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A homologous series of zincporphyrin (ZnP)-pyromellitimide (Imjrlthked triads where the pyromellitimide

(Im) moiety is incorporated as an intermediate acceptor between the above two chromophores with a linkage
of different spacersZnP-Im-CH ,-Cgo, ZNnP-Im-C¢o, andZnP-CH-Im-C¢o as well as the reference dyads
(ZnP-Im-CH ,-ref, ZnP-Im-ref, andZnP-CH,-Im-ref) have been prepared to investigate linkage dependence

of photoinduced electron transfer (ET) and back ET to the ground state in the triads. Time-resolved transient
absorption spectra of the triads measured by picosecond laser photolysis as well as the fluorescence lifetimes
in THF reveal the occurrence of photoinduced ET from the singlet excited state of the ZnP to the Im moiety
to give the initial charge-separated state, i.e., the zincporphyrin radical catiorit}dmitle radical anion

(Im*™) pair, followed by a charge shift (CSH) to produce the final charge-separated state, tHeCZsnP

pair. The rate constants of photoinduced ETZimP-Im-Ce (1.8 x 10 s71) andZnP-Im-CH »-Cqg (1.3 x

10'°s71) in THF are much larger than thoseZmP-CH,-Im-Cgo (2.9 x 10° s7%) andZnP-CH-Im-ref (1.9

x 1 s™1). The larger charge separation (CS) rates in the former case are ascribed to the relatively strong
electronic coupling because of the absence of a methylene linkage between the ZnP and the Im moieties in
ZnP-Im-CgpandZnP-Im-CH ,-Cgo as compared to the triad and dyad with the methylene linkage. The transient
absorption spectra of the final charge-separated state, th&-Z@#*~ pair, have been also measured by
nanosecond laser photolysis. It has been found that the rate constants of charge recombinatio@rieR}) of
Im-Ceo'~ are temperature independent, but that the CR rate consta@sRof-Im-CH »-Cgo~ exhibit an
Arrhenius-like temperature dependence with an activation energy of 0.13 eV which corresponds to the energy
difference betwee@nP*"-Im*~-CH,-Cgo andZnP*"-Im-CH »-Cs¢"~. This indicates that the relatively strong
electronic coupling without methylene linkage ImP-Im-Cg results in the preference of the tunneling
superexchange ET over the sequential ET in the CR process which requires the thermal activation to reach
the higher energy state (i.&nP*"-Im*~-Cqg), whereas the sequential ET predominates in the triads with the
methylene linkage.

Introduction nates over coherent superexchange ET when ET from D to B
) ) ) ) as well as from B to A is exothermic, whereas the relative

There has been considerable interest and discussion abouﬁnportance of sequential versus superexchange ET may be

the relative importance of a direct superexchange (coherent) jiered by a subtle change in the driving force and the electronic

process in electron transfer (ET) between electron donors (D) coypling in each ET step when ET from D to B is slightly

and acceptors (A) linked by bridges (B) in{B—A systems  gngothermic or thermoneutral and ET from B to A is exother-

(in which D*—B*"—A plays the role of a virtual state) versus mjc such an argument will be also applicable to charge

a sequential (incoherent) process which involves a bona fide recombination (CR) processes from Ao D*. Namely, direct

intermediate B"—B*~—A.*"3 Incoherent sequential ET domi- gy perexchange-mediated ET occurs from # D+ or sequen-

tial ET takes place from A& to D** via D**—B*~—A. However,
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Synthesis and Characterization.The synthetic routes to
ZnP-Im-CH ,-Cgp, ZNP-IM-C¢0,*®> and ZnP-CH2-Im-C g are
shown in Scheme 1. Cross-condensation of aminoporphyrin
1a,235 pyromellitic dianhydride2, and formyl-protected benzyl-
amine3a2° or aniline 3b,%° followed by acid hydrolysis, gave
pyromellitimide-substituted porphyrifgand4bin 25 and 19%
yield, respectively. Similar cross-condensation of aminometh-
ylporphyrins 1b, 2, and 3b and subsequent acid hydrolysis

Ar=3,5-(+-Bu),CeHs afforded pyromellitimide-substituted porphydicin 13%. The
Figure 1. Porphyrin-pyromellitimide-G triads. zincporphyrin-pyromellitimide-gp triads ZnP-Im-CH 2-Cep,

ZnP-Im-Cgo, andZnP-CH2-Im-C gg) were obtained in 2342%

acceptor between the above two chromophores with a linkageyield by 1,3-dipolar cycloadditiod$ with 4a—c, Cso, and
of different spacersZnP-Im-CH »-Cgo (m = 0 andn = 1)), N-methylglycine in toluene and subsequent treatment with zinc
ZnP-Im-Cgo (M and n = 0)!5 and ZnP-CH,-Im-Cgo (M= 1 acetate. Porphyrin-pyromellitimide dyadZnP-Im-CH ,-ref
andn = 0), as shown in Figure 1. The energy gradient of each (Mm=0, n=1, R=CHa), ZnP-Im-ref (m, n=0, R=C16H33), and
state in ZnP-(Ch)m-Im-(CHy)n-Ceo is well tuned to display ~ ZnP-CHz-Im-ref (m=1, n=0, R=Ci¢H33)] as well as porphyrin
sequential ET within a molecule (i.8ZnP-(CHy)m-Im-(CHy) .- and G referencesZnP-ref2% (m=0), ZnP-CH-ref (m=1),
Cs0 — ZNP-(CH2)m-Im*~-(CH2)n-Ce0 — ZNP*-(CH2)m-Im- andCeo-ref259 were also prepared (Figure 2). Structures of all
(CH2)n-Ceg'™). This type of sequential ET, which is similar to new compounds were confirmed by spectroscopic analysis

initial charge separation (CS) event in photosynthesis, has notincluding *H NMR, IR, and FAB mass spectra (see the
been reported in donor-linked fullerenés2? Experimental Section). The absorption spectram®-Im-CH »-

Because fullerenes exhibit small reorganization energies (60 ZNP-Im-Ceo, andZnP-CHa-Im-Ceo in THF are virtually
in ET2328 photoinduced CS and CR are accelerated and linear comb_lr_latlons_of_the_ absorption spectra _of each chro-
decelerated, respectively, which have been observed frequentlyOPhore, giving no indication for strong interactions between
in donor-linked fullerene®27 Thus, the CR rates from the t'€S€ chromophores in the ground state.
Ceso'~ to the ZnPt in the resulting final charge-separated state ~ Similar results were obtained in 1,4-dioxane. The center-to-
of the present triads can be markedly slowed by shifting them center distanceR) and edge-to-edge distanc&4 were
deep into the inverted region of the Marcus parabola. Taking €stimated by molecular mechanic calculations (MacroModel,
into account the fact that the first reduction potentials of the Version 6.0) and summarized in Table 1.
Im are more negative by 0.1 V than those of the 4g° the Photophysics of Porphyrin-Pyromellitimide Dyads.At first,
CR processes will be affected greatly by the Im moiety as a the photodynamics of the dyad syste@aR-Im-CH ,-ref, ZnP-
“stepping stone”. In this study, the effects of linkage on the Im-ref, andZnP-CH-Im-ref) were investigated for the better
CR processes as well as the CS processes in the triads arenderstanding of the more complex triad systems. Time-resolved
examined in detail by time-resolved transient absorption spec-transient absorption spectra of the dyads were measured by
troscopy and fluorescence lifetime measurements. picosecond laser photolysis. Upon excitatiorzoP-Im-CH »-

O
O i) Ceo,
0 N-methylglycine

ZnP-Im-Cgq (M, n=0)
ZnP-CHy-Im-Cgy (m=1, n=0)
ZnP-Im-CH,-Cgo (M=0, n=1)

SCHEME 1

0 , O ii) Zn(OAc),
P(Hp)—NH, > P(Ho)> N=CHy~{ )—CHO ————————— ZnP-Im-CH,-Cqo
1a NHZCHQ—@—g:X . o}
3a
i} Ceo,
2, Hz""@“g:x o N-methylglycine
3b ii) Zn(OAQ),
1a > P(Ha)~ N~LP)-CHO ————— > ZnP-Im-Ceo
o}
i) Cso,
0 N-methylglycine
2,3b ii) Zn(OAc),
P(Hy~CHyNH, —————————> P(H,y"CH; N—@-CHO — % 7ZnP-CHy-Im-Cg

1b

0]
4c

Ar = 3,5'(f‘BU)QCSH3
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TABLE 1: One-Electron Redox Potentials (vs Fc/F¢)? of Triads in CH ,Cl, and Edge-to-Edge DistanceRe¢ and
Center-to-Center Distance R.;) between Each Chromophoré

edge-to-edge distance

redox potential (center-to-center distancée)
E %V E%edV Ree (RedA)/A

compound ZnP/ZnP Go/Csg™ Im/Im*~ ZnP, Im Im, Go ZnP, Go
ZnP-Im-CH »-Cgp +0.31 —-1.13 —-1.26 5.7 7.6 18.6
(12.5) (13.4) (25.3)

ZnP-Im-Cygp +0.31 —-1.13 —-1.21 5.7 6.5 18.4
(12.5) (12.3) (24.2)

ZnP-CH,-Im-Cygg +0.32 —1.14 —1.26 6.4 6.5 16.3
(11.7) (12.3) (19.8)

a Measured by differential pulse voltammetry in @ using 0.1 Mn-Bu,NPF; as a supporting electrolyte with a sweep rate of 10 mV s
b Estimated using molecular mechanics calculations (MacroModel, version 6.0).
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Figure 2. Porphyrin-pyromellitimide dyads and porphyrin ang,C ® -
references. § 0.15 Im*= 710 nm
£
08 F 5010 F <5 ps rise
e
25 ps <<,:1 0.05 k 85 ps decay
0.6 [ .-
3 zop M 0 g ! R r——— ;
c
8 04 - 0 200 400 600 800 1000
g Time/ ps
02T ~—\_ Figure 4. Time profiles in the transient absorption spectraZoP-
0 Im-CH ref in THF at 460 (top), 620 (middle), and 710 nm (bottom)
in THF. The solid lines are the simulated curves by convolution of
L | | l 1 | exciting pulse, transient absorption, and probing pulse with the lifetime
500 500 200 800 200 of 85 and<5 ps (S1 and S2).
Wavelength / nm charge-separated state, i.e., the Znaln*~ radical ion pair via
Figure 3. Differential absorption spectra obtained upon picosecond photoinduced ET from th&nP to the Im moiety.
flash photolysis (590 nm) of-10~* M solutions ofZnP-Im-CH -ref The time profile of the absorbance at 460 nm, which
in argon saturated THF with a time delay of 25 ps. corresponds to th&ZnP and ZnP*, was analyzed by a single-

exponential decay with a lifetime of 8k 9 ps (Figure 4). The

ref in THF with a picosecond pulse at 590 nm (absorption ratio time profiles of the absorbance at 620 and 710 nm, which are
of porphyrin:Go=14:1), transient absorption bands at 460, 620, due to ZnP" and Int~, respectively, were fitted by a fast rise
and 710 nm appear, accompanied by bleaching of the ground-(<5 ps) and a decay (8% 9 ps) component (Figure 4). The
state porphyrin absorption at 560 nm, as shown in Figure 3. fitting procedure of the kinetic data are given in the Supporting
The transient absorption bands at 460 and 620 nm arelnformation (S1 and S2). The fluorescence lifetimes of the
characteristic of those of the zincporphyrin radical cation porphyrin-pyromellitimide dyads were also measured by a
(ZnP1),32 and the band at 710 nm is diagnostic of the imide picosecond single-photon counting technique (see the Experi-
radical anion (Irtr).28 The absorption that is due to the mental Section). The samples in THF were excited at 524 nm,
porphyrin excited singlet statéZnP") is overlapped with the where the porphyrin moiety absorbs mainly. The fluorescence
band at 460 nm. These results clearly reveal formation of the decay was monitored at 605 nm, where the emission is due to
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TABLE 2: CS (Ker(cs), CSH (ker(cshy), and CR (ker(cr)) Rate Constants of Triads and Dyads Obtained Using Transient
Absorption Spectroscopy, Quantum Yield ¢1, ¢2, ¢ora1), @nd Activation Energy (Ea,)

Kercsfs 2 KercsHys™® Kercrys 12
(¢2)° (¢2)° (Protal = 1 X ¢2)° Edevd
compound THF dioxane THF dioxane THF dioxane THF
ZnP-Im-CH ,-Cgo 1.3x 10w 45x 10° 7.0 x 10w 2.8x 10° 29x 10° c 0.13
(0.97) (0.90) €0.26) (0.11) €0.25) (0.10)
ZnP-Im-CH ,-ref 1.1x 10w 45x 10° >2 x 101t 2.2 x 10%
(0.96) (0.90)
ZnP-Im-Cgo 1.8 x 10w 7.8x 10° 1.0 x 104 1.6 x 100 8.3x 1P c ~Qd
(0.97) (0.94) (0.50) (0.48) (0.49) (0.45)
ZnP-Im-ref 1.1x 10w 5.1x 1 1.0 x 104 1.7 x 109
(0.92) (0.91)
ZnP-CHy,-Im-Cgg 2.9x 10° 1.7x 10 1.7 x 10%° 4.4%x 10° 8.3x 10° c 0.07¢
(0.88) (0.59) (0.25) (0.37) (0.22) (0.22)
ZnP-CHy-Im-ref 1.9x 10 8.0 x 1C® 5.0 x 10%° 7.4x 108
(0.79) (0.32)
ZnP-Ceo® 3.7 x 10P¢
(0.99)
ZnP-H,P-Cee® 2.9x 10%¢
(0.26)

aTheker values were determined by analyzing the decay and rise of transient speciéZrfPe.ZnP*, Im*~, and G¢'~) at 460, 620, 710, and
1000 nm.P The quantum yields of formation of charge-separated states were determined according to Schemesg2=arehg§1f(kercs1) + ko
+ kiso), ¢2 = Kercshf(Kercsh) + Kercre)]- © The decay of the charge-separated state to the triplet excited states is much faster than that to the
ground state? The E, values were determined from Arrhenius analyses of the temperature-dependent CRAatesref 24c,e.

SCHEME 2: Reaction Scheme and Energy Diagram for Section and the Supporting Information, S8)The driving
ZnP-Im-CH o-ref in THF forces AGPer(cryin eV) for the intramolecular CR processes
(2.048V) from the imide radical anion (Im) to the zincporphyrin radical
1ZnP"Am-CH y-ret cation (ZnP") in the dyads are determined by eq 2, where

\ stands for the elementary charge:

Kisc ET(CS1)

Zop"im™-Chref ~AG e cry = B, (D7/D) — E% oy (VAT (2)
(1.57eV)
hv fo The driving forces for the intramolecular CS processes
Kerom (—AG%t(cs)in eV) from the zinc porphyrin singlet excited state
to the Im was determined by eq 3:

3ZnP im-CHy-ret

(1.53eV)

ZnP4m-CH-ref _AGOET(CS): AEy o+ AGOET(CR) 3)

where AEg—g is the energy of the 00 transition energy gap
between the lowest excited state and the ground state, which is
determined by the 60" absorption and '6-0 fluorescence
maxima. It should be noted that the Coulombic terms in the
present donoeracceptor systems are assumed to be negligible
in solvents with moderate polarity (i.e., THF), because of the
= . relatively long edge-to-edge distance employed.
Ketcsy=7 ~ — o (1) The photodynamical behavior ghP-Im-ref andZnP-CH -
Im-ref in THF was similar to those described4dmP-Im-CH »-
of the 1ZnP" moiety in ZnP-Im-CH ,-ref (77 & 8 ps) agrees ref. The rate constants of the Cl&{cs1) and the CRKgr(cr1)
within experimental error with the lifetime of the radical ion were determined by analyzing the decay and rise of the
pair (85+ 9 ps) in Figure 4. Such an agreement indicates that absorbance as in the caseZsfP-Im-CH ,-ref (Figure 4). The
the formation of the radical ion paiz(iP**-Im*~-CHy-ref) via guantum yields of formation of CS statess ) were determined
photoinduced ET from th&nP to the Im moiety is the rate-  from the fluorescence lifetimes according to Scheme 2. The
determining step, followed by the fast CR to the ground state values ofkgr(cs1y Kercr1y ande: thus determined are sum-
(<5 ps). In such a case, the concentratio@ZoP*"-Im*~-CH- marized in Table 2.
ref rapidly reaches a maximum within 5 ps and decayZa# The ketcsyy (1.1 x 109 s71) and kercryy (1.0 x 10 s73)
disappears via the photoinduced ET with the same time constantvalues ofZnP-Im-ref without a methylene linkage are signifi-
as observed in Figure 4. Similar kinetic behavior has been cantly larger than th&er(cs1)(1.9 x 10° s7%) andker(cra) (5.0
reported in dyads consisting of porphyrin linked quindfasd x 10% s71) values of ZnP-CHy-Im-ref with a methylene
imides3> Overall, photoinduced ET takes place from the linkage, respectively. The incorporation of one methylene unit
porphyrin excited singlet state to the Im moiety, and in turn, between the porphyrin and imide moieties renders the electronic
the resulting ZnP-Im*~ ion pair recombines to regenerate the coupling between the two chromophores smaller, thereby
ground state as shown in Scheme 2. attenuating the ET rates of the latter as compared to those of
The energetics shown in Scheme 2 are obtained from the one-the former. The photodynamical behaviorafP-Im-CH ,-ref,
electron redox potentials and the excitation energies of the ZnP-Im-ref, andZnP-CH,-Im-ref in 1,4-dioxane was similar
electron donor and acceptor moieties (see the Experimentalto those in THF, and the data are also given in Tabfé I2.

only the porphyrin moiety. The decay curves were fitted by a
single exponential. On the basis of the fluorescence lifetimes
of the dyads ) and the referencezqP-ref: 7o), the CS rate
constant Kercsi) from the 1ZnP to the Im moiety was
determined using eq 1. The fluorescence lifetime (



Porphyrin-Pyromellitimide-Fullerene Triads J. Phys. Chem. A, Vol. 106, No. 12, 2002807

ker =2.9x 10°s7
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500 600 700 800 900 1000 Figure 6. Differential absorption spectra obtained upon nanosecond
Wavelength / nm flash photolysis (550 nm) of10~* M solutions ofZnP-Im-CH »-Cgo

in argon saturated THF with a time delay of 200 ns (black circles) and
2 us (open circles). The time profile of absorbance at 1000 nm at 273
K is shown as the inset.

Figure 5. Differential absorption spectra obtained upon picosecond
flash photolysis (590 nm) of 104 M solutions ofZnP-Im-CH ,-Cso
in argon saturated THF with a time delay of 5, 25, 60, and 100 ps.

SCHEME 3: Reaction Scheme and Energy Diagram for

ZnP-IM-CH »Cag in THF in THF. This is virtually the same as that described in the dyads

(vide supra). Similar deceleration in the CS1 rateAm?-CH,-

\ (204eV) Im-Ceo (1.7 x 10° s71) was observed in 1,4-dioxane as
ZnP -Im-CH,-Ceo compared to those &nP-Im-Cgo (7.8 x 10° s71) and ZnP-

(153 eV) / ketesy (157 ev) Im-CH »-Cg0 (4.5 x 10° s71) in 1,4-dioxane (see the Supporting
SZnPIm-CHyCep / ZnP*-Im™-CHy-Cey Information, S4-S6). Thus, the attenuation of the CS1 rate
—_— results from the weaker electronic coupling between the

KETORD [ 2P im-CH-Coo™ | €T porphyrin and the imide moieties because of the existence of
hv ko (1,44 8V) the additional methylene group within the spacer.

The CSH rate constant @nP-Im-CH »-Cgo in THF (7.0 x
10 s71) is smaller than that oZnP-Im-Cg in THF (1.0 x
10t s71) despite of the slightly large driving force-AGer(cshy
= 0.13 eV) for the former relative to the latter AGercshy=

KkeT(cRz)

ZnP-Im-CH,-Cep 0.08 eV). This can be accommodated by the small electronic
coupling of the former as compared to the latter because of the
should be noted here that the relative ratiokegfcr1) Vs ket(csy) incorporation of an additional methylene group between the Im

in THF are much larger than those in 1,4-dioxane. The driving and the Gy moieties® It should be noted here that, despite the
force (—AGercr) for the CR process decreases, and the small driving force for the CSH (0.680.13 eV), the CSH
reorganization energy increases with increasing the solventprocess competes well with the CR1 process, resulting in the
polarity, rendering the CR rate larger in polar solvents. In formation of the final charge-separated state (iZnpP**-
contrast, both of the ET parameters for the CS process increasd CHy)m-Im-(CH 2),-Ceo" ). Osuka et al. reported sequential ET
with increasing the solvent polarity, leaving the CS rate rather in similar zincporphyrin-pyromellitimide-quinone (ZnP-Im-Q)
unchanged? Therefore, the photodynamics of the triads were triads where a short methylene spacer is employed between the
not examined in more polar solvents such as benzonitrile. imide and the quinone moietiésProvided that there is a similar
Photophysics of Porphyrin-Pyromellitimide-Fullerene Tri- driving force for the CSH reaction (0.6:0.24 eV) with the
ads. The energy levels of the triads in THF are obtained from short methylene spacer, the CSH rate from the imide to the
the one-electron redox potentials and the excitation energies ofquinone in THF is estimated as %010° s, which is
the electron donor and acceptor moieties (see the Experimentacomparable to the CSH value (1 10 s™1) of the corre-
Section) as shown in Scheme ZnP-Im-CH,-Cgp as a sponding triadZnP-CH»-Im-C¢) in THF. Taking into account

representative example). the stronger electronic coupling of the CSH process in ZnP-
Figure 5 depicts the picosecond absorption spectzné*- Im-Q versusZnP-CHy-Im-Cgq, the fast CSH in the present

Im-CH ,-Cgo in @ THF solution (absorption ratio of ZnPs&14: systems can be attributed to the small reorganization energy of

1). First, a fast step occurs, which involves CS from tfieP the Gy relative to the imidé’c

to the Im moiety ketcsy= 1.3 x 10 s7%, ¢; = 0.97), and Formation of Gg'~ (1000 nm) and ZnP (broad absorption

second, a CSH reaction between thelmnd the Gy moieties around 620 nm) irZnP-Im-CH ,-Cgo was substantiated by a

occurs kercsmy = 7.0 x 10° s7%, ¢, < 0.26)38 The total set of complementary nanosecond laser photolysis experiments

guantum vyield of the formation of the charge-separated state (550 nm), as shown in Figure 6. The decay of both the
(Protal = @1 X @) is determined as<0.25 in THF. Similar absorption bands (1000 and 620 nm) obeys clean first-order

photodynamical behavior was noted #mP-Im-C go andZnP- kinetics with decay rate constants that are virtually identical
CHy-Im-Cgp, and the results are summarized in TabR 2. for both radical species. No characteristic absorption because

The CS1 rate constant @P-CH»-Im-Cgp (2.9 x 1° s71) of the Int~ was detected as an intermediate species. This
in THF is smaller by 1 order of magnitude than thos&ZoP- demonstrates that an intramolecular CR frogyCto ZnP+

Im-Cgo (1.8 x 10*°s71) andZnP-Im-CH »-Cgo (1.3 x 109s71) governs the fate &nP**-Im-CH ,-Cgs ™. The CR rate constants
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(kET(CRZD of ZnP-Im-CH 2-Cg0, ZNP-IM-C g0, and ZnP-CHo- 103 T-1/K-1
Im-Cgoin THF at 273 K thus determined are listed in Table 2. _. . .

. . Figure 7. Arrhenius plots ofkcr for the intramolecular CR process
In contrast to the CR process in THF, no formation @f'C from Ceg~ to ZnP* in (a) ZNP-IM-CH »Ceo, (b) ZNP-Im-C eq, and (c)
(1000 nm) and ZnP (broad absorption around 620 nm) in the  znP-CH,-Im-C g in THF.
longer time scale than 10 ns was detectedZoP-Im-CH »-
Ceo in 1,4-dioxane (the dielectric constant; = 2.2) which is the Gg~ to the ZnP' in the triads was examined in THF.
less polar than THFe{ = 7.58)# In 1,4-dioxane, the energy  Arrhenius plots of thécr values display a drastic trend in the
level of the radical ion pairZnP**-Im-CH ,-Ce¢*~, is higher triads, as shown in Figure 7. There is a good linear correlation
than the triplet excited states 066(°Cqso’) and ZnP $ZnP), between Inkcry) and T for ZnP**-Im-CH »-Cgs~ (Figure 7a).
and thus, the decay of the CS state results in formatiG&sf The activation energyH,) derived from the slope (0.13 eV)
and3ZnP', which are detected as the tripldtiplet absorption agrees with the difference in the energy level betwgeR*"-
spectra 0fCg’ (700 nm¥342and3ZnP (740 and 840 nn3§42 Im*~-CH,-Cgp andZnP*+-Im-CH »-Csg"~ (0.13 eV in Scheme

upon nanosecond laser flash photolysisZofP-Im-CH »-Ceo 3). Such an agreement strongly indicates that the CR2 process
in 1,4-dioxane (See the Supporting Information, %6). proceeds via gequentiaET pathway through the intermediate,
Theker(crz)values ofZnP-Im-Cgo (8.3 x 1P s71) andZnP- ZnP*t-Im*~-CH>-Cgo, Which is by 0.13 eV higher in energy
CH,-Im-C0 (8.3 x 1P s71) in THF are identical, but they are  thanZnP**-Im-CH »-Ce¢~ followed by ET from Im~ to ZnP+.
smaller by a factor of 3 than that @&nP-Im-CH »-Cgp (2.9 x Such a sequential ET may be preferred because of the weak

10° s 1). We have reported the relationship between the edge- electronic coupling at the relatively long distan¢&«= 18.6
to-edge distanceRe9 and the optimal ET rate constant A; vide infra).
(KeT(optimar) in @ homologous series of porphyrin-linked fullerene In contrast to such a thermally activated CR, kag, value

systems [i.e., zincporphyrin-fullerene dyathP-Cego (Ree—=11.9 of ZnP-Im-C g remains a nearly temperature-independent value
A)), zincporphyrin-freebase porphyrin-fullerene triadnp- (Figure 7b). Such a temperature independendegf strongly
H2P—Ceo (Ree=30.3 A)), and ferrocene-zincporphyrin-freebase  suggests that the CR2 proces&irP-Im-C g does not proceeds
porphyrin-fullerene triad Rc-ZnP-HaP-Cgp (Ree=48.6 A)); over a thermally activated barrier but proceeds directly through
Chart 1]?4¢¢The ker(opimayy Values are correlated with ths.e electron tunneling via superexcharf@erhe relatively strong

values to yield the decay coefficient factor [damping fac®r ( electron coupling without methylene linkage ZmP-Im-C g
= 0.60 A1, which is located within the boundaries of may result in such preference of the superexchange ET over
nonadiabatic ET reactions for saturated hydrocarbon bridgesthe sequential ET which requires the thermal activation to reach
(0.8-1.0 A1) and unsaturated phenylene bridges (0:4)&4 the higher energy state @hP*"-Im*~-Cgo (vide infra). On the
Taking into account the above experimental results, we can other hand, the temperature dependencik-gf of ZnP-CH -

estimate thekcr values in the present systenf.{= 16.3— Im-Cgo shows both behaviors: there is an Arrhenius-like
18.6 A) as (0.6-2) x 10° s71, which is smaller by 1 order of  temperature dependence at higher temperatures, but below 230
magnitude than the experimental values [(6-8®) x 1 s™]. K, the kcr2 value becomes a temperature-independent value

This indicates that the CR mechanism in porphyrin-pyromel- (Figure 7c). The temperature-independksy; value of ZnP-
litimide-fullelere triads is different from that reported for CH,-Im-Cgois smaller than the value @nP-Im-C gy because
porphyrin-linked fullerene systef§45(vide infra). of the weaker electron coupling with the methylene linkége.
Sequential vs Superexchange Charge Recombination. Assuming that the FranekCondon factor is similar through-
Temperature dependence of the intramolecular CR rates fromout the series and the CR takes place mainly througlo ted
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o bonds of the linkage, the observed temperature dependencenmol) in dry DMF (15 mL) were heated at reflux under an
of kcrz can be rationalized by the following superexchange atmospheric pressure of nitrogen in the dark for 16 h. The

mechanisn{’#8 The superexchange couplingse between a

reaction mixture was allowed to cool to room temperature and

donor (D) state (d) and an acceptor (A) state (a) via a bridge then evaporated to dryness at a reduced pressure. TLC showed

(B) state (b) is given by eq 4:
Vee= (Vg Vo AEg, (4)

whereVy, andVp, are respective electronic coupling between d
and b and b and a amtiEg, is the energy difference between

several porphyrin bands (benzene), and the fourth bBnek(

0.9, chloroform/methanol (9:1)) was separated by flash column
chromatography. The fraction was concentrated and dissolved
in a mixture of chloroform (10 mL), trifluoroacetic acid (4 mL),
and 5% aqueous sulfuric acid (3 mL). After it was stirred for
12 h, the mixture was poured into 30 mL of water and extracted

the states d and b. The bridged state b is a virtual state whichWith CHCl. The organic layer was washed with saturated
simply increases the electronic coupling between the D and A NaHCQ; aqueous solution, dried over anhydrous8@, and
states by mixing with them. In superexchange-mediated CR of evaporated. Flash column chromatography on silica gel with
the present systems, the process could involve the following chloroform as an eluenR = 0.45, chloroform) and subsequent

transfers: an ET from the SOMO of thed (D) to the SOMO
of the ZnP* (A), mediated by the LUMO of the Im (B).

On the basis of the-AGgr(cshyvalues in THF AEqg values
are in the order oZnP-Im-CH ,-Cgp ~ ZNP-CH,-Im-Cgo >
ZnP-Im-Cgo. Taking into account the effect of a methylene
group on the electronic coupliny/a, and Vi, are in the order
of ZnP-CH2-Im-Cgo ~ ZNP-Im-Cgg > ZnP-Im-CH ,-Cgp and
ZnP-Im-CH ,-Cgp ~ ZNP-IMm-C g > ZNP-CH2-Im-C g, respec-
tively. Thus, theVse value ofZnP-Im-Cgp is much larger than
those of ZnP-CH,-Im-Cgp and ZnP-Im-CH ,-Cgo. This is

reprecipitation from benzene/methanol gaeas a black red
solid (24.1 mg, 0.0190 mmol, 19%). mp 300 °C; *H NMR
(270 MHz, CDC}) 6 10.11 (s, 1H), 8.94 (d) = 5 Hz, 2H),
8.93 (s, 4H), 8.91 (dJ = 5 Hz, 2H), 8.43 (dJ = 8 Hz, 2H),
8.31 (s, 2H), 8.13 (dJ = 2 Hz, 4H), 8.11 (dJ = 2 Hz, 2H),
8.08 (d,J = 8 Hz, 2H), 7.88 (dJ = 8 Hz, 2H), 7.82 (tJ =2

Hz, 2H), 7.81 (tJ = 2 Hz, 1H), 7.75 (dJ = 8 Hz, 2H), 1.54

(s, 54H),—2.76 (br.s, 2H); MS(FAB) 1271 (M- HT); FTIR
(KBr) 3737, 1734, 1654, 1559, 1542, 1508, 1474, 1362, 802,
669 cnr.

consistent with the experimental results in that no temperature  ZnP-Im-Cgo. Cgo (37.4 mg, 0.0520 mmol)4b (22.0 mg,

dependence of the CR2 rateZmP-Im-C ¢ was observed.

0.0173 mmol), andN-methylglycine (46.3 mg, 0.520 mmol) in

In conclusion, this study has demonstrated for the first time dry toluene (11 mL) were heated at reflux under an atmospheric
that a subtle change of the linkage between the donor andpressure of nitrogen in the dark for 6 h. The reaction mixture
acceptor moieties causes a drastic switch between the sequentialas allowed to cool to room temperature and then evaporated
and superexchange-mediated CR as well as the modulation ofto dryness at a reduced pressure. Flash column chromatography

the CS process.

Experimental Section

General. Melting points were recorded on a Yanagimoto
micro-melting-point apparatus and not correctéd. NMR

on silica gel with chloroform as an eluen®(= 0.35,
chloroform) and subsequent reprecipitation from benzene/
methanol gave the desired product as a black red solid (11.5
mg, 5.71umol, 33%). mp> 300 °C; H NMR (270 MHz,
CDCl3) 6 8.95 (d,J = 5 Hz, 2H), 8.92 (dJ = 5 Hz, 4H), 8.89

spectra were measured on a JEOL EX-270. Fast atom bombard{d. J = 5 Hz, 2H), 8.44 (s, 2H), 8.36 (d, = 8 Hz, 2H), 8.12
ment mass spectra (FABMS) were obtained on a JEOL JMs- (d, J = 2 Hz, 4H), 8.06 (dJ = 2 Hz, 2H), 7.92 (dJ = 8 Hz,

DX300. Matrix-assisted laser desorption/ionization (MALDI)

2H), 7.83 (br.s, 2H), 7.81 ( = 2 Hz, 2H), 7.78 (tJ = 2 Hz,

time-of-flight mass spectra (TOF) were measured on a Kratos 1H), 7.64 (d,J = 8 Hz, 2H), 4.63 (dJ = 10 Hz, 1H), 4.52 (s,
Compact MALDI | (Shimadzu). IR spectra were measured on 1H), 3.85 (dJ= 10 Hz, 1H), 2.72 (s, 3H), 1.55 (s, 54H}2.71

a Perkin-Elmer FT-IR 2000 spectrophotometer as KBr disks. (br.s, 2H); MS (FAB) MS (FAB) 721 (), 1298 [M — Ceq *;
Steady-state absorption spectra in the visible and near-IR regiond™TIR (KBr) 3747, 1731, 1591, 1514, 1455, 1361, 1089, 1001,
were measured on a Jasco V570 DS spectrophotometer.797, 718, 527 cm; 13C NMR (68 MHz, CDC}, The symbol
Elemental analyses were performed on a Perkin-Elmer model* means several superimposed signais.}164.92, 164.70,

240C elemental analyzer. The edge-to-edgg) (and center-
to-center R distances were determined from molecular
modeling using MM3 (MacroModel, version 6.0).

148.70, 148.53, 145-5143.9*%, 140.3-141.7*, 138.49*, 137.02%,
135.06, 133.77, 130-8131.8*, 130.87, 130.39, 129.95, 129.55,
125.99, 124.45, 121.83, 121.56, 121.00, 118.88. 118.63, 117.90,

Materials. All solvents and chemicals were of reagent grade 82.41 (-CH—Ph), 77.13 (Go-sp’), 69.41 (-CH,—), 67.89 (G-

quality, obtained commercially and used without further puri-

fication except as noted below. Tetrabutylammonium hexafluo-

sp), 40.08 (N-CHs), 35.20 (C(CHa)s), 35.13 (C(CHy)a),
31.95 (-C(CHa)s), 31.89 (-C(CHa)3). Some of thé*C NMR

rophosphate used as a supporting electrolyte for the electro-signals could not be assigned because of the overlapping with
chemical measurements was obtained from Tokyo Kasei the solvent peaks. A saturated methanol solution of Zn(@Ac)
Organic Chemicals. THF and DMF were purchased from Wako (3 mL) was added to a solution of the sample of thg &iduct
Pure Chemical Ind., Ltd., and purified by successive distillation (10.0 mg, 4.96:mol) in CHCk (30 mL) and heated at reflux
over calcium hydride. Dichloromethane was refluxed and for 30 min. After cooling, the reaction mixture was washed with

distilled from ROs. Thin-layer chromatography (TLC) and flash
column chromatography were performed with Art. 5554 DC-
Alufolien Kieselgel 60 ks4 (Merck) and Fujisilicia BW300,
respectively.

Synthesis of Porphyrin-Fullerene Linked Molecules and
the References. 4b5-(4-Aminophenyl)-10,15,20-tris(3,5-di-
tert-butylphenyl)porphyrinla (96.5 mg, 0.100 mmol), pyro-
mellitic dianhydride 2 (22.0 mg, 0.100 mmol), and 2-(4-
aminophenyl)-5,5-dimethyl-1,3-dioxang&> (21.0 mg, 0.100

water twice and dried over anhydrous JS&y, and then the
solvent was evaporated. Flash column chromatography on silica
gel with CHC} as an eluent and subsequent reprecipitation from
benzene-methanol ga#nP-Im-Cgp as a brown solid (100%
yield, 10.3 mg, 4.9&imol). mp> 300°C; H NMR (270 MHz,
CDClg) 6 9.05 (d,J = 5 Hz, 4H), 9.03 (dJ = 5 Hz, 2H), 9.01

(d, J = 5 Hz, 2H), 8.97 (dJ = 5 Hz, 2H), 8.40 (s, 2H), 8.33
(d,J =8 Hz, 2H), 8.11 (dJ = 2 Hz, 4H), 8.04 (dJ = 2 Hz,

2H), 7.92 (d,J = 8 Hz, 2H), 7.81 (tJ = 2 Hz, 2H), 7.76 (tJ



2810 J. Phys. Chem. A, Vol. 106, No. 12, 2002

= 2 Hz, 1H), 7.72 (br.s, 2H), 7.62 (d,= 8 Hz, 2H), 4.42 (d,
J=10Hz, 1H), 4.25 (s, 1H), 3.63 (d,= 10 Hz, 1H), 2.66 (s,
3H), 1.56 (s, 54H); MS (FAB) 721 (§), 1360 [M— Ced™; IR

(KBr) 1731, 1591, 1514, 1455, 1361, 1089, 1001, 797, 718,

527 cnl; 13C NMR (68 MHz, CDC}h) ¢ 165.38, 165.10,

Imahori et al.

3H); MS (FAB) 222 (M+ H*); IR (KBr) 1611, 1471, 1381,
1315, 1214, 1033, 825, 790, 764, 712 émFound: C, 70.7;
H, 8.54; N, 5.96%. Calcd for gH17NO,: C, 70.6; H, 8.65; N,
6.33%.

4a. This compound was synthesized frdm, 2, and3a by

15056, 15044, 15036, 14968, 14864, 14852, 14675, 14570{he same method as that described 4br 4a as a black red
145.52, 145.31, 144.78, 144.53, 143.71, 141.83, 141.09, 137.30s0lid from benzene/methanol (25% yield): mp300 °C: H
137.27, 135.07, 135.07, 132.64, 132.44, 132.44, 132.28, 13L52\NMR (270 MHz, CDCH) 6 9.99 (s, 1H), 8.93 (d) = 5 Hz,
129.89, 129.54, 128.34, 126.13, 124.41, 122.66, 120.87, 120.822H), 8.92 (s, 4H), 8.90 (d] = 5 Hz, 2H), 8.41 (dJ = 8 Hz,

119.17, 82.63 {CH—Ph), 77.76 (Go-Sp’), 69.65 (CH,—),
68.39 (Gosp’), 40.05 (N-CHg), 35.06 (-C(CHgz)s), 32.03
(=C(CHg)s).

ZnP-Im-ref. Aminoporphyrin 1a (193 mg, 0.200 mmol),
pyromellitic dianhydride2 (44.0 mg, 0.200 mmol), and 4-hexa-
decylaniline (63.0 mg, 0.200 mmol) in dry DMF (30 mL) were

2H), 8.16 (s, 2H), 8.13 (s, 4H), 8.11 (s, 2H), 7.87J¢s 8 Hz,
2H), 7.86 (d,J = 8 Hz, 2H), 7.81 (s, 3H), 7.57 (d, = 8 Hz,
2H), 4.89 (s, 2H), 1.54 (s, 54H);2.78 (br.s, 2H); MS(FAB)
1284 (M + H*); FTIR (KBr) 1730, 1476, 1362, 1254, 1095,
974, 917, 914, 899, 882, 802, 717 thn

ZnP-Im-CH »-Cgo. Cgo (56.3 mg, 0.0781 mmol}a (33.0 mg,

heated at reflux under an atmospheric pressure of nitrogen in0.0257 mmol), andN-methylglycine (69.4 mg, 0.779 mmol) in

the dark for 22 h. The reaction mixture was allowed to cool to

dry toluene (20 mL) were heated at reflux under an atmospheric

room temperature and then evaporated to dryness at a reduce@ressure of nitrogen in the dark for 19 h. The reaction mixture

pressure. TLC showed two porphyrin banBs= 0.55 and 0.45,

was allowed to cool to room temperature and then evaporated

benzene), and the second band was separated by flash columb dryness at a reduced pressure. Flash column chromatography
chromatography. Reprecipitation from benzene/methanol gaveon silica gel with chloroform as an eluen®(= 0.15,
the desired product as a black red solid (76.5 mg, 0.0523 mmol, chloroform) and subsequent reprecipitation from chloroform/

26%). mp> 300°C; 'H NMR (270 MHz, CDC}) ¢ 8.93 (d,J
= 5 Hz, 2H), 8.92 (s, 4H), 8.90 (dl = 5 Hz, 2H), 8.49 (s,
2H), 8.42 (d,J = 8 Hz, 2H), 8.11 (d,) = 2 Hz, 4H), 8.09 (d,
J=2Hz, 2H), 7.90 (d,) = 8 Hz, 2H), 7.81 (tJ = 2 Hz, 2H),
7.80 (t,J = 2 Hz, 1H), 7.39 (d,) = 8 Hz, 2H), 7.37 (d) = 8
Hz, 2H), 2.69 (t.J = 8 Hz, 2H),1.68 (m, 2H), 1.56 (s, 54H),
1.27 (m, 26H), 0.89 (tJ = 8 Hz, 3H),—2.72 (br.s, 2H); MS
(FAB) 1467 (M + H*); FTIR (KBr) 3733, 1732, 1559, 1593,

methanol gave the desired product as a dark grayish violet solid
(25.0 mg, 0.0153 mmol, 60%). mp 300 °C; *H NMR (270
MHz, CDCL) 6 8.91 (s, 8H), 8.44 (d) = 8 Hz, 2H), 8.39 (s,
2H), 8.09 (s, 6H), 7.88 (d) = 8 Hz, 2H), 7.80 (s, 3H), 7.76
(br.s, 2H), 7.53 (dJ = 8 Hz, 2H), 4.94 (s, 1H), 4.90 (d,= 10

Hz, 1H), 4.17 (dJ = 10 Hz, 1H), 2.77 (s, 3H), 1.54 (s, 54H),
—2.72 (br.s, 2H); MS (MALDFTOF) 2026 (M+ HT); FTIR
(KBr) 3745, 1725, 1592, 1457, 1363, 1095, 1002, 998, 718,

1557, 1515, 1471, 1363, 1247, 1094, 973, 914, 880, 802, 722,527 cnrl. A saturated methanol solution of Zn(OAB mL)

668 cnrl. A saturated methanol solution of Zn(OAdB mL)

was added to a solution of the sample of thg &lduct (10.3

was added to a solution of the sample of the dyad (10.0 mg, mg, 5.07umol) in CHCk (30 mL) and heated at reflux for 30

6.83umol) in CHCk (30 mL) and heated at reflux for 30 min.
After cooling, the reaction mixture was washed with water twice
and dried over anhydrous p&O,, and then the solvent was

min. After cooling, the reaction mixture was washed with water
twice and dried over anhydrous P80, and then the solvent
was evaporated. Flash column chromatography on silica gel with

evaporated. Flash column chromatography on silica gel with CHCI; as an eluentR; = 0.15, chloroform) and subsequent
CHCl; as an eluent and subsequent reprecipitation from reprecipitation from chloroform/methanol gaZeP-Im-CH ,-

chloroform/methanol gav&nP-Im-ref as a black red solid
(100% yield, 10.3 mg, 6.8@mol). mp > 300 °C; *H NMR
(270 MHz, CDC}) 6 9.04 (d,J = 5 Hz, 2H), 9.03 (s, 4H), 9.01
(d,J=5Hz, 2), 855 (s, 2H), 8.43 (d,= 8 Hz, 2H), 8.12 (d,
J=2Hz, 4H), 8.10 (dJ = 2 Hz, 2H), 7.90 (dJ = 8 Hz, 2H),
7.81 (t,J = 2 Hz, 2H), 7.79 (tJ = 2 Hz, 1H), 7.39 (dJ =8
Hz, 2H), 7.38 (dJ = 8 Hz, 2H), 2.69 (tJ = 8 Hz, 2H), 1.66
(m, 2H), 1.56 (s, 54H), 1.34 (m, 26H), 0.89 Jt= 8 Hz, 3H);
MS (FAB) 1531 (M+ H™); IR (KBr) 1731, 1593, 1514, 1466,

Ceo as a dark violet solid (38% vyield, 4.0 mg, Jufnol). mp>
300°C; 'H NMR (270 MHz, CDC}) 6 9.02 (d,J = 5 Hz, 2H),
9.00 (s, 4H), 8.99 (dJ = 5 Hz, 2H), 8.48 (s, 2H), 8.41 (d,=

8 Hz, 2H), 8.08 (dJ = 2 Hz, 6H), 7.91 (dJ = 8 Hz, 2H),
7.80 (t,J = 2 Hz, 2H), 7.79 (tJ = 2 Hz, 1H), 7.72 (br.s, 2H),
7.54 (t,J = 8 Hz, 1H), 4.94 (s, 2H), 4.81 (d,= 10 Hz, 1H),
4.79 (s, 1H), 4.08 (dJ = 10 Hz, 1H), 2.76 (s, 3H), 1.53 (s,
54H); MS (MALDI—TOF) 2095 (M+ H*); FTIR (KBr) 1725,
1591, 1457, 1362, 1091, 1002, 798, 718, 527 tm

1364, 1290, 1248, 1219, 1094, 1002, 930, 880, 824, 799, 723 ZnP—Im-CH Z_ref. Am|n0porphyr|n la (719 mg, 0.0744

cm L,

3a. To a stirred solution of LiAIH (5.57 g, 149 mmol) in
dry THF (100 mL) was added a solution of 2-(4-cyanophenyl)-
5,5-dimethyl-1,3-dioxarf@ (5.56 g, 25.6 mmol) in dry THF (40
mL) dropwise at ®C, and stirring was continued at’@ for 2
h. The reaction mixture was quenched by addition of 5 mL of
ethyl acetate followed by addition of 60 mif£ ® M HCI aqueous

mmol), pyromellitic dianhydride2 (17.3 mg, 0.0793 mmol),
and 4-methylbenzylamine (10.2 mg, 0.0842 mmol) in dry DMF
(11 mL) were heated at reflux under an atmospheric pressure
of nitrogen in the dark for 25 h. The reaction mixture was
allowed to cool to room temperature and then evaporated to
dryness at a reduced pressure. TLC showed three porphyrin
bands R = 0.65, 0.15, and 0.05, chloroform), and the second

solution. The organic layer was separated, washed with saturatedand was separated by flash column chromatography. Repre-

N&CO;, and dried over anhydrous p&Oy, and then the solvent

cipitation from benzene/methanol gave the desired product as

was evaporated. Flash column chromatography on silica gel witha dark violet solid (20.4 mg, 0.0161 mmol, 22%). mp300
ethyl acetate/ethanol (4:1) as an eluent and subsequent repreC; *H NMR (270 MHz, CDC}) 6 8.93 (d,J = 5 Hz, 2H),

cipitation from hexane/benzene gadaas a pale yellow solid
(73% yield, 4.16 g, 4.16 mmol). mp 115:216.2°C; *H NMR
(270 MHz, CDC}) 6 7.48 (d,J = 8 Hz, 2H), 7.31 (dJ =8
Hz, 2H), 5.39 (s, 1H), 3.86 (s, 2H), 3.77 @~= 11 Hz, 2H),
3.65 (d,J = 11 Hz, 2H), 1.57 (s, 2H), 1.30 (s, 3H), 0.80 (s,

8.92 (s, 4H), 8.91 (dJ = 5 Hz, 2H), 8.41 (dJ = 8 Hz, 2H),
8.32 (s, 2H), 8.10 (dJ = 2 Hz, 4H), 8.09 (dJ = 2 Hz, 2H),
7.86 (d,J = 8 Hz, 2H), 7.80 (tJ = 2 Hz, 2H), 7.79 (tJ =2
Hz, 1H), 7.37 (dJ = 8 Hz, 2H), 7.17 (dJ = 8 Hz, 2H), 4.87
(s, 2H), 2.34 (s, 3H), 1.54 (s, 54H)2.74 (br.s, 2H); MS (FAB)
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1270 (M+ H™); FTIR (KBr) 3774, 1725, 1593, 1476, 1370, SOy, and evaporated. Flash column chromatography on silica
1247, 1095, 973, 917, 882, 802, 721 ¢mA saturated methanol  gel with chloroform as an eluen®( = 0.10, benzene/ethyl
solution of Zn(OAc) (3 mL) was added to a solution of the acetate (30:1)) and subsequent reprecipitation from chloroform/
sample of the dyad (40.5 mg, 0.0319 mmol) in CECL90 methanol gavéc as a black red solid (50.4 mg, 0.0393 mmol,
mL) and heated at reflux for 30 min. After cooling, the reaction 13%). mp> 300°C; 'H NMR (270 MHz, CDC}) 6 10.09 (s,
mixture was washed with water twice and dried over anhydrous 1H), 8.88 (s, 4H), 8.85 (d] = 5 Hz, 2H), 8.77 (dJ = 5 Hz,
N&aSOy, and then the solvent was evaporated. Flash column 2H), 8.30 (s, 2H), 8.22 (d] = 8 Hz, 2H), 8.08 (s, 4H), 8.07 (s,
chromatography on silica gel with CHC&s an eluentRs = 2H), 8.05 (d,J = 8 Hz, 2H), 7.83 (dJ = 8 Hz, 2H), 7.78 (s,
0.25, chloroform) and subsequent reprecipitation from chloroform/ 3H), 7.71 (dJ = 8 Hz, 2H), 5.24 (s, 2H), 1.55 (s, 54H},2.79
methanol gav&nP-Im-CH ,-ref as a black red solid (75% yield,  (br.s, 2H); MS(FAB) 1284 (M H™); FTIR (KBr) 3742, 1730,
31.7 mg, 0.0238 mmol). mp 300 °C; 'H NMR (270 MHz, 1593, 1508, 1475, 1425, 1364, 1247, 1205 1092, 1000, 972,
CDCl) 6 9.03 (d,J = 5 Hz, 2H), 9.02 (s, 4H), 9.00 (&, =5 915, 883, 802, 724 cm.

Hz, 2H), 8.45 (s, 2H), 8.41 (d] = 8 Hz, 2H), 8.10 (dJ = 2 ZnP-CH »Im-C go. Cs0 (145.6 mg, 0.202 mmol¥c (85.8 mg,

Hz, 4H), 8.09 (dJ = 2 Hz, 2H), 7.87 (dJ =8 Hz, 2H), 7.80  (.0668 mmol), and\-methylglycine (179 mg, 2.01 mmol) in

(t, 3= 2Hz, 2H), 7.79 (tJ = 2 Hz, 1H), 7.39 (dJ = 8 Hz, dry toluene (20 mL) were heated at reflux under an atmospheric
2H), 7.39 (d,J = 8 Hz, 2H), 7.18 (dJ = 8 Hz, 2H), 490 (s,  pressure of nitrogen in the dark for 10 h. The reaction mixture

2H), 2.34 (s, 3H), 1.53 (s, 54H); MS (FAB) 1332 (M H); was allowed to cool to room temperature and then evaporated

FTIR (KBr) 1730, 1591, 1363, 1290, 1249, 1219, 1097, 1002, to dryness at a reduced pressure. Flash column chromatography

929, 884, 800, 720 cm. on silica gel with chloroform as an eluenfR(= 0.10,
5-(4-Cyanophenyl)-10,15,20-tris(3,5-diert-butylphenyl)- chloroform) and subsequent reprecipitation from chloroform/

porphyrin. 3,5-Ditert-butylbenzaldehyde (16.20 g, 74.20 mmol), methanol gave the desired product as a dark yellowish brown
4-cyanobenzaldehyde (3.23 g, 24.6 mmol), and pyrrole (7.30 solid (66.1 mg, 0.0325 mmol, 49%). n¥p 300 °C; 'H NMR
mL, 105 mmol) were dissolved in dry CH£(2600 mL). The (270 MHz, CDC¥) ¢ 8.88 (s, 4H), 8.84 (d) = 5 Hz, 2H), 8.76
mixture was degassed with nitrogen for 30 min. ThepOEt (d, J = 5 Hz, 2H), 8.37 (s, 2H), 8.20 (d, = 8 Hz, 2H), 8.07
BFs (4.10 mL, 32.4 mmol) was added to the solution; this (d,J= 2 Hz, 2H), 8.06 (dJ = 2 Hz, 4H), 7.86 (br.s, 2H), 7.81
mixture was stirred fo2 h under nitrogen atmosphere. Chloranil  (d, J = 8 Hz, 2H), 7.77 (tJ = 2 Hz, 2H), 7.76 (tJ = 2 Hz,
(18.2 g, 74.0 mmol) was added to the reaction mixture, and 1H), 7.57 (d,J = 8 Hz, 2H), 5.22 (s, 2H), 4.82 (d,= 10 Hz,
this was stirred overnight. The solvent was removed under 2H), 4.80 (s, 1H), 4.07 (d] = 10 Hz, 1H), 2.78 (s, 3H), 1.50
reduced pressure. Flash column chromatography on silica gel(s, 54H),—2.77 (br.s, 2H); MS (MALD+TOF) 2026 (M+
with hexane/benzene (1:1) as an elueRt & 0.25) and H™); FTIR (KBr) 3735, 1592, 1459, 1363, 1095, 800, 725, 527
subsequent reprecipitation from chloroform/methanol gave cm. A saturated methanol solution of Zn(OA¢B mL) was
desired compound as a dark red solid (3.79 g, 3.88 mmol, 16%).added to a solution of the sample of thes@dduct (66.1 mg,
mp > 300 °C; *H NMR (270 MHz, CDC}) 6 8.92 (d,J =5 0.0325 mmol) in CHQ (180 mL) and heated at reflux for 30
Hz, 2H), 8.91 (s, 4H), 8.72 (d} = 5 Hz, 2H), 8.36 (dJ =8 min. After cooling, the reaction mixture was washed with water
Hz, 2H), 8.08 (dJ = 2 Hz, 4H), 8.07 (dJ = 2 Hz, 2H), 8.06 twice and dried over anhydrous p&Oy, and then the solvent
(d, J =8 Hz, 2H), 7.80 (tJ = 2 Hz, 2H), 7.79 (tJ = 2 Hz, was evaporated. Flash column chromatography on silica gel with
1H), 2.72 (s, 3H), 1.52 (s, 54H)2.72 (br.s, 2H); MS (FAB) CHCl; as an eluentR; = 0.45, benzene/ethyl acetate (19:1))
976 (M + H™); FTIR (KBr) 3732, 1593, 1475, 1394, 1362, and subsequent reprecipitation from chloroform-methanol gave
1246, 970, 916, 882, 860, 804, 730, 715, 668 tm ZnP-Im-CH ,-Cgo as a dark brownish violet solid (85% yield,
1b. This compound was synthesized from 5-(4-cyanophenyl)- 57.8 mg, 0.0276 mmol). mp 300 °C; *H NMR (270 MHz,
10,15,20-tris(3,5-dtert-butylphenyl)porphyrin by the same CDCl) 6 8.98 (s, 4H), 8.94 (d) = 5 Hz, 2H), 8.87 (dJ=5
method as that described f8a. 1b was obtained as a black Hz, 2H), 8.43 (s, 2H), 8.20 (d] = 8 Hz, 2H), 8.06 (s, 6H),
red solid from chloroform/methanol (61% vyield); mp 300 7.81 (d,J = 8 Hz, 4H), 7.77 (s, 3H), 7.57 (d, = 8 Hz, 2H),
°C; *H NMR (270 MHz, CDC}) ¢ 8.93 (d,J = 5 Hz, 2H), 5.23 (s, 2H), 4.70 (dJ = 10 Hz, 1H), 4.69 (s, 1H), 3.94 (d,
8.88 (s, 4H), 8.87 (dJ = 5 Hz, 2H), 8.08 (dJ = 2 Hz, 4H), =10 Hz, 1H), 2.76 (s, 3H), 1.53 (s, 54H); MS (MALBITOF)
8.07 (d,J = 2 Hz, 2H), 8.01 (d,J =8 Hz, 2H), 7.78 (tJ = 2 2095 (M + H™); FTIR (KBr) 1730, 1592, 1475, 1363, 1092,
Hz, 2H), 7.77 (tJ = 2 Hz, 1H), 7.07 (dJ = 8 Hz, 2H), 4.22 1002, 797, 718, 527 cm.

(s, 2H), 1.60 (s, 2H), 1.54 (s, 54H),2.71 (br.s, 2H); MS(FAB) ZnP-CH»Im-ref. AminomethylporphyririLb (302 mg, 0.308
980 (M + HF); FTIR (KBr) 3746, 1695, 1476, 1394, 1366, mmol), pyromellitic dianhydrid® (135 mg, 0.618 mmol), and
1247, 973, 917, 883, 803, 733, 715, 668¢ém 4-hexadecylaniline (223 mg, 0.703 mmol) in dry DMF (46 mL)

4c: Aminomethylporphyrinlb (295.7 mg, 0.302 mmol),  were heated at reflux under an atmospheric pressure of nitrogen
pyromellitic dianhydride? (135 mg, 0.619 mmol), an8b (195 in the dark for 11 h. The reaction mixture was allowed to cool
mg, 0.940 mmol) in dry DMF (45 mL) were heated at reflux to room temperature and then evaporated to dryness at a reduced
under an atmospheric pressure of nitrogen in the dark for 5 h. pressure. TLC showed three porphyrin barfgs< 0.65, 0.30,
The reaction mixture was allowed to cool to room temperature and 0.05, benzene), and the second band was separated by flash
and then evaporated to dryness at a reduced pressure. TL&olumn chromatography. Reprecipitation from benzene-aceto-
showed several porphyrin bands (benzene), and the fourth bandhitrile gave the desired product as a dark grayish purple solid
(R = 0.50, benzene/ethyl acetate (15:1)) was separated by flash(176 mg, 0.119 mmol, 39%). mp 300°C; 'H NMR (270 MHz,
column chromatography. The fraction was concentrated and CDCL) 6 8.88 (s, 4H), 8.84 (d) =5 Hz, 2H), 8.78 (dJ =5
dissolved in a mixture of chloroform (53 mL), trifluoroacetic Hz, 2H), 8.37 (s, 2H), 8.21 (d] = 8 Hz, 2H), 8.07 (s, 6H),
acid (21 mL), and 5% aqueous sulfuric acid (16 mL). After 7.81 (d,J= 8 Hz, 2H), 7.79 (s, 3H), 7.35 (s, 2H), 5.23 (s, 2H),
stirring for 16 h, the mixture was poured into 100 mL of water 2.67 (t,J = 8 Hz, 2H), 1.71.2 (m, 28H), 1.54 (m, 54H), 0.89
and extracted with CHGI The organic layer was washed with  (t, J = 8 Hz, 3H),—2.75 (br.s, 2H); MS (FAB) 1480 (Mt
saturated NaHC@aqueous solution, dried over anhydrousNa  H™); FTIR (KBr) 3745, 1729, 1593, 1515, 1476, 1362, 1247,
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1098, 973, 915, 883, 803, 724 ch A saturated methanol  Details of the transient absorption measurements were described
solution of Zn(OAc) (3 mL) was added to a solution of the elsewheré3' All of the samples (10*~107> M) in a quartz cell
sample of the dyad (176 mg, 0.119 mmol) in CK00 mL) (1 x 1 cm) were deaerated by bubbling argon through the
and heated at reflux for 30 min. After cooling, the reaction solution for 15 min.
mixture was washed with water twice and dried over anhydrous  Electrochemical MeasurementsThe differential pulse vol-
NaSQ;, and then the solvent was evaporated. Flash column tammetry (DPV) measurements of the dyads and triads were
chromatography on silica gel with CHChs an eluentR; = performed on a BAS 50W electrochemical analyzer in a
0.35, benzene) and subsequent reprecipitation from chloroform/deaerated CkCl, solution containing 0.10 M-BusNPF; as a
methanol gave&ZnP-Im-CH »-ref as a dark grayish solid (90%  supporting electrolyte at a sweep rate of 10 mV at 298 K
yield, 165 mg, 0.107 mmol). mp 300°C; 'H NMR (270 MHz, (see Supporting Information, S3). The glassy carbon working
CDCl) 6 9.00 (s, 4H), 8.96 (d) = 5 Hz, 2H), 8.88 (dJ =5 electrode was polished with BAS polishing alumina suspension
Hz, 2H), 8.40 (s, 2H), 8.21 (d] = 8 Hz, 2H), 8.08 (s, 6H), and rinsed with acetone before use. The counter electrode was
7.79 (d,J = 8 Hz, 2H), 7.78 (s, 3H), 7.36 (d, = 8 Hz, 2H), a platinum wire. The measured potentials were recorded with
7.34 (d,J = 8 Hz, 2H), 5.23 (s, 2H), 2.68 (1 = 8 Hz, 2H), respect to an Ag/AgCI (saturated KCI) reference electrode.
1.7-1.2 (m, 28H), 1.51 (s, 54H), 0.88 @,= 8 Hz, 3H); MS Ferrocene/ferricenium was used as an external standard.
(FAB) 1542 (M+ H™); FTIR (KBr) 1730, 1591, 1363, 1290,
1249, 1219, 1097, 1002, 929, 884, 800, 724 &m Acknowledgment. This work was supported by COE, Grant-
ZnP-CHo-ref. To a stirred solution oflb (101 mg, 0.103 in-Aid for Scientific Research, Specially Promoted Research
mmol) in dry CHCl, (10 mL) was added acetic anhydride (No. 10102007), and the Development of Innovative Technology
(0.040 mL, 0.420 mmol) dropwise at T, and stirring was (N0.12310) from the Ministry of Education, Culture, Sports,
continued at GC for 20 min. The reaction mixture was allowed Science and Technology of Japan.
to cool to room temperature and then evaporated to dryness at
a reduced pressure. Flash column chromatography on silica gel Supporting Information Available: Kinetic analysis of the
with toluene/ethyl acetate (1:1) as an elueRt £ 0.35) and time profile of transient absorption (S1,S2), DPV voltammogram
subsequent reprecipitation from benzene/acetonitrile gave theof ZnP-CH2-Im-Cg (S3), differential absorption spectra ob-
desired product as a dark grayish brown solid (80.7 mg, 0.0789tained uporpicosecondlash photolysis oZnP-Im-CH >-Ceo

mmol, 77%). mp> 300 °C; 'H NMR (270 MHz, CDC}) & in 1,4-dioxane (S4), time-profile of transient absorbancerd?-
8.89 (s, 4H), 8.88 (dJ = 5 Hz, 2H), 8.81 (dJ = 5 Hz, 2H), Im-CH ,-Cgpin 1,4-dioxane (S5), differential absorption spectra
8.20 (d,J = 8 Hz, 2H), 8.08 (s, 6H), 7.79 (s, 3H), 6.02 Jt= obtained upomanosecondlash photolysis ofZnP-Im-CH -

8 Hz, 1H), 4.78 (dJ = 8 Hz, 2H), 2.18 (s, 3H), 1.52 (s, 54H), Ceo in 1,4-dioxane (S6; 6 page, print/PDF). This material is
—2.71 (br.s, 2H); MS (FAB) 1022 (M- H"); IR (KBr) 1260, available free of charge via the Internet at http://pubs.acs.org.
1096, 1015, 922, 795, 706 crh A saturated methanol solution
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