®" in
CH,CI, gives spectral changes similar to those obtained during
the initial electrochemical oxidation &%H, (Figure 2a); these
spectra are shown in Figure 5. After adding 1 equiv of oxidizing
agent to solution, the spectrum is characterized by a major band
at 700 nm, a shoulder at 750 nm and two smaller bands at 542

Figure 4. Key spectroscopic features associated with the proposed and 587 nm. These absorptions can be compared to bands at

conversion betweeR4H,, P4, andP4H4 in CH.CI, containing 0.2 M
TBAP.

700, 760 sh, 548, and 595 nm seen for the first one-electron
oxidized product in the thin-layer cell. There is also an additional
band at 453 nm seen in the spectrum of the chemically oxidized

new bands at 332 and 708 nm. Isosbestic points are observedorm of quaterpyrrole presented in Figure 5. This band, which
at 394 and 640 nm, a finding we interpret in terms of a rapid is not due to the quaterpyrrole, is assigned to [Ru(§py)

equilibrium between two forms of the quaterpyrrole in solution.

Protonation and Spectroelectrochemisty of fHz in CHCl».

When a potential of-1.35 V is applied, the band at 708 nm The two-electron oxidized form d¢¥,H, was subject to titration
decreases in intensity and the band at 332 nm increases slightlywith trifluoroacetic acid (TFA) in CHCIy; this was done in an

(Figure 3b). Moving the potential t61.70 V (Figure 3c) leads

effort to probe the effect of protonation. The relevant spectral

to a further increase in intensity of the 332 nm band. This is changes are shown in Figure 6. After addition of 100 equiv of
the only band remaining at the end of the electrolysis and is TFA, the final spectrum is similar to that obtained during the
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Figure 6. Spectral changes seen upon the addition of TFA to aGT#solution of P4H», showing the conversion to (8yHs™ upon the addition
of ca. 100 equiv acid and to (IBH4>* after the addition of further TFA (up. to ca. 25 000 equiv).

SCHEME 2

Eapp =-1.70V

+4e, 4H*

395 nm

initial electrochemical oxidation oP4H» and is characterized  we conclude that the final protonation product produced from
by a major band at 700 nm, a shoulder at 761 nm, and two P4H; is P4H42".

smaller bands at 548 and 585 nm (Figure 6a). On the basis of On the basis of the results of the electrochemical and chemical
the slope of this line (slope 1.10), the resulting spectrum was oxidation studies, as well as the protonation experiments
assigned tdP4H3%". New spectral features are observed after described above, a proposed mechanism for the oxidation of
the addition of between 100 and 25000 equiv of TFA. In P4H, in CH,CI, was derived; it is shown in Scheme 3.
particular, two major bands are seen at 657 and 718 nm after Key features of this mechanism are that the first one-electron
such additions. These features are similar to those seen in theoxidation ofP4H; results in the formation dP,H>**, a species
spectrum recorded aftdt,H, is subject to a second electro- that is readily deprotonated to produ&H-®. This radical
chemical oxidation (Figure 2c). On the basis of this analogy, intermediate then disproportionates to yi€lgH, andP,4. The
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SCHEME 3 SCHEME 4

e —H 2
- X
PHy ——— PyH,™ PyH" P4H, + P, P4H2" PaHy™ P4H,

+e” +e”

s -€

+H*

processes become reversible, as can be seen from an inspection

of Figure 7. In any case, it is critical to note that the two quasi-

reversible electrochemical processes observed®fdr in the

P4H produced by this process is then protonated by the proton Presence of high concentrations of TFA (whePgH*" is

released fronP4H-"* to give P4Hs*, a species whose spectrum conS|d_ered the domln_an_t species) are S|mllar to those seen upon

is characterized by a band at 700 nm, a shoulder at 760 nm,reductlon ofP4H 423 This is fully consistent with the conclusion

and two smaller bands at 548 and 595 nm. that the two quasi-reversible processes in question correspond
The second oxidation oPsH, at Eqpp = +1.30 V resullts, to two one-electron processes that serve to intercoers"

after 300 s, in a shift of the absorption band at 700 to 718 nm. With PsHs, as shown in Scheme 4. _

The same type of spectral changes are observed during the The controlled potential electroreduction BfH.*" at Eqpp

titration of P4H, with TFA at higher acid concentrations (see — 0:70 V results in the formation dP,H4"", a species that

Figure 6b). Such a congruence leads us to attribute the diSplays absorption bands (887 and 996 nm) in the near-IR

absorption band at 718 nm to the formation of the same doubly "€gion and is chgracterlzed by the.absence of an absorption band

protonated specieB,H.2", that is formed upon protonation of &t 718 nm ascribable t8,H.** (Figure 8a). The NIR bands

PHst. due to P4H4_1'+ are S|gn|_f|cantly_red-sh|fted as compared with
At the relatively high electrode potential of 1.70 V vs SCE, those of bipyrrole radical cations (568600 nm);>* due to

even the doubly protonated speci®sH.2*, can be oxidized. delocalization of ther elect.ron dens.lt)_/ over four pyrrole uni&.

This gives rise to the four electron oxidized form of the At Eapp=0.70 V,P4H4*" is not oxidized but reduced to give

P4Hs*

quaterpyrroleP, (two electron oxidized relative t®4H-), a PsH4. However, PsHg " is oxidized back toP4H4*" upon )
species that has no absortion bands in the-3@DO nm region ~ ¢hanging the applied potential from 0.70 to 1.10 V. This
(Amax = 395 nm). disparity, though initially surprising, illustrates the effect that
In the presence of high concentrations of TFA, conditions Protonation can have on the redox chemistry of quaterpyrrole.
under whichP4H» is converted tdPsH 42t the electrochemical 718
0.24
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Figure 8. Spectral changes observed whsiH,>" is subject to an
electrochemical (a) reduction Btp, = 0.70 V and (b) reoxidation at
Figure 7. Cyclic voltammograms ofP4,H, recorded in CHCI; 1.10 V vs SCE in CKLCI; containing 0.2 M TBAP and 600 molar equiv
containing 0.1 M TBAP in the presence of 0 to ca. 3685 equiv of TFA. of TFA relative to the quaterpyrrole.

Potential (V vs SCE)
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Figure 9. UV—visible spectral changes observed upon the addition CONH,
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x2 dictated by experimental considerations), it was believed to

produce an analogous intermediate. In fact, photoinduced
Deprotonation of P4H4 in CH,Cl,. To investigate the electron transfer from the excited state of (BNAQ P4H» is
product of the first one-electron reduction BfH,, a base, thought to produce both (BNA) andPsHz~, an initial reaction
tetrabutylammonium hydroxide (TBAOH), was added to a that was expected to be followed by facile-C bond cleavage
CH,ClI, solution of P4H4. Under these conditions, a spectrum of (BNA)y** to produce BNA and BNA".2° Because the
similar to that produced during the first reductionRyH, was oxidation potential of BNA(—1.1 V)**is more negative than
obtained as shown in Figure 9. It is thus concluded that the oxidation peak potential &;H (Figure 1), electron transfer
deprotonation oP4H,4 results in formation oP4H3~, a species from BNA- to P,H, was expected to occur efficiently to produce
that is characterized by absorption bands at 320 and 708 nm.BNA™ andP4H>*~. Thus, (BNA) should act as a unique two-
On the basis of the above findings, the reduction chemistry electron donor to produce two equivalents of the radical anion
of P4H, can be summarized as shown in Scheme 5. The first P4H2*~ (Scheme 65§° AlthoughP4H2*~ is not stable on the CV
reduction results in formation ¢;H,*~, a species that dispro-  time scale at 298 K as indicated by the irreversible nature of
portionates to yieldP;H, and P4H3~. The disproportionation  the oxidation peak oP4H; (seen in Figure 1), photoirradiation
reaction in Scheme 5 could be directly monitored by laser flash of a CH,CI, solution ofP4H, and (BNA), at a low temperature
photolysis measurements for the photoinduced electron-transfer(193 K) allows the ESR spectrum BfH*~ to be detected under
reduction of P4H,, as describled in later sections of the the steady-state conditions as shown in Figure 10aghzdue
manuscript. As a result of these follow-up reactions, the first of P4H>'~ is determined as 2.0036. This is larger than the free
cathodic peak seen in Figure 1 is irreversible. spin value (2.0023). Such a finding is consistent with spin
The second one-electron reductionRaH; at Expp= —1.35 orbit coupling due to electron spin at the nitrogen atoms, which
V (Figure 3b) produces little change in the absorption band at often display large spinorbit coupling constant®. The hy-
332 nm (position or intensity). However, the band at 708 nm perfine splitting is not well resolved. However, the observed
band essentially disappears. As a result, the finaHuigible ESR spectrum is consistent with the computer simulated
spectrum, recorded at the completion of electrolysis, is virtually spectrum obtained by using the hyperfine coupling constants
identical to that ofP,H,4 produced by chemical meaHs!’ at (hfc) predicted by DFT calculatio®s (Figure 10a). The
least when the spectrum of the latter product is recorded underbroadening of the ESR signal is consistent with fast electron
conditions identical to those used for the electrochemical exchange betweeR,H,*~ and P4H,.26-28
analyses (Figure 3b). In this context, it is important to note that  The radical catiorPsH>"* was produced by treatinBsH>
the reduced quaterpyrrole speciBgl4, displays few absorption  with [Ru(bpy)]®* (bpy = 2,2-bipyridine) in acetonitrile. This
features in the visible region, whereas the oxidized species, choice of solvent was dictated by solubility considerations,
P4H>, is characterized by a broad band centered around 500whereas the choice of oxidant reflected the need for a one
nm (, M1 cm™t = 37 900)*" electron-transfer species with a potential positive enough to
ESR Spectra of Radical Anion and Radical Cation of effect the desired oxidation. The oxidation potential of [Ru-
P4H». The presumed radical anion intermediate produced during (bpy)]3" is 1.24 V vs SCE in acetonitrilé®, which, on the basis
the two-electron reduction d?;H, to P,H4 was examined by  of the electrochemical analyses carried out in dichloromethane
ESR methods. For these latter analyses, the putative radicallan admittedly different solvent), was considered positive enough
anion ofP4H, was produced by photoinduced electron transfer to oxidize P4H,. Although P4H>*" is unstable at 298 K in
from dimeric 1-benzyl-1,4-dihydronicotinamide, (BN to dichloromethane, as inferred from the irreversible oxidation peak
PsH; in dichloromethane (CkCl;) as shown in Scheme 6. in Figure 1, the ESR spectrum BfH»** could be observed at
Although the temperature (193 K) and reductant obviously differ a low temperature (253 K), as shown in Figure 4b. ghalue
from those employed for the electrochemical analyses (factors (2.0032) is larger than the free spin value (2.0023), from which
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(a) radical anion

hfe (G)

Exp g=2.0036
Exp DFT
HMN 1 2N 070 0.66
2 2N 070 0.72
3 4H 1.00 1.03
4 6H - 0.09
5 4H = 045
6 6H = 0.09
7 4H = 0.50
Sim 8 6H - 0.01
9 4H = 0.24
10 6H = 0.01
11 4H = 0.16
12 6H = 0.01
13 2H 085 0.85

AHL=045G
(b) radical cation >
Et0OC COOCH,CH;
11 12
hfc (G)

Exp g=2.0032 Exp DFT
1 2N 156 1.56
2 2N  0.63 0.63
3 4H - 0.26
4 6H = 0.01
5 4H 065 0.62
6 6H < 0.03
7 4H 065 0.68
8 6H = 0.04
9 4H = 0.14
10 6H = 0.09
11 4H = 0.36
12 6H = 0.01
13 2H = 0.12

Figure 10. (a) ESR spectrum dP,H,"~ produced by the photoinduced electron transfer from (BNB)O x 1073 M) to PsH2 (2.0 x 1074 M) in
CH,CI;, at 193 K and the corresponding computer simulated spectrum. (b) ESR spectRukh,Uf produced by the electron-transfer oxidation of
P;H; (3.0 x 107 M) with [Ru(bpy)]®" (3.0 x 107> M) in MeCN at 253 K with the computer simulation spectrum. The computer simulation
spectra ofP4H,~ andP,Hy" are obtained using the hfc values predicted by DFT calculations in the Tables.

SCHEME 7
Me

Me O Me

Me (Acr*—Mes) Me (Acr'-Mes™)

hv +P4H,

» P4H,* + Acr-Mes

we conclude that spinorbit coupling from the nitrogen atoms  of P,H4t is manifest in terms of a broader spectrum and a
is also important in this cagé The observed ESR spectrum is  lower level of hyperfine structuré.

again consistent with the computer simulated spectrum obtained |aser Flash Photolysis.Nanosecond laser flash photolysis
as above (Figure 10). In contrast with the ESR spectrum reportedwas used to elucidate the mechanistic details. Transient absorp-
previously for the radical cation of bipyrrole, a species that tion spectra taken after the nanosecond laser excitation at 355
exhibited a well-resolved hyperfine structdfeno hyperfine nm of a deaerated MeCN solution of (BNA) the presence

structure was observed féH"". of P;H, are shown in Figure 11. Note that the transient
The one-electron oxidized form d?;H,4, specifically the absorption band is observed at@5after laser excitation (black
radical catiorP4H4", was produced by treatirfgyH 4 with [Ru- line in Figure 11a). The absorption band at 700 nm that then

(bpy)]®™ as above. Again, a broader ESR spectrum was appears at 800s (red line in Figure 11a), is assignedPyHs3™,
observed for this species than for the corresponding bipyrrole- on the basis of its congruence with the oneRgiH;~ recorded
derived specie¥’ On the basis of this disparity, we conclude following the electrochemical reduction BiH,. The negative
that increasing the extent to which the unpaired electron is absorption around 530 nm is due to the bleaching of the
delocalized (over up to four, as opposed to two pyrrolic subunits) absorption forPsH,. The increase in intensity at 700 nm
leads to a greater rate of electron exchange, which in the casecoincides with the increase in the bleaching at 530 nm, and
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obtained wherP4H, (3.0 x 10~ M) is subject to photoirradiation in

the presence of A¢—Mes (1.0x 104 M) in MeCN. Irradiation was
effected using a 355 nm laser pulse and the spectra were recorded at
298 K at the indicated time intervals. (b) Time profile at 780 nm. The
gray line represents the best fit to a first-order decay process.

Figure 11. (a) Nanosecond transient absorption spectra obtained from
photoinduced electron transfer from (BNAP.0 x 1074 M) to PsH,

(3.0 x 10% M) in MeCN after irradiation by the 355 nm laser pulse
at the indicated time intervals at 298 K. (b) Time profile at 700 nm.
The gray line represents the best fit to second-order kinetics.

determining step is deprotonation BfH,** to produceP,H*

both time profiles obey second-order kinetics (see the fitted @s an intermediate (Scheme 3).
second-order kinetic line shown as the inset to Figure 11b). The )
rate constant for this increase was determined to be<210° Conclusions
M1 S_l, which is close to the diffusion-controlled rate in MeCN We have demonstrated that the oxidized form of a quaterpyr-
(2.0 x 10"°M~1 s71).3° These results thus provide support for  role (P,H,) exhibits electron-transfer properties that are analo-
the conclusion thaP4H3~ is formed via disproportionation of gous to those seen for porphyrins. In particul®sH, is
P4H2"", a species that, in turn, is generated by electron trasnfer sysceptible to both facile multiple-electron oxidations and
from (BNA); to P,H; (Scheme 5§* reductions. Both the singly oxidizeB4H»*) and singly reduced
To complement the above studies, nanosecond laser flashspecies PsH>~) have been successfully detected by ESR,
photolysis experiments were carried out in the presence of theshowing spin delocalization over the four pyrrole units in both
9-mesityl-10-methylacridinium ion (A¢r-Mes)3233 Photoir- cases. The rates of deprotonation fréaH-"+ and dispropor-
radiation of Acr—Mes gives a long-lived electron-transfer state, tionation of P;H,*~ were determined by laser flash photolysis
which can act as an oxidant fB4Ho. In the event, nanosecond  measurements of the photoinduced electron-transfer oxidation
laser excitation at 355 nm of a deaerated MeCN solution of and reduction oP4H>, respectively. Thus, quaterpyrrole in its
Acr*—Mes results in formation of the electron-transfer state various oxidized/reduced forms can be regarded as a rudimentary
(Acrr—Mes™), presumably as the result of photoinduced electron g|ectronic model for porphyrins.
transfer from the mesitylene moiety to the singlet excited state
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