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A molecular tetrad consisting of a free base porphyrin (P) linked to a triquinone moiety consisting of a
naphthoquinone bearing two benzoquinones {NBQ,) has been synthesized and its photochemistry has
been investigated using time-resolved spectroscopic techniques. Excitation of the porphyrin chromophore of
the P-NQ—BQ; tetrad in benzonitrile solution is followed by photoinduced electron transfer with a rate
constant of 8.3x 10 s to produce an initial P—NQ~—BQ, state with a quantum yield of unity. A
charge shift reaction gives a finat'P-NQ—(BQ*"BQ) charge-separated state, which decays to the ground
state with a rate constant of 1:910'°s1, The tetrad features both sequential and parallel multistep electron-
transfer pathways. No evidence was found for significant involvement of direct electron transfer from the
porphyrin first excited singlet state to a benzoquinone.

Introduction Herein we report the synthesis and spectroscopic study of
tetradl, in which a porphyrin (P) is joined to a naphthoquinone
(NQ) via an amide linkage. The naphthoquinone in turn bears
two equivalent benzoquinone moieties (BQ). This molecule has
the potential for demonstrating sequential photoinduced electron
transfer in addition to single-step transfer to the naphthoquinone
and/or benzoquinones. In the first step, the porphyrin first
excited singlet statéP—NQ—BQ, could in principle decay to
initial charge-separated states™PNQ*~—BQ; or PT—NQ—
(BQ"BQ). Because the benzoquinones are more easily reduced
than the naphthoquinone, charge shift from-PNQ*~—BQ;
to yield P*—NQ—(BQ'~BQ) is a possibility. The resulting state
could have a longer lifetime than*P-NQ~—BQ,, due to
reduced electronic coupling of the radical ions. In addition, the
yield of PT—NQ—(BQ*"BQ) could be higher than that for a
c’similar system having only one benzoquinone because two
electron-transfer pathways acting in parallel would compete with
ecay of the precursor state. Finally, having two identical
enzoquinones as the ultimate electron acceptors might permit
construction of a doneracceptor system capable of demonstrat-
ing accumulation of multiple reducing and oxidizing equivalents

A key feature of photosynthetic energy conversion is photo-
induced electron transfer to generate an energetic, long-lived
charge-separated state in high quantum yield. The long lifetime
is achieved by production of a final charge-separated state in
which the electronic coupling between the radical ions is weak.
Formation of this state with a high quantum yield is ac-
complished using a multistep pathway whereby electrons
migrate from the excited primary donor to the final acceptor
by sequential transfer via a number of intermediate donor/
acceptor moieties. The electronic coupling for each intermediate
electron “hop” is relatively large, so that transfer is rapid and
efficient.

Many photosynthetic models using porphyrins or related
cyclic tetrapyrroles as donor chromophores covalently linked
to various organic species that act as electron acceptors an
secondary donors have been repofted.Quinones are often
used as electron acceptor species and indeed are among th
acceptors found in natural photosynthetic electron transport.
Although the majority of such models contain only a single

quinone as an electron acceptor, some contain multiple quinones ) - o
following multiple excitations. Tetradl was prepared to

For example, porphyrins linked to diquinones of sequentially . . h bilti q its behavi ith
increasing reduction potential demonstrate two sequential Investigate these possibilities and to compare its behavior wit
the earlier diquinone systems mentioned above.

electron-transfer steps leading to an enhancement of the lifetime
of charge separatioht®12 On the other hand, a porphyrin
diquinone triad was recently reported in which both quinone Synthesis
moieties were of similar reduction potentidlThe porphyrin

was covalently linked to a benzoquinone derivative, which in 1 he sSynthetic route td and related model compounds is
turn bore a second benzoquinone. It was reported that theShoWn in Scheme 1. The friptycene derivatiyebearing the

porphyrin first excited singlet state was quenched by direct three quinones protected as dimethoxybenzene and dimethoxy-

photoinduced electron transfer both to the directly attached N@Phthalene moieties, was prepared using the Bitlder
benzoquinone and to the additional benzogquinone moiety. féaction of the appropriate naphthoquinone with 1,4,5,8-
Sequential electron transfer was not detected, even when sucfiétramethoxyanthracene. Molecuée was linked to amino-

a pathway was thermodynamically feasible. porphyrin 10 through amide formation to yield@, and the
protecting groups were removed to generate teirddyad 2,

tPart of the special issue “George S. Hammond & Michael Kasha N Which the two benzoquinone moieties have been reduced and
Festschrift”. protected as dimethoxybenzene derivatives, was prepared by a
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SCHEME 1 TABLE 1: Electrochemical Reduction Potentials for
ocH, ooH o o Quinones, vs SCE
'3 '3
LiCIO, OCH, compound R R> Rs
-— +
(00 + (0 s 0w

OCH;  OCHj ¢} 4 —0.52
12 —0.37, —0.46, —0.46
13 -0.23 —0.48

o 14 —0.47

OCH; 1. NayS,04
2. DMS/KOH

aMeasured by cyclic voltammetry in benzonitrile, as described in
the text.R; represents reduction of a benzoquinone moieMeasured
Eiz in dimethylformamidé?® ©Measured by dc polarography in
acetonitrile?°
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Figure 1. Absorption spectra in benzonitrile of tetrdd—), dyad2

(= — =), model porphyrirl1 (---), and model triquinon8 (—-—). The
spectra forl, 2, and11 have been normalized at the Q-band-&50
nm.

excitation of the doneracceptor molecules. Measurements were
carried out with a glassy carbon working electrode, a Ag/Ag
reference electrode, and a platinum counter electrode. The
benzonitrile solutions contained the electrolyte 0.1 M tetra-
butylammonium hexafluorophosphate, and ferrocene as an
internal redox system. The results are listed in Table 1.
Model naphthoquinond had a first reduction potential of
—0.52 V vs SCE. For triquinon&, reduction potentials of
—0.29,—-0.47, and-0.71 V were determined. A model for the
porphyrin moiety ofl and 2, 5,15-bis(4-acetamidophenyl)-
10,20-bis(4-methylphenyl)porphyrin, has a first oxidation po-
tential in benzonitrile 0of-0.93 V vs SCE®
Absorption Spectra. Figure 1 shows the absorption spectrum
of porphyrin—triquinone tetrad. in benzonitrile, along with the
spectra of a model porphyrin, 5-(4-acetamidophenyl)-15-(4-
aminophenyl)-10,20-bis(4-methylphenyl)porphyidii)(and model
triquinone3. The spectrum of model porphyrirl has maxima
at 428, 522, 561, 598 and 655 nm. Dyadnd tetradl have
absorption maxima at 426, 521, 559, 596, and 653 nm. These
maxima are ascribed to the porphyrin Soret (4288 nm) and
Q-bands. Spectra in chloroform, 2-methyltetrahydrofuran, and
O dichloromethane are similar, with shifts of absorption maxima
<6 nm. The absorption features below 400 nm are due mainly
to the quinone moieties. Triquinone modehas maxima at
Nz 239, 280 (shoulder), and 335 nm. The spectra of tetradd
dyad?2 are similar to linear combinations of those of the model
O compounds, indicating the absence of strong electronic interac-
tions between the moieties.
Fluorescence EmissionThe fluorescence spectrum of model
porphyrinl11in benzonitrile with excitation at 590 nm is typical
of free-base tetraarylporphyrins, featuring maxima at 666 and
730 nm in the intensity ratio 1.9:1 (Figure 2).The spectra of
tetrad1 and dyad2 have similar shapes, but with maxima at
662 and 727 nm. Emission from these two compounds is
Cyclic Voltammetry. Electrochemical studies of model strongly quenched, relative to that dfl. By analogy with a
compounds were undertaken to derive estimates for the energievery large number of other porphyritquinone conjugates, this
of the various charge-separated states that might be formed upomuenching is ascribed to photoinduced electron transfer to

similar method. Details of the syntheses and characterization
information are given in the Experimental Section.

Electrochemical and Spectroscopic Results
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Figure 2. Fluorescence emission spectra~ef x 10~ M solutions
of tetrad 1 (—), dyad2 (— — —), and model porphyrirll (-++) in 0.06
benzonitrile following excitation at 590 nm. The absorbances of the
samples at the excitation wavelength were identical, and the spectrum 0.04
of 11 has been multiplied by 0.1. The spectra have been corrected for AA
the wavelength dependence of the detection system. 0.02
produce charge-separated states consisting of biradicals contain- 0.00

ing the porphyrin radical cation and quinone radical anion.
Interpreting steady-state quenching data in terms of rate
constants in such systems is risky because small amounts of

- . . Figure 3. Transient absorption spectra of benzonitrile solutions of
unquenched porphyrin (e.g., from molecules in which the tetradl and dyad following excitation with~100 fs laser pulses. (a)

quinones have been reduced to hydroguinones by adventitiousgpectra for dyad taken 0.5 ps+), 1.3 ps  — —), and 60 ps ¢+)

impurities) can introduce large errors. We therefore turned to after excitation with a laser pulse at 550 nm. The inset shows the rise
time-resolved techniques to obtain more reliable information. and decay of the transient absorbance at 510mragd 723 nm®©).

Time-Resolved FluorescenceTime-resolved fluorescence  The smooth lines in the inset are exponential fits to the data with time
experiments were performed using the single-photon-timing gg”;;a(”_ts_‘)f_iognfg %gdpiZ(p)Sé g?grseg(iﬁgggﬁrvﬁ%ﬁkgg;%igé o
te_chnlque. Sqlutlons of mpdel porphydd, tetrad, and dyad 650 nm. The ir’15et shows the rise and decay of the transient absorbance
2 in benzonitrile were excited at 590 nm, and the fluorescence 4 650 nm. The smooth lines are exponential fits to the data with time
decays were measured at 650 nm. Analysis of the model constants of 12 and 52 ps.

porphyrin data yielded a single-exponential decay with a lifetime

of 9.9 ns ¢ = 1.13). The data for tetrad were fitted of 300 fs, followed by a slower decay of the spectral feature
satisfactorily by three exponentialg’(= 1.01). There was one  with a time constant of 42 ps. At 510 nm, there is prompt
major decay component with a lifetime of 12 ps. Additional, formation of a transient absorption that decays biexponentially
minor components with lifetimes of 0.066 ns (9%) and 3.0 ns wijith time constants of 300 fs and 42 ps. No longer-lived
(0.6%) are ascribed to impurities. The data for dyadlso transients were detected.

required three exponentialg®(= 1.12): a major, 42-ps Results for tetradl with porphyrin excitation at 650 nm
component and two minor components with lifetimes of 190 appear in Figure 3b. The spectrum at 3 ps consists mainly of

500 550 600 650 700 750
Wavelength (nm)

ps (4%) and 9.9 ns (5%). . . features attributable to the porphyrin first excited singlet state.
In dichloromethane, the first excited singlet state of model The proad absorption of the excited state is punctuated by
porphyrin11 decayed as a single exponentigd € 1.14) with negative features corresponding to bleaching of the Q-bands

a lifetime of 7.8 ns. The data for tetrddwere fitted as four  (see Figure 1). In addition, porphyrin stimulated emission (due
exponential decaygt = 1.11) with lifetimes of~6 ps (97%), {0 the probe pulse) is seen @650 and~725 nm. At longer

88 ps (2%), 1.5 ns (0.2%), and 7.8 ns (0.4%). The lifetime of times, stimulated emission is no longer observed, and the spectra
6 ps is close to the response capabilities of the apparatus, andyre characteristic of the porphyrin radical cation, which has a

therefore less cezrtain than the other values. For @yadhree-  proad, rather featureless band in this spectral refigine inset
exponential fit {2 = 1.20) gave lifetimes of 30 ps (93%), 180 Figure 3b shows the growth and decay of the transient
ps (3%), and 7.8 ns (4%). absorption at 660 nm. The growth represents the disappearance

Time-Resolved Absorption.Transient absorption measure-  of the porphyrin first excited singlet state and the formation of
ments on ultrashort time scales were undertaken to studythe porphyrin radical cation, whereas the decay tracks the
nonemissive transient species such as charge-separated stategisappearance of the radical cation. Measurements at a variety
SO|uti0nS Ofl and2 in benZOI’litrile were eXClted WItHlOO-fS Of Wavelengths ShOW that the t|me constant for formation Of

laser pulses, and transient spectra were recorded using thehe porphyrin radical cation is 12 ps, and its lifetime is 52 ps.
pump—probe method. The spectra were measured in the-450

775 nm region, at times ranging frorrb0 to+4500 ps relative

to the laser flash. The data were fitted as sums of exponential

components using global analysis and singular value decom- Photoinduced Electron Transfer. The transient absorption

position methods. Typical spectra and time responses are showrand emission data fdrand2 in benzonitrile can be interpreted

in Figure 3. in terms of decay of the porphyrin first excited singlet state by
Results for dya®, with excitation at 555 nm, are shown in  photoinduced electron transfer to a quinone to generate a charge-

Figure 3a. The spectra at all times generally resemble those ofseparated state. We will begin by discussing the results for dyad

the porphyrin first excited singlet state, although there is some 2. The transient absorption data reveal that excitation forms a

spectral evolution with time. The inset shows that at 723 nm, transient with a lifetime of 42 ps that has spectral characteristics

there is a grow-in of a transient absorbance with a time constantclose to those of the porphyrin first excited singlet state. This

Discussion
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TABLE 2: Thermodynamic Driving Force and Rate 20 1p-NQ
Constant Values for Electron-Transfer Reactions of Triad 1 ’ — a
and Dyad 2

photoinduced
electron transfer

compound AG° (eV) 10 %ger(s™?)

triad 1 <-0.58 8.3 ko)
dyad?2 —0.44 24 k)

a Estimated as described in the text.

charge
recombination

AG° (eV) 10 %cr(s)

-1.22 1.9 ko)
—1.45  ~300 (o)

Pt-NQ*~

-
n
T

Energy (eV)
T

finding is in accord with the time-resolved fluorescence data,
which also indicate a lifetime of 42 ps f&#P—NQ. The transient
absorption data (Figure 3a) verify these conclusions but also
reveal a rise time of~300 fs for the absorbance at 723 nm.
Although one might be tempted to attribute this to the formation Y
of the excited singlet state with the Ifaser pulse, this is not the ool P-NQ
case. At 510 nm, the prompt formation of the porphyrin first

excited singlet state (giving rise to; S~ S, absorption) is

followed by a two-component exponential decay. The short

decay component also has-800 fs lifetime. To what can this 207

kinetic component be attributed? Transient absorption and b
emission studies of several closely related porphyguinone i

dyadd>17have revealed that recombination of PQ*~ charge- sk

separated states in these systems is significantly more rapid that ’ P*H-NQ*"-BQy

their formation by photoinduced electron transfer. This leads i P**-NQ-(BQ*"BQ)

>

to “inverted kinetic” behavior where the rise time of the transient L
absorbance correlates with the recombination*of#):~, and Dol

the decay represents the formation of the charge-separated state. g

Given the similar behavior foR, we assign the 42 ps time i
constant to formation of P—NQ*~ from P—NQ. The decay 6
of P™—NQ'~ to the ground state by charge recombination is 05t
associated with the-300 fs time constant.
The rate constant for photoinduced electron transtes, in r
dyad? is given by

Y
P-NQ-BQy
I

00—
kep = 1 1 (1) Figure 4. Transient species and relevant interconversion pathways in
T 7 7 benzonitrile for (2) PNQ dyad2 and (b) P-NQ—BQ; tetrad 1.

wherer is the 42 ps lifetime of the porphyrin first excited singlet Pling between the radical ions is expected to slow recombination
state in dyad® andry is the lifetime of the excited singlet state  0f P"=NQ—(BQ"BQ). Using the formulas in egs 1 and 2,
in the absence of the electron-transfer process. The valug for We calculate &g value of 8.3x 10*°s™* for 1, and a quantum
may be estimated as 9.9 ns, on the basis of the ﬂuorescencé”eld for Chal’ge Separatlon of 1.0. The rate constant for Charge

lifetime of model porphyrinll. Thus,ker = 2.4 x 1010 s71
(Table 2). The quantum yield of electron transf@gr, may be
calculated from

D = KeqT (2

recombinationkcg, is 1.9 x 109 s1 (Table 2).
Energetics.Figure 4a shows the transient states that might
be formed upon excitation of the porphyrin moiety of dyad
and interconversion pathways. The energy of the porphyrin first
excited singlet state, 1.89 eV, is determined from the wave-
number average of the longest wavelength absorption maximum

and equals 1.0. The rate constant for charge recombination ofand the shortest wavelength emission maximum. The energy

PT—NQ "~ is ~3 x 102 s™1,

of the P*—NQ*~ charge-separated state is estimated as 1.45

Turning now to tetrad, the time-resolved fluorescence data eV, on the basis of the electrochemical potentials given above.

indicate a lifetime for'lP-NQ—BQ; of 12 ps, and the same

No attempt to correct this energy for Coulombic effects in the

time constant for the decay of the porphyrin first excited singlet charge-separated state has been made.

state and concurrent formation of the charge-separated state was A similar scheme for tetrad is shown in Figure 4b. The
observed by transient absorption. The longer-lived (52 ps) porphyrin first excited singlet state lies 1.89 eV and tie-P
transient absorption is assigned to the decay of a charge-NQ—(BQ""BQ) state 1.22 eV above the ground state, on the
separated state, and inverted kinetics are not involved. What isbasis of the first oxidation potential of the model porphyrin,

the nature of the charge-separated staté-RQ~—BQ; or

mentioned above, and the first reduction potential of model

P+t—NQ—(BQ~BQ)? The spectral signatures of the quinone triquinone3 (Table 1). Estimating the energy of tP-NQ*~—
radical anions appear in a congested region of the spectrum,BQ- is more difficult. Direct electrochemical measurements of
are small, and cannot be differentiated in our experiment. the reduction of the naphthoquinone moietylobr of model

However, given the structural similarity betweg¢rand 2, and
the fact that the lifetime of P—NQ*~ in 2 is ~300 fs, we
conclude that the transient absorbance is due to the RQ—

system3 are impossible because cyclic voltammetric reduction
of the naphthoquinone can occur only following the initial
reduction of the benzoquinones at higher potential. The reduction

(BQ"BQ) charge-separated state. The weaker electronic cou-potential of the naphthoquinone in this case is lowered relative
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to that in the neutral molecule due to the negative chargesof P*—NQ"~ in 2. The fact that slower recombination is
already present. Although one might be tempted to make anobserved is only consistent witht'P-NQ—(BQ*"BQ) as the
estimation on the basis of the first reduction potential of model final state.

quinone4 (—0.52 V), this would not be correct. It is well-known To what elementary processes does the photoinduced electron-
that the threer-electron systems found in triptycene and related transfer rate constant of 8.% 10'° s observed forl
structures are able to interact electronically. Studies of tripty- correspond? Clearly, it is made up of some combination of the
cene-based quinones, e.f2-14, demonstrate that the radical rates of steps 2 and 4 in Figure 4b:

O O O k, + 2k, = 8.3 x 10" 3)
o) ‘ o] ‘ o} 0 OCHs
Ve 7> r 7 7 ) 77 ay; If we were to assume thét has the same value for dy@dnd
3 g o o OCHjg tetradl, thenks would be 3.0x 10 s~1, However, we know

thatk, in 1 must be larger than it is iB. This is the case because
the naphthoquinone is a better electron acceptdrtimn in2

by >0.14 eV due to the presence of the benzoquinones, as
discussed above. This increases the thermodynamic driving force

12 13 14

anion of 13 is localized on one ring, rather than spread over

adjacentr-electron systems.However, the presence of multiple ¢4, step 2 in1. As this electron transfer undoubtedly occurs in
quinone mpletles S|gn|f|cantly alters reo!uctlon po.tentlals. The the “normal” region of the MarcusHush rate constant vs
first reduction potential of the benzoquinone moietyld¥is thermodynamic driving force relationship22the driving force
increased by 0.14 V upon introduction of the second quinone jncrease leads to a larger electron-transfer rate constant. A
in 131° On the other hand, when one of the quinone moieties guantitative estimate of this increase may be made using the
of 13 is reduced and protected as the dimethoxybenzeneregyits of Joran et al., who have studied photoinduced electron
derivative as inl4, the quinone first reduction potential is transfer in porphyriﬂ-quinone Systems as a function of thermo-
essentially identical to that df2.20 dynamic driving force3 Using their results for electron transfer
By analogy, the first reduction potential of the naphtho- in butyronitrile solvent, an increase in driving force »0.14
quinone moiety ofl in the absence of prior reduction of the eV in the appropriate range of free energy change values leads
benzoquinones is expected to be higher than @52 V to a >=4.8-fold increase in electron-transfer rate constant. This
potential measured fe¥ by at least 0.14 V, yielding a potential ~ predicts that the rate constant for step 2 should increase from
>—0.38 V. The potential could be higher thar0.38 V if the 24x 10%s1in 2t0 21.2 x 10! s71in 1. This predicted rate
presence of two additional quinones has a greater effect thanconstant is on the order of the value of 8&3L0'°s™* measured
the presence of one. Thus, in Figure 4, the energy *vfP for photoinduced electron transferinOn this basis, we assign
NQ~—BQ, is estimated as 1.31 eV above the ground state. the value of 8.3x 10" s to k; in tetrad1 (Figure 4b).

Electron-Transfer Pathways. The electron-transfer rate data ~ ASSuming this interpretation to be correct, it is clear that
gleaned from the transient absorption studies may be interpretedPhotoinduced electron transfer in tetragroceeds mainly by
in terms of the elementary processes indicated in Figure 4. aseque?tlal, two-step mechanism. Photoinduced electron trans-
Relevant energies and rate constants are given in Table 2. Fofe" fromP—NQ-BQ, by step 2 yields P —NQ~—BQ,, which

dyad?2 in benzonitrile,k;, the rate constant for step 1 (Figure evol.\ies by charge shift step 5 to give the_finaﬁPNQ—
4a), is 1.0x 10F 571 on the basis of the lifetime &P in model (BQ*~BQ) charge-separated state. Although direct photoinduced

porphyrin 11. The rate constant for photoinduced electron electron transfgr from th? porphyrin firs.t excited singlet state
transfer, 2.4x 101° s, may be associated witk,. Charge to a benzoquinone moiety (step 4) is thermodynamically

recombination of F'—NQ™ to the ground state, step 3, occurs allowable in1, it does not occur rapidly enough to have any
With ks ~ 3 x 1012 1 ' ' detectable effects.

Turni to tetradl (Fi ab). th | - Although the above arguments suggest that photoinduced
urning now o tetra ( Igure ), the VaHe Oki In electron transfer from the porphyrin first excited singlet state
benzonitrile may again be assigned as £.A0® s%. For the

. S of 1 directly to a benzoquinone moiety does not have to be
reasons explained above, charge recomblnatlonb%?Q_z invoked to explain the observed behavior, electron transfer to
(BQBQ) by step 6 is assigned a valuelaf= 1.9 x 1019s™. benzoquinones in related structures can be detected when no
We cannot say with certainty whether this involves direct a5nthoquinone acceptor is present. For example, in dichloro-
electron transfer from a benzoquinone to the porphyrin radical methane, photoinduced electron transfer fromB-BQ in

cation, or stepwise, endergonic formation of PNQ~—BQ; carotenoid (C) porphyrin quinone triakh occurs with a rate
followed by rapid recombination of this species via step 3. The

slow recombination of the final charge-separated state in tetrad
1 (1.9 x 109 s™) relative to the recombination of P-NQ*~
in dyad?2 (~3 x 102 s71) is excellent evidence that the final
state in1 is indeed P*—NQ—(BQ*~BQ) rather than P —
NQ~—BQ,. Recombination of P—NQ*~ and P"—NQ*~—BQ;
to the ground state would occur in the inverted region of the
Marcus-Hush rate constant vs thermodynamic driving force
relationship??2 The driving force for recombination of*P—
NQ~—BQ; would be less than that for recombination of P
NQ~, because the electron withdrawing nature of the benzo-
quinone moieties would increase the reduction potential of the 9 Xt 9 2.2 9
naphthoquinone irl, as discussed above. Thus, recombina- 15: R= I OO 16 R= ) OO
0 o

tion of P™—NQ~—BQ> in 1 would be faster than recombination OCH; O
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constant?24 of 9.6 x 10° s~1. Under the same conditions, the dyads exhibit two exponential decay components: a short

photoinduced electron transfer in-®—NQ—BQ tetrad 16, lifetime (52 ps for17) corresponding to quenching of the
which includes a naphthoquinone intermediate electron acceptor,porphyrin first excited singlet state by photoinduced electron
is much faster, with a rate constéhof 6.6 x 100 s™1. transfer to the quinone, and a small amount of a long-lived

Charge Recombination. Although photoinduced electron  component (7.7 ns fot7) assigned to molecules in which the
transfer in dyad® occurs efficiently to produce a high yield of  quinone has been adventitiously reduced to the hydroquinone.
the charge-separated state, the lifetime of that state is so shoriThe triads, on the other hand, feature not only a short (20 ps
(~300 fs) that access to the stored energy via chemical reactionsfor 18) and a long-lived (7.5 ns fot8) component, but also a
coupling to electrodes, etc., would be difficult. In contrast, the decay component of intermediate lifetime (900 ps 18}. In
multistep electron-transfer pathway illustrated fom Figure the triads, the short-lived component was assigned to photo-
4b allows the formation of a much longer lived (52 ps) charge- induced electron transfer to the quinone moiety nearest the
separated state. This multistep electron-transfer strategy has beeporphyrin (Q), the intermediate lifetime to photoinduced
exploited in many other artificial photosynthetic systems. electron transfer directly to the quinone farthest from the

Yield of the Long-Lived Charge-Separated State.As porphyrin (@), and the long lifetime to porphyrin lacking
mentioned earlier, the quantum yield of photoinduced electron quinone moietie? This was taken as evidence for decay of
transfer inl is essentially unity. However, because we were the porphyrin first excited singlet states of the triads by direct

not able to distinguish spectroscopically betweeh-.NQ*~— photoinduced electron transfer to each of the two quinones, with
BQ; and PT—NQ—(BQ"BQ), and because of the inverted no evidence for stepwise transfer. Clearly, this could only be
kinetic situation found fo2, which presumably occurs ibas the case if there are two conformational populations of quinones
well, we cannot determine the rate constant for step 5 in Figure that do not interconvert on the fluorescence time seafee with

4b, or calculate the yield of'P—NQ—(BQ*~BQ) from kinetic conformations favoring electron transfer tg,@nd a second

parameters. We can roughly estimate the yield from the with conformations in which transfer to Qs slowed to the
amplitude of the transient absorption of the porphyrin radical point that electron transfer to@ominates. Otherwise, photo-
cation by comparing this amplitude with that of a porphyrin  induced electron transfer involving direct donation to both Q
fullerene dyaéP having a quantum yield for charge separation and @ would simply decrease the time constant for the single
of 1.0. The two solutions had the same absorbance at the pumpexponential decay of the porphyrin first excited singlet state,
wavelength of 648 nm. The comparison suggests that the yieldrather than give rise to two decay components. Thus, we feel
of PT"—NQ—(BQ~BQ) is nearly quantitative, although a precise that although direct electron transfer to both of the quinone
determination cannot be made because the porphyrin moietiesmoieties in these triads may in fact occur, the additional lifetimes
in question differ somewhat, and this affects the shapes andobserved are likely associated with impurities such as triads in
intensities of their transient absorption spectra. which Q, but not @, has been reduced to hydroquinone by
Given a two-step electron-transfer mechanism, the yield of adventitious reducing agents. Experience in many laboratories
P*—NQ—(BQ*"BQ) in 1 would necessarily be enhanced over has shown that it is extremely difficult to prevent reduction of
that for a similar compound having only one benzoquinone a small fraction of benzoquinone in such compounds under
moiety (analogous to tetrath). This is because it there are ambient conditions.
two charge-shift reactions (one to each benzoquinone) competing
with charge recombination of the initial charge-separated state, Conclusion

:ﬁth]?r tTa? ?ne(.)]:l'he two rtehacgons opefrzi:]e in [;]arallel to ;{|el(_7l These results demonstrate that in benzonitrile, photoinduced
€ tinal state. L course, the degree ot the ennancement Will o004y transfer fromP—NQ in dyad?2 to yield P™—NQ*~

become smaller as the quantum yield approaches unity. Otheroccurs with a quantum yield of essentially unity but that the
examples of parallel multistep electron-transfer reactions that

. ields h b fod charge-separated state recombines to form the ground state
Increase yields have been reported. . . extremely rapidly. On the other hand, photoinduced electron
Comparison with Other Systems. It is interesting to

. transfer in tetrad yields P™—NQ*~—BQ,, which evolves by
compare the results reported heref@nd?2 with those recently ; : ! ) -
reported for a series of porphyrimuinone dyads and-FBO,— charge shift to give a final charge-separated state-RQ

) - . (BQ*~BQ). The final state has a significantly longer lifetime
14 _ _
BQy triads exemplified byl 7 and18.*4 Time-resolved fluores than does P—NQ in dyad 2, demonstrating the use of a

sequential two-step electron transfer to enhance charge separa-
tion lifetimes. Similar strategies are used in natural photo-
O synthetic reaction centers. In addition, tetrhdlemonstrates
parallel multistep electron-transfer behavior. The initiat-P
NQ~—BQ; state has two identical decay pathways leading to
O PT—NQ—(BQBQ), both of which compete with the rapid
= R charge recombination. The enhanced rate of photoinduced
electron transfer observed farrelative to2 is in accord with
the expected increase in the first reduction potential of the
O naphthoquinone moiety resulting from interactions with the two
benzoquiones. No contribution of direct electron transfer from
the porphyrin first excited singlet state to a benzoquinone moiety
O O is necessary to interpret the observations.
o) ‘ OCHs 0 b o)
17:R= — L 18:R= — I ) Experimental Section
o (0]

o  OCHs Instrumental Techniques. All spectroscopic data were

collected at room temperature. Thel NMR spectra were
cence studies of these molecules in dichloromethane show thatrecorded on Varian Unity spectrometers at 300 or 500 MHz.
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Samples were dissolved in CD@Q@ontaining tetramethylsilane  dropwise through an addition funnel over 15 min. The reaction
as an internal reference. Mass spectra were obtained on amixture gradually became yellow and was allowed to cool to
Finnigan MAT model 312 spectrometer operating at 70 eV in room temperature. It was poured into 150 miL1oN HCI and
El mode. Other mass spectra were obtained on a Vestec Laserteextracted with chloroform. The organic layer was washed once
matrix-assisted laser desorption/ionization time-of-flight spec- with 10% sodium bicarbonate and then dried (sodium sulfate).
trometer (MALDI-TOF). Ultraviolet-visible ground-state ab-  The solvent was evaporated, leaving a yellow solid, which was
sorption spectra were measured on a Shimadzu UV21008 UV  purified on a silica gel column (1:9 ethyl acetate: dichloro-
Vis spectrometer. methane) to give 81 mg of white solfd(56% yield).'H NMR
Steady-state fluorescence emission spectra were measure(300 MHz, CDC}): 6 8.73 (1H, d,J = 2 Hz), 8.03 (1H, dJ
using a Photon Technology International MP-1 spectrometer = 9 Hz), 7.97 (1H, ddJ = 9 Hz, 2 Hz), 6.86 (2H, s), 6.56
and corrected. Excitation was produced by a 75 W xenon lamp (4H, s), 4.07 (3H, s), 4.04 (3H, s), 3.94 (3H, s), 3.85 (12H, s).
and single-grating monochromator. Fluorescence was detectedVS (El): m/z 542 (GzHz¢Og").
at 90 to the excitation beam via a single grating monochromator  2-Carboxy-5,7,10,12,15,18-hexamethoxy-6,11-dihydro-6,11-
and an R928 photomultiplier tube having S-20 spectral response[1,2]benzenotetracene (6)into a 200-mL round-bottom flask
and operating in the single photon counting mode. were added 63 mg of triquinone es&1(0.12 mmol) and 50
Fluorescence decay measurements were performedi.on mL of a 1:1 mixture of tetrahydrofuran and methanol. To this
105 M solutions by the time-correlated single photon counting was added 10 mL of 10% aqueous potassium hydroxide. The
method. The excitation source was a cavity-dumped Coherentmixture was stirred at 50C for 24 h. After 50 mL 61 N HCI
700 dye laser pumped by a frequency-doubled Coherent Antaresvas added, the mixture was extracted with dichloromethane.
76s Nd:YAG laser. Fluorescence emission was detected at aThe organic layer was dried (sodium sulfate) and the solvent
magic angle using a single grating monochromator and micro- was distilled at reduced pressure, leaving a white s6l{@0.2
channel plate photomultiplier (Hamamatsu R2809U-11). The mg, 98% yield), which was used without further purification.
instrument response time was ca.—3 ps, as verified by  'H NMR (300 MHz, CDC}): ¢ 8.81 (1H, d,J = 1 Hz), 8.06
scattering from Ludox AS-40. The spectrometer was controlled (1H, d,J =9 Hz), 8.00 (1H, ddJ = 9 Hz, 1 Hz), 6.87 (1H, s),
by software based on a LabView program from National 6.86 (1H, s), 6.57 (4H, s), 4.08 (3H, s), 4.04 (3H, s), 3.85 (12H,
Instrumentg® s). MS (El): m/z 528 (GH250s™).
The femtosecond transient absorption apparatus consisted of Porphyrin derivative 7. Acid 6 (92.4 mg, 0.175 mmol) was
a kilohertz pulsed laser source and a pufpmbe optical setup,  suspended in 20 mL of dichloromethane and 2 mL of pyridine.
as previously described?8To determine the number of lifetime ~ To the white suspension was added 0.6 mL (8.2 mmol) of
components in the transient absorption data, singular valuethionyl chloride. The dichloromethane and excess thionyl
decomposition analysis was performed and decay-associatecthloride were removed under vacuum, leaving a yellow residue.

spectra derived, as previously descriBéd. To the residue were added 10 mL of dichloromethane and 2
2-Carbomethoxy-7,10,15,18-tetramethoxy-6,11-dihydro- ~ mL of pyridine. Porphyrirl0® (126 mg, 0.164 mmol) dissolved
6,11-[1,2]benzenotetracen-5,12-quinone (4)lo a 250-mL in 20 mL of dichloromethane was added. The reaction mixture
round-bottom flask containing 100 mlf 6 M lithium perchlo- was stirred under argon at room temperature for 46 h. The

rate (LiCIQy) in ethyl acetate was added 1,4,5,8-tetramethoxy- reaction mixture was quenched with 100 mL of 10% aqueous
anthracen® (512 mg, 1.72 mmol) and 2-carbomethoxy-5,8- sodium bicarbonate and extracted with dichloromethane. The
naphthoquinor® (739 mg, 3.42 mmol). The reaction mixture dichloromethane solution was dried (sodium sulfate) and
was stirred and refluxed for 2 weeks. Ethyl acetate was addedevaporated, leaving a purple solid. The solid was purified on a
as needed to maintain volume. The reaction mixture was pouredsilica gel column (5% methanol in dichloromethane as eluant),
into 100 mL of water. The mixture was extracted with 250 mL resulting in the desired tetrad(106 mg, 56% yield)*H NMR

of dichloromethane, which was then dried over sodium sulfate. (500 MHz, CDC}): ¢ 8.88 (6H, brs), 8.78 (2H, m), 8.66 (1H,
After the solvent was distilled at reduced pressure, a dark purpled, J = 2 Hz), 8.61 (1H, brs), 8.30 (1H, brs), 8.25 (2H,X=
residue remained. The residue was purified by column chro- 8 Hz), 8.23 (2H,dJ = 9 Hz), 8.19 (1H, dJ = 9 Hz), 8.09
matography, using silica gel and eluting with a 3:1 mixture of (6H, d,J= 8 Hz), 8.03 (1H, ddJ = 9 Hz, 2 Hz), 7.97 (2H, d,
dichloromethane and hexanes. Upon removal of the solvent, 399J = 9 Hz), 7.55 (4H, dJ = 8 Hz), 6.92 (1H, s), 6.91 (1H, s),
mg of a red solid remained (45% yieldHd NMR (300 MHz, 6.60 (4H, s), 4.17 (3H, s), 4.10 (3H, s), 3.88 (12H, s), 2.70
CDCl): ¢ 8.68 (1H, d,J = 2 Hz), 8.29 (1H, ddJ = 8 Hz, 2 (6H, s), —2.78 (2H, brs). MS (MALDI-TOF): m/z 1279.2
Hz), 8.13 (1H, dJ = 8 Hz), 6.87 (1H, s), 6.86 (1H, s), 6.55 (CroHs1FsNeOs™).

(4H, s), 3.96 (3H, s), 3.82 (12H, s). MS (El)m/z 512 Porphyrin derivative 8. Compound? (106 mg, 0.083 mmol)

(CsoH2408™). was suspended in 40 mL of tetrahydrofuran and 20 mL of
2-Carbomethoxy-5,7,10,12,15,18-hexamethoxy-6,11-dihy- methanol. Aqueous potassium hydroxide (10%, 3 mL) was

dro-6,11-[1,2]benzenotetracene (5)he oxidized Diels-Alder added, and the reaction mixture was stirred at room temperature

adduct4 (136 mg, 0.265 mmol) was suspended in 80 mL of for 90 h. Water (100 mL) was added, followed by extraction
tetrahydrofuran in a 200-mL round-bottom flask. Sodium with dichloromethane. The dichloromethane was dried (sodium
dithionite (1.12 g) and 10 mL of water were added. The red sulfate) and evaporated, leaving a purple solid. Some starting
suspension gradually became orange over 15 min. Two morematerial was still present and was separated by column
portions of sodium dithionite (0.38 and 0.54 g) were added over chromatography using silica gel and 3% ethyl acetate in
30 min. The reaction mixture was heated to°’80and two more dichloromethane as the eluant. The unreacted starting material
portions of sodium dithionite (0.38 and 0.35 g) were added over was subjected to the same reaction conditions for 4 days. After
30 min. The reaction mixture gradually turned into an orange an identical workup, no starting material remained. The product
solution over the next 20 min. The reaction mixture was then was the desired porphyrin ami@(94.8 mg, 97% yield)H
heated to reflux, and 0.8 mL of dimethyl sulfate was added. NMR (300 MHz, CDC}): ¢ 8.92, (2H, d,J = 5 Hz), 8.86
Next, 25 mL of 10% aqueous potassium hydroxide was added (6H, m), 8.67 (1H, d,JJ = 2 Hz), 8.30 (1H, brs), 8.23 (2H, d,
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J = 9 Hz), 8.19 (2H, dJ = 8 Hz), 8.10 (4H, dJ = 8 Hz), IH NMR (300 MHz, CDC}): 6 8.92, (2H, dJ = 5 Hz), 8.85
8.08 (2H, d,J = 8 Hz), 8.04 (1H, ddJ = 8 Hz), 7.99 (2H, d, (6H, m), 8.62 (1H, dJ = 2 Hz), 8.38 (1H, ddJ = 8 Hz, 2
J = 8 Hz), 7.56 (4H, dJ = 8 Hz), 7.06 (2H, dJ = 9 Hz), Hz), 8.27 (1H, dJ = 8 Hz), 8.21 (2H, d,) = 8 Hz), 8.09 (4H,
6.93 (1H, s, H6), 6.92 (1H, s), 6.60 (4H, s), 4.18 (3H, s), 4.11 d,J = 8 Hz), 8.03 (2H, dJ = 9 Hz), 7.99 (2H, dJ = 9 Hz),
(3H, s), 3.89 (12H, s), 2.71 (6H, s);2.74 (2H, brs). MS 7.55 (4H, d,J = 8 Hz,), 7.05 (2H, d,J = 8 Hz), 6.93 (1H, s),
(MALDI-TOF): m/z 1184.4 (G7He2NeO7"). 6.92 (1H, s), 6.58 (4H, s), 3.87 (12H, s), 3.64 (1H, brs), 2.71
Tetrad 1. This reaction was performed under subdued (6H, s), —=2.75 (2H, brs). MS (MALDI-TOF): m'z 1153.3
lighting. CompoundB (94.8 mg, 0.087 mmol) was suspended (C7sHssNgO7).
in 50 mL of dichloromethane in a 200-mL single-neck round- ~ 2-Carbomethoxy-6,11-dihydro-6,11-[1,2]benzenotetracen-
bottom flask. After the flask was placed in a dry ice/acetone 5,7,10,12,15,18-triquinone (3)The Diels-Alder adduct (42.5
bath, 5 mL of 1.0 M boron tribromide in dichloromethane was Mg, 0.088 mmol) was suspended in 50 mL of acetonitrile in a
added, turning the reaction mixture green immediately. The 500-mL round-bottom flask. Ceric ammonium nitrate (CAN)
mixture was stirred in the dry ice bath for 30 min and then at (7-15 g, 13.0 mmol) was dissolved in 30 mL of water in a 125-
room temperature for 2 h. Aqueous sodium bicarbonate (10%, ML addition funnel, and added dropwise to the flask. The
100 mL) was added. The mixture was extracted with dichloro- reaction mixture changed from a red suspension to a yellow-
methane and then washed twice with water and once with 0.1 0range solution after approximately half of the CAN solution
M aqueous potassium periodate. The organic phase was driedvas added. When addition was complete, the reaction mixture
(sodium sulfate) and evaporated, leaving a purple solid. The was diluted with 100 mL of water and extracted with dichloro-
solid was purified by chromatography on silica gel (10% ethyl Methane. The organic extract was washed once with 10%
acetate in dichloromethane) to yield 52.3 mg (60%)LofH aqueous potassium perjoqlate and dried over sodium sulfate.
NMR (500 MHz, CDC}): ¢ 8.92, (2H, d,J = 4 Hz), 8.85 After the solvent was distilled at reduced pressure, a yellow
(6H, m), 8.64 (1H, dJ = 2 Hz), 8.43 (1H, dd,J = 8 Hz, 2 residue remained, Whigh was purified over a short silica gel
Hz), 8.28 (2H, d,J = 8 Hz), 8.24 (2H, d,J = 9 Hz), 8.09 (4H, column (5% acetone in dl_chloromethane). Removal of the
d, J = 8 Hz), 8.05 (1H, d,) = 8 Hz), 7.99 (2H, d,) = 9 Hz), solvent left 19 mg (51% vyield) o8. 'H NMR (300 MHz,
7.55 (4H, d,J = 8 Hz), 7.06 (2H, dJ = 8 Hz), 6.95 (1H,s),  CDChk): 6 8.67 (1H, d,J = 2 Hz), 8.34 (1H, dd)) = 8 Hz, 2
6.86 (1H, s), 6.71 (4H, s), 4.06 (2H, brs), 2.70 (6H,sp.76 ~ H2z), 8.14 (1H, dJ = 8 Hz), 6.78 (1H, s), 6.77 (1H, s), 6.70
(2H, brs). MS (MALDI-TOF): mVz 1094.7 (GiH4NsO7). (4H, s), 3.97 (3H, s). MS (MALDI-TOF):m/z453.1 (GeH120g™
2-Carboxy-7,10,15,18-tetramethoxy-6,11-dihydro-6,11- +1).
[1,2]benzenotetracen-5,12-quinone (9kster4 (47 mg, 0.092
mmol) and 98 mg of sodium acetate (1.19 mmol) were added
to a 200-mL round-bottom flask. A solution of 203 mg of
lithium iodide (1.52 mmol) in 30 mL of DMF was then added.
Upon heating, all of the solids dissolved, giving an orange
solution, which was refluxed for 24 h. An additional 300 mg References and Notes
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