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Three sets of dyads, in which a zinc—porphyrin (ZP) electron donor is connected to an aromatic
diimide electron acceptor ,either pyromellitimide (PI) or naphthalene-1,8:4,5-tetracarboxylic acid
diimide (NI), via a boronate-ester bridge, a piperidine bridge, and a 1,3-dioxolane bridge,
respectively, were prepared for the purpose of control of intramolecular electron transfer (ET) by
acid—base reactions at the connecting bridge. Boronate—ester bridge is a Lewis acidic site and
confers a chance to regulate intramolecular ET reaction upon base coordination. This has been
demonstrated by suppression of photoinduced ET from ZP to PI or NI in highly electron-pair
donating solvents or upon addition of a fluoride anion. To extend this strategy to control of ET-
path selectivity, we prepared triad 18, which consists of a ZP donor bearing NI and P1 acceptors
at similar distances through a boronate—ester bridge and an acetal bridge, respectively. Photoex-
citation of 18 in a free form led to intramolecular ET from 1ZP* preferentially to NI, but the ET
path was completely switched toward PI in F-coordinated form without a serious drop in the
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rate, constituting a novel ET-switching molecular system.

Introduction

In recent years, intramolecular electron transfer (ET)
has been the subject of intense studies that are aimed
at elucidating the role of the various parameters that
govern ET rate.' 318 Among these, the electronic proper-
ties of a bridge connecting a donor and an acceptor are

important, since ET reactions can be facilitated by
appropriate molecular orbitals provided by the bridge.?3
A number of covalently linked donor—acceptor models
have been developed to prove the effectiveness of the
intervening spacer in mediating electronic interactions
between donor and acceptor.?* When a donor—acceptor
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Chart 1. Model Compounds 1 (B-bridged), 2
(N-bridged), and 3 (C-bridged)

1a;R', R? = CHy
1b;R'=H, R®=PI
1c;R'=H,RZ=NI

3a;R",R2=CH,
3b;R'=H, R°=PI
3¢c;R'=H, R?=NI

] 0O ] i O
Pl= Nb@::N‘CsHm NI =N ' N'CGH13
0 0 o) o

molecule undergoes an intramolecular ET reaction tun-
able by external physical and/or chemical input, it may
constitute a switching ET molecular system. Such ET
systems will be quite useful as a switching component
of supramolecular devices. We report here intramolecular
photoinduced electron transfer in boronate-ester bridged
zinc—porphyrin (ZP)—pyromellitimide (PI) 1b and zinc—
porphyrin (ZP)—1,8:4,5-naphthalene—tetracarboxylic di-
imide (NI) 1c (Chart 1) in which the Lewis acidic
boronate ester confers a chance to tune intramolecular
ET rate upon base coordination. This has indeed been
demonstrated by ET-suppression upon an addition of a
fluoride anion (F~) at the boronate bridge.® The piperidine
bridge is basic and may be protonated with suitable acids.
Here we also examined the possibility of control of
intramolecular ET over a piperidine bridge by using
models 2b and 2c. 1,3-Dioxolane-bridged compounds 3b
and 3c were prepared as reference molecules.
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Chart 2. Triad Model 18 and Its Reference

Molecules

CeHi3 CeHi3
O -4 <
3 X
RZ\_g be) R*

CeH1a CeHiz

18;R', R®*=H, RZ=PI', R*= NI
19; R', R? = CHg, R®=H, R* = NI'
20;R'=H,R?=PI' R® R*=CHs
21;R", R34 R, R*=CH,4

e} 0 o O o]

PI'=NMN NI'=N .' N

o] o} o o)
Results

Synthesis. Boronate-ester appended zinc porphyrin la
was prepared according to the method reported by Toi
et al.b Attempted hydrolysis of the boronate ester of la
was unsuccessful in our hands under both the acidic and
basic conditions. Synthesis of the boronate-ester bridged
(B-bridged) models 1b and 1c is shown in Scheme 1.
Porphyrinboronic acid 7 was prepared by cross-con-
densation”*?2 of 3,5-di-tert-butylbenzaldehyde (4) and
4-formylphenylboronic acid (6) with dipyrrylmethane 5
in a mixture of CH,Cl, and acetonitrile followed by
oxidation with p-chloranil under mild conditions (0 °C,
30 min) in 35% yield. The dyads 1b and 1c were prepared
by refluxing a toluene solution of 7 in the presence of
diimide-appended diol 8a or 8b? in 84 and 90% vyields,
respectively.

Synthesis of the piperidine-bridged (N-bridged) models
2a—c is shown in Scheme 2. Initially, the primary amino
group of 4-amino-1-benzylpiperidine was protected with
phthalic anhydride by refluxing in DMF, and then the
benzyl substituent was cleaved by heating in the presence
of 1-chloroethyl chloroformate followed by refluxing in
methanol,® to provide 10. Pd-catalyzed coupling of 10
with bromide 11 under the recently improved conditions®®
gave 12b in 30% yield. After deprotection of the acetal
group under acidic conditions, aldehyde 13b was con-
densed with 4 and 5 to afford porphyrin 14 in 24% yield.
The phthaloyl protecting group in 14 was cleaved with
hydrazine in a mixture of ethanol and THF under mild
conditions (room temperature, 18 h) to give aminopor-
phyrin 15. Condensation of 15 with imide-anhydride 16a
or 16b in refluxing pyridine to give 2b and 2c in 84 and
87% yields, respectively. Piperidine-appended reference
porphyrin 2a was prepared via a similar route.

Synthesis of porphyrins 3a and 17 was reported
elsewhere.** Acetal condensation of formyl-substituted
porphyrin 17 with diimide-appended diol 8a or 8b in the
presence of an excess amount (50 equiv) of pyridinium
p-toluenesulfonate (PPTS)® gave the C-bridged dyads 3b
and 3c in 78 and 34% yields, respectively (Scheme 3).

Synthetic procedures of 18—21 are shown in Schemes
4 and 5. Acid-catalyzed acetal condensation of diimide-
appended diol 22 with terephthalaldehye gave PI'-
appended benzaldehyde 23 in 89% yield. A bulky 2,5-di-
tert-butylphenyl substituent was introduced in order to
improve the solubility of 23. Cross condensation” of 23
and 6 with 5 in the presence of trichloroacetic acid
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Scheme 1. Synthesis of 1b and 1c
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Scheme 2. Synthesis of 2b and 2c
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Scheme 3. Synthesis of 3b and 3c

followed by p-chloranil oxidation gave porphyrin 25a in
25% yield. Triad 18 was prepared by refluxing a toluene
solution of 25a in the presence of NI'-appended diol 25
in 76% yield. Dyads 19 and 20 and diimide-free com-
pound 21 were prepared via the similar route.

All new compounds were fully characterized by H
NMR spectra and FAB or MALDI-TOF mass spectra.

Steady-State Absorption and Fluorescence Spec-
tra. UV—vis absorption spectra of 1a—c taken in benzene
are shown in Figure la. Except the additional absorbance
below 400 nm due to the NI subunit in 1c, the three
spectra are the same, indicating that the electronic
interactions between chromophores are negligible in the

ground state. Absorption spectra of 2a—c and 3a—c are
nearly the same as those of 1a—c. The absorption spectra
of these molecules were also examined in a wide range
of solvents including CH,Cl,, THF, DMF, benzonitrile,
pyridine, and triethylamine. In all the solvents examined,
the absorption spectra are essentially the simple sum of
the corresponding chromophores, indicating that the
electronic interactions between chromophores are negli-
gible in the ground state. In coordinating basic solvents
such as pyridine and triethylamine, the absorption
spectra of the B-bridged models are quite similar to those
of the N-bridged models and C-bridged models, suggest-
ing that the interaction of Lewis acidic boronate-ester
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Scheme 4. Synthesis of 18 and 19
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Scheme 5. Synthesis of 20 and 21
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Table 1. Solvent Effects on the Fluorescence Properties of Dyads: (I/lp), Relative Fluorescence Intensity; kcs,
Calculated CS Rate

/18 (kCS/s1)e

solvent € DNP ANC 1b 1c 2b 2c 3b 3c

benzene 2.28 0.1 8.2 0.70 0.36 0.62 0.34 0.89 0.36
(3.1x 108) (1.3 x 109 (4.4 x 108) (L4 x10% (9.2 x 107) (1.3 x 109)

CH.CI, 8.93 — 20.4 0.75 0.54 0.64 0.43 0.88 0.54
(2.4 x 108) (6.0 x 108) (4.1 x 108) (9.4 x 108) (1.0 x 108) (6.1 x 108)

THF 7.58 20.0 16.0 0.83 0.54 0.65 0.41 0.93 0.49
(1.5 x 108) (6.1 x 108) (3.8 x 108)  (L.0x 10% (5.5 x 107) (7.4 x 108)

DMF 36.1 26.6 15.5 1.01 1.00 0.66 0.45 0.93 0.57
) ) (3.7 x 108 (8.6 x 108  (51x107) (5.5 x 108)

benzonitrile 25.2 11.9 8.0 0.71 0.47 0.64 0.39 0.83 0.42
(29 x 108) (8.1 x 108)  (4.0x 108  (L1x10% (1.4 x108) (9.9 x 108)

pyridine 12.4 33.1 14.2 0.99 0.99 0.60 0.36 0.85 0.41
) ) (48 x 108 (1.3 x10%9 (1.3 x 108) (1.0 x 109

triethylamine 2.4 61.0 — 1.00 0.99 0.54 0.29 0.65 0.27
) &) (6.0 x 108 (0.8 x 109  (3.9x 108) (1.9 x 109

a Dielectric constant. ® Donor number. ¢ Acceptor number. 9 The relative fluorescence intensities of dyads referred to those of
corresponding diimide-free references. ® The rate constants of charge separation were calculated on the basis of the following equation:
kcs = (lo/l —1)tot where 1o is fluorescence lifetime of diimide-free reference (ca. 1.3 ns).

bridge with these coordinating solvents are not strong of 1b and 1c with respect to that of 1a are 0.70 and 0.36,
enough to alter the absorption spectra of the model respectively. Similarly, the relative fluorescence intensi-
compounds. ties of PI- and NI-linked models (2b, 2c, 3b, and 3c) to

The steady-state fluorescence spectra of diimide-free those of the acceptor-free models (2a and 3a) were
references 1a, 2a, and 3a are completely the same in all determined in several solvents, and the results are
the solvents, indicating no electronic interaction between summarized in Table 1. It is evident that the fluorescence
1ZP* and the respective bridges. The fluorescence spectra guenching of the C-bridged models 3b and 3c is com-
of 1la—c in benzene taken for excitation at 413 nm are monly observed in all the solvents examined. The relative

shown in Figure 1b. The relative fluorescence intensities fluorescence intensities of 3b and 3c to those of 3a are
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Figure 1. (a) UV—vis absorption and (b) steady-state fluo-
rescence spectra of la—c taken in benzene for excitation at
413 nm.

0.65—0.93 and 0.27-0.57, respectively, and stronger
fluorescence quenching in 3c than 3b is consistent with
charge separation (CS) between *ZP* and diimides, since
NI is a stronger electron acceptor than P1.12 Practically
the same solvent effects were observed for the fluores-
cence quenching of the N-bridged models 2b and 2c
(Table 1). In contrast, the solvent effects for the fluores-
cence quenching in the B-bridged dyads 1b and 1c are
rather unique. While 1b and 1c display fluorescence
guenching that is rather similar to those of 3b and 3c in
benzene, CH,CI,, THF, and benzonitrile, they display
practically no fluorescence quenching in highly electron-
pair donating solvents such as DMF, pyridine, and
triethylamine.’® This contrasting feature is typically
shown in Figure 2, where the steady-state fluorescence
spectra of 1a—c and 3a—c in triethylamine are compared.
It was thus suggested that highly electron-pair donating
solvents interacts with the Lewis acidic boronate bridge,
thereby leading to suppression of the CS reaction be-
tween ZP* and diimide.

Fluorescence Lifetime. The fluorescence lifetimes of
these models were determined by the time-correlated
single photon counting method in benzene, THF, and
DMF, and the results are summarized in Table 2. The
fluorescence lifetimes of the acceptor-free molecules 1a,
2a, and 3a were practically the same; 1.40 ns in benzene,
1.46 ns in THF, and 1.54 ns in DMF. The fluorescence
decays of 2b, 2c, 3b, and 3c were found to obey a single-
exponential function, and the observed lifetimes were
shorter than those of the acceptor-free references 2a and
3a, in accordance with the steady-state fluorescence
studies. In benzene the fluorescence lifetimes of the
B-bridged dyads 1b and 1c were 1.18 and 0.57 ns, being
shorter than that of 1c. In THF, the fluorescence decay

J. Org. Chem., Vol. 65, No. 25, 2000 8751

(@) 1a
- — —1b
------ 1c

intensity / a.u.

intensity / a.u.

500 550 600 650 700 750 800
wavelength / nm

Figure 2. (a) Steady-state fluorescence spectra of 1a—c and
(b) 3a—c taken in triethylamine for excitation at 422 nm.

Table 2. Fluorescence Lifetime and Lifetime of
Photo-generated lon-pair States

solvent TE/ns kes/s™t @ 7ip/Ns Kcr/s™1b
1b benzene 1.18 13 x10%8 40&+5 2.5 x 107
THF 1.36 5.0 x 107 d
DMF 1.56
1c benzene 0.57 1.1 x 10° 13 + 1 (60%) 7.7 x 107

290 + 10 (40%) 3.5 x 106
THF 146 (31%) 50 x 10¢ d
0.85 (69%)

DMF 1.56 d

2b benzene 0.94 35x10% 1.9 5.3 x 108
THF 0.97 3.3 x 108 d
DMF 1.03 3.2 x 108 d

2c benzene 0.53 1.2 x10° 190 5.3 x 108

520 1.9 x 108
THF 0.63 8.8 x 108 d
DMF 0.72 7.3 x 108 d

3b benzene 1.21 1.1 x 108 84 +6 1.2 x 107
THF 1.34 6.1 x 107 d
DMF 1.43 4.6 x 107 d

3c benzene 0.49 1.3 x 10° 77+ 16 (66%) 1.4 x 107

380 + 100 (34%) 2.8 x 106
71x 108  d
48 x 108 d

THF 0.72
DMF 0.88

2 The rate constants of charge separation were calculated on
the basis of the following equation: kcs = (7¢) — 1 - (ze%) — 1 where
70 is fluorescence lifetime of corresponding diimide-free reference;
1.40 ns (benzene), 1.46 ns (THF), and 1.54 ns (DMF). P The rate
constants of charge recombination were calculated on the basis of
the following equation: kcr = (7ip) — 1. ¢ kKCS was calculated by
using 7 = 0.847 ns. @ The ion-pair state was not observed (see
text).

of 1b was found to obey single-exponential function with
a lifetime of 1.36 ns, while that of 1c could not be fit with
a single exponential function but only with a biexponen-
tial function (Table 2). The reason for this biphasic
fluorescence decay is not clear in the present stage. In
DMF, the fluorescence lifetimes of 1b and 1c are both
1.56 ns solution, being practically the same as that of
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Figure 3. Picosecond time-resolved transient absorption
spectra of la (dotted lines) and 1c (solid lines) taken in
benzene for excitation at 532 nm.

the acceptor-free reference 1a, indicating no fluorescence
guenching in accordance with the steady-state fluores-
cence studies.

Time-Resolved Transient Absorption Spectra.
Both the steady-state and time-resolved fluorescence
studies revealed the fluorescence quenching for the
acceptor-linked models. The process responsible for the
fluorescence quenching has be identified as ET reaction
by the time-resolved transient absorption spectroscopy.
One of advantages of these models is that the anion
radicals of electron acceptors have been spectroscopically
well characterized. The anion radical of Pl exhibits a
characteristic sharp absorption band at 721 nm, and the
anion radical of NI has absorption bands at 480, 650, and
730 nm.*? Picosecond time-resolved transient absorption
spectra of 1a (dotted line) and 1c (solid line) in benzene
taken for excitation at 532 nm are shown in Figure 3.
The spectral changes observed for 1a correspond to the
intersystem crossing from ZP* to 3ZP*.1%2 |n contrast,
the transient absorption spectra of 1c displayed bands
at 480 and 610 nm due to NI~ and a broad band around
650 nm due to ZP*, providing clear evidence for the
formation of ion pair ZP*—NI". Similarly, the transient
absorption spectra of 1b (not shown) exhibited charac-
teristic absorption band due to P1~ at 721 nm, indicating
ion pair (ZP*—PI1~) formation. Charge recombination
(CR) kinetics of the ion pair to the ground state in 1b
measured by monitoring at 721 nm absorbance change
followed a single-exponential decay with 7 = 40 4+ 5 ns.
On the basis of this result, we have determined the rate
of CR of ZP™—PI1-, Kcg, to be 2.5 x 107 s71. On the other

Shiratori et al.

/g

TBAF / equiv.

Figure 4. Change of relative fluorescence intensities of 1b
(©), 1c (O), 3b (@), and 3c (W) upon addition of F~ in benzene.

hand, the kinetic trace at 480 nm of 1c showed a biphasic
decay with 7; = 13 + 1 ns (60%) and 7, = 290 + 10 ns
(40%). The similar biphasic decays were observed for the
CR reaction of the related triads, which was ascribed to
the singlet—triplet intersystem crossing within the ion-
pair state on the basis of the external magnetic field
effect.’* Namely, some ion-pair states decayed to the
ground-state directly from the singlet manifold, while the
rest of the singlet ion-pair states underwent the inter-
system crossing to the triplet ion-pair state, which
decayed to the ground state after the intersystem cross-
ing to the singlet ion-pair state, thus featuring the
biphasic decays. Lifetimes of the ion-pair states (zjp) in
2b, 2c, 3b, and 3c were also determined by similar
methods, and the results are summarized in Table 2. The
similar transient absorption studies conducted in THF
revealed only the fast decay of the absorption peak at
460 nm due to *ZP* and the characteristic absorption
bands due to the ion-pair states could not be detected,
indicating faster CR than CS. Acceleration of CR in more
polar solvents is relatively common for covalently linked
and distance fixed donor—acceptor pairs.t??

Control of Intramolecular ET by F-Coordination.
The results stated above indicate that intramolecular CS
reactions in 1b and 1c are strongly suppressed in
electron-pair donating solvents such as DMF, pyridine,
and triethylamine, while such suppression was not
observed for the N-bridged and C-bridged dyads. We,
thus, examined the intramolecular CS of 1b and 1c in
the presence of tetra-n-butylammonium fluoride (TBAF).
We expected the coordination of F~ ion at the boronate-
bridge, which might lead to a change in electronic
communication ability of the bridge. Coordination of F~
ion to the boron atom has been studied by 'B NMR. The
1B NMR spectrum of a benzene solution of 1a showed a
broad boron signal around 10 ppm, which was shifted to
—14 ppm upon addition of 1 equiv of TBAF. Similar shifts
in the B NMR were observed also in 1b and 1c. The
observed high-field chemical shifts are consistent with
an electron-rich four-coordinated boronate form.

Figure 4 shows the effects of TBAF addition on the
relative fluorescence intensities of 1b, 1c, 3b, and 3c to
those of 1a and 3a. It is evident that the fluorescence
intensities of 1b and l1c increased with an increasing
amount of TBAF and restored to the original unquenched
levels upon addition of ca. 1 equiv of TBAF, while the
fluorescence intensities of 3b and 3c are almost insensi-
tive to the amounts of added TBAF. Here it is to be noted
that the absorption spectra of 1a—c and the fluorescence



Boronate-Bridged Zinc Porphyrin—Diimide Molecules
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Figure 5. Transient absorption spectra of 1c (a) and 3c (b)
at 3-ns delay time: solid lines, in the absence of F~; dotted
lines, in the presence of F~.

spectrum of 1a were not affected by the addition of TBAF.
The fact that the fluorescence quenching in 1b and 1c
was suppressed upon the addition of TBAF has been also
confirmed by the measurements of the fluorescence
lifetime and transient absorption spectra. Namely, the
shortened fluorescence lifetimes of free 1b and 1c were
restored to the unquenched levels (1.56 and 1.58 ns,
respectively) upon the addition of more than an equiv.
of TBAF in benzene. Transient absorption spectra of 1c
and 3c at 3-ns delay time in the absence (solid lines) and
in the presence of 1.2 equiv. of TBAF (dotted lines) in
benzene are shown in Figure 5. In contrast to the ion-
pair formation for 1c in the free form, the transient
absorption spectrum of 1c in the presence of TBAF gave
no indication for the ion-pair formation. Essentially the
same results were obtained for 1b. On the other hand,
the CS in 3c was not affected upon the addition of TBAF.
This also indicated that the interaction of F~ ion with
ZP and NI has no influence on the ET dynamics.

The N-bridged models 2a—c were prepared for the
purpose of examining the effects of the structural change
from a neutral amino-bridge to a positively charged
ammonium-bridge upon the intramolecular ET. The
fluorescence quenching behaviors in 2b and 2c were
found to be rather solvent-independent within the range
of the solvents used. Probably, the interaction of a
piperidine-bridge with solvent has only a subtle effect on
the ET dynamics. We also attempted to search pertinent
acids that can protonate the piperidine-bridge without
interacting with other parts of the models, but we could
not find appropriate acids that fulfill our purpose. Strong
acids were necessary for protonation of the piperidine
bridge in less polar solvents such as THF and benzene,
but such acids including as TFA, camphor-4-sulfonic acid,
BF3/OEt,, and tri(pentafluorophenyl)borane, preferen-
tially attacked the ZP part as revealed by the charac-
teristic spectral changes in the absorption and fluores-
cence spectra of 2a—c.

Application of F-Coordination Strategy to Con-
trol of ET Path Selectivity in PI-ZP—NI Triad 18.
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Figure 6. Transient absorption spectra of 18 (a), 19 (b), and
20 (c) at 3-ns delay time: solid lines, in the absence of F~;
dotted lines, in the presence of F~.

The high ET path-selectivity in natural RC!® is an
interesting issue not only to understand factors that
govern the biological photosynthetic ET reactions but also
to construct efficient artificial ET molecular devices.
When an “unfavorable” ET path can be made advanta-
geous over a “favorable” ET path without a drop in rate
by external input, this will constitute an ET switching
device. For this purpose, the “unfavorable” ET path
should be simultaneously accelerated. To the best of our
knowledge, however, there is no example achieving this
type of ET switching. Here, we applied the F~-coordination
strategy to control of ET path-selectivity in triad 18.
Molecular design of 18 is to intend a preferential ET from
1ZP* to NI' in the free form but also potential control of
ET path selectivity by F~-coordination at the boronate-
ester bridge to switch to a preferential ET from 1ZP* to
PI'.

In benzene, the fluorescence intensities of 18, 19, and
20 relative to that of acceptor-free model 21 were 0.45,
0.44, and 0.89, respectively. This fluorescence quenching
suggests intramolecular CS, which has been confirmed
by the transient absorption sepctra (Figure 6). Absorption
peaks due to the radical anions were observed at 475 and
610 nm due to NI'~ in 19 (Figure 6b) and at 721 nm due
to PI'" in 20 (Figure 6c¢), providing clear evidence for
formation of the ion pairs, NI''—ZP* and ZP*-PI'",
respectively. The transient absorption studies revealed
that an excitation of ZP with 532-nm laser pulse in 19
and 20 yielded ZP*—NI'~ with 7 = 0.52 ns and ZP*—
PI'- with 7 = 1.1 ns, respectively. On the basis of these
results, the rates of CS, kcs, have been calculated to be
1.3 x 10°stand 1.2 x 108 s for 19 and 20, respectively.
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Scheme 6. ET Path Selectivity of 18 in the Absence and in the Presence of F— in Benzene
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These rates were reasonably in agreement with those
determined on the basis of the fluorescence lifetimes
(Table 2). Lifetimes of these ion pairs were both longer
than 6 ns. Upon the similar laser excitation of ZP in 18,
the absorbance due to *ZP* around 460 nm decayed with
7 = 0.46 ns, and the transient absorption spectrum at
3-ns delay time was practically the same as that of 19
except for small absorbance at 721 nm due to PI'",
indicating that CS between *ZP* and NI’ is dominant in
18. Comparison of the decay time constants of 1ZZP* in
19 and 20 led to conclusion that excitation of ZP in 18
leads to formation of PI-ZP*—NI'~ and PI'"—ZP*—NI'
in a ratio of 11:1 (Scheme 6).

In the presence of 1.2 equiv of TBAF, the fluorescence
intensities of 18, 19, and 20 relative to that of 21 were
0.65, 0.98 and 0.72, respectively. The transient absorption
spectra of 19 (Figure 6b, dotted line) were practically the
same as those of 21 (not shown) from 20 ps to 6 ns delay
times, featuring no ET but simple intersystem crossing
of 1ZP* to 3ZP* with 7 = 1.5 ns. Thus, CS between 1ZP*
and NI' in 19 was almost completely suppressed in the
F~-coordinated form as such for 1c. Considering similar
ET suppression in 18, its fluorescence quenching should
be ascribed to CS between *ZP* and PI'. This has been
confirmed by the transient absorption spectrum of 18
(Figure 6a, dotted line), which was nearly the same as
that of 20 (Figure 6c, dotted line) and showed the
appearance of a 721-nm absorption peak due to PI'~. The
absorbance changes at 460 nm due to 'ZP* and at 721
nm due to PI'” in 18 essentially obeyed a single-
exponential function with a same lifetime of 0.50 ns. With
this result, the rate of the charge separation to PI' in
F~-coordinated 18 has been determined to be 1.2 x 10°
s~1, which is ca. 10 times faster than that in free 18.
Similar analysis provided kes = 6.5 x 108 s™! for
F~-coordinated 20. It is noteworthy that the CS between
1ZP* and PVI' is significantly accelerated in the presence
of F~ both in 18 and 20.

Discussion

The intramolecular ET reaction from ZP* to diimide
acceptor (NI or PI) via the boronate-bridge is completely
suppressed by the F~-coordination on the boron atom.
The F~-coordination causes changes in many factors that
will influence the ET-reaction. Sensitive factors include
the geometrical parameters, the energy levels of the ion-
pair states, the electronic coupling matrix element be-
tween the donor and acceptor, and so on.

A change of trigonal planar boron in sp? conformation
to tetrahedral F~-coordinated anion in sp® conformation

ca. 0

induces changes in the geometry of the donor and
acceptor. The center-to-center distances between ZP and
acceptor are estimated by semiempirical MO calculations
to be 17.0 and 17.1 A for free 1b and 1c and 16.8 and
16.9 A for F--coordinated 1b and 1c, respectively.1® The
donor—acceptor distances in 3b and 3c are similarly
estimated to be 16.8 and 17.0 A. Therefore, the structural
changes induced by the F~-coordination are subtle and
cannot explain the observed ET suppression.

The energy level of the ion-pair states should be
changed upon the F~-coordination. The one-electron
oxidation and reduction potentials of the donor and the
acceptors were measured in DMF by cyclic voltamme-
try: inafree form, E(ZP) = 0.22, Eq(PIl) = —1.24, and
Erea(NI) = —0.98 V for 1la—c, Eox(ZP) = 0.23, Eeq(PI) =
—1.18, and E,q(NI) = —0.94 V for 2a—c, and E«(ZP) =
0.22, Ereq(PI) = —1.18, and Eeq(N1) = —0.94 V for 3a—c,
vs ferrocence/ferrocenium ion. In the presence of F~, Eox-
(ZP) = 0.22, Ereq(P1) = —1.24, and E,o(NI) = —0.94 V
for 1la—c, Ex(ZP) = 0.22, Ereq(P1) = —1.19, and Ee(NI)
= —0.95V for 3a—c. Therefore, it may be concluded that
the addition of TBAF had almost no effect on the redox
potentials of the respective subunits and the energy levels
of the ion-pair states in polar DMF solutions. But
estimation of the energy levels of ion-pair states would
be more difficult in less polar benzene and THF solutions.
Since the center-to-center distances between ZP and the
boron (9.5 A) are estimated to be longer than that
between the boron and diimide (7.6 A for 1b and 7.8 A
for 1c, respectively), the negative charge on the boron
may raise the energy level of the ion-pair state by the
overall Coulombic interactions. The magnitude of these
electrostatic Coulombic interaction must depend on the
dielectric constant of solvents, namely larger in less polar
solvents and smaller in more polar solvents. Considering
that the CS reaction for covalently linked donor—acceptor
molecules are lying at the normal region,” the above
electrostatic interactions in 1b and 1c would decrease
kcs value. At the present stage, however, precise estima-
tion of these Coulombic interactions for CS reactions is
very difficult.

More importantly, the F~-coordination induces changes
in the molecular orbitals of the bridge that will alter the
electronic coupling matrix element between ZP and the
diimide (PI or NI). According to the classical Marcus
theory,'® the ET rate (kegt) depends on Franck—Condon
weighted density (FCWD) and the electronic coupling
matrix element between a donor and an acceptor (Vpa),
which is approximately represented as the exchange
integral between LUMO of a donor (¢p) and that of an
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acceptor (¢a). Furthermore, perturbation in the exchange
integral provides the indirect coupling terms in intramo-
lecular ET by using a bridge LUMO (¢g).2 By considering
one electron and two LUMO orbitals related to photoin-
duced ET reaction, a simple representation of Vap is
obtained as eq 2

2
ker =5 IVpal(FCWD) (1)

(¢p|H|pglx [dg|H|pall
Vpa = — H|p, - 2

where the first term corresponds the direct coupling and
the second term corresponds to the indirect, super-
exchange coupling. Semiemipical AM1 SCF MO calcula-
tions were performed to estimate the energy levels of
HOMOs and LUMOs of ZP, diimides (P1 or NI) and the
boronate-bridge in the free and F~-coordinated forms, and
the results are summarized in Figure 7. It is apparent
that upon the F~-coordination the rise of bridge LUMO
is larger than the corresponding rises of ZP and diimide
LUMGOs, thus resulting in the increase in the energy gap
(AE = E(¢p) — E(¢s)), which should suppress the ET
reaction. It is also necessary to consider the changes in
the exchange integral terms [¢p|H|¢psCaNd [dg|H|paupon
the F-coordination; however, it is difficult to estimate
the overlap integral terms in the present stage precisely.
The observed unique suppression of CS reaction of 1b
and 1c in electron-pair donating solvents may be ex-
plained in an analogous manner. The interactions of the
boronate bridge with such electron-pair donating solvents
are not enough to alter the absorption spectral charac-
teristics but seem to be sufficiently large to slow the CS
reaction.'® Moreover, this interpretation has gained more
support from our recent results on the intramolecular
singlet—singlet and triplet—triplet energy transfer reac-
tions in a boronate-bridged aryl ketone—naphthalene
molecule.?® Application of the same F~-coordination
strategy to this dyad led to the complete suppression of
triplet—triplet energy transfer from aryl ketone to naph-
thalene, while singlet—singlet energy transfer from
naphthalene to aryl ketone was almost unaffected.
Triplet—triplet energy transfer must proceed via the
Dexter mechanism,?* whose key mechanistic feature is
considered to be a simultaneous double electron transfer
that must heavily depend on the electronic coupling
matrix element between the donor and acceptor.?? On the
other hand, the singlet—singlet energy transfer can
proceed via dipole—dipole interacting Forster mecha-
nism?3 and thus is free from the F~-coordination.
ET-path switching in 18 is interesting in view of its
distinct path discrimination without a drop in rate.
Probably the suppression of ET from ZP* to NI' may be
largely ascribed to the rise of the bridge LUMO orbital,

(19) One of the reviewers pointed out the increase of the reorganiza-
tion energy upon F~-coordination as a reason for the suppression of
charge separation, since the CS in the F~-coordinated form or in highly
electron-pair donating solvents must involve the dynamic processes
such as F-ion dissociation or movement away sufficiently to reduce
its destabilizing effect on the final charge separated state.

(20) Shiratori, H.; Ohno, T.; Nozaki, K.; Osuka, A. Chem. Phys. Lett.
2000, 320, 631.

(21) Dexter, D. L. J. Chem. Phys. 1953, 21, 836.

(22) Closs, G. L.; Piotrowiak, P.; Maclnnis, j. M.; Fleming, G. R. J.
Am. Chem. Soc. 1988, 110, 2652.

(23) Forster, T. Discuss. Faraday Soc. 1959, 27, 7.
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Figure 7. Energy levels of HOMO and LUMO of ZP,
boronate-bridge and diimides (Pl and NI) estimated by
semiempirical MO calculations (MOPAC97, AM1).

but the simultaneous acceleration of the ET from 1ZP*
to PI' requires other explanation. This acceleration can
be explained by considering the electrostatic interaction
between negative charge on the F~-coordinated boron
atom and the ion pair ZP*—PI'". Interaction between the
boronate anion and ZP™ is attractive and that between
the boronate anion and PI'~ is repulsive. Since the
distance between the boron anion and ZP* (9.5 A) is
distinctly shorter than that between the boron anion and
PI'- (26.2 A), the generated negative charge at the
boronate bridge in 18 should cause the stabilization of
the ion-pair PI'"—ZP*—NI. This provides larger driving
force for the ET reaction from *ZP* and PI', particularly
in nonpolar benzene solution.?* Switching of ET path-
selectivity of 18 upon F~-coordination is summarized in
Scheme 6, where the ET from 1ZP* to PI' is accelerated
about 10-fold in benzene solution.

In summary, the coordination on a neutral boronate-
bridge allows a convenient method of controlling in-

(24) The same acceleration should be expected for the CS in 20, but
its acceleration was only half in comparison to the case of 18. We do
not have clear explanation for this discrepancy. A possible cause may
be a positional difference of the countercation between 18 and 20.
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tramolecular ET. The F~-coordinated boronate-bridge
provides two major effects: (1) the coordinated boronate-
bridge has a lifted LUMO orbital that is unfavorable for
so-called superexchange interaction between the donor
and acceptor, leading to the suppression of the ET, and
(2) the negative charge at the boronate-bridge exerts
electrostatic interaction with the photogenerated ion-pair
state, which is negligible in DMF but significant in
benzene. Collectively, almost complete switching of ET-
path is achieved in the triad 18. More detailed mecha-
nistic study and further extension of this strategy to more
sophisticated supramolecular systems are now actively
in progress in our laboratories.

Experimental Section

Materials and Apparatus. All commercially available
materials were used without further purification unless oth-
erwise stated. THF and ether were distilled from sodium—
benzophenone ketyl. DMF was dried over molecular sieve 4A
for 1 day and distilled under reduced pressure. CH,Cl, was
distilled from P,Os. Pyridine and triethylamine were dried over
KOH for several days and distilled. Toluene was distilled from
CaH,. Anhydrous tetra-n-butylammonium fluoride (TBAF)
was prepared by heating TBAF-3H,0 at 50 °C for 1 day in
vacuo. Solvents used for spectroscopic measurements were all
spectrograde. Preparative separations were usually performed
by flash column chromatography (Merck, Kieselgel 60H, Art.
7736) and gravity column chromatography (Wako, Wakogel
C-200).

'H NMR (500 MHz) and B NMR (160 MHz) spectra were
recorded on a JEOL ALPHA-500 FT-NMR spectrometer, and
chemical shifts were reported in the o6 scale relative to
tetramethylsilane for 'H and to trimethylborate for B,
respectively. IR spectra were recorded on a JASCO FT/IR-350
spectrometer. Melting points were not corrected. FAB mass
spectra were measured on a JEOL HX-110 spectrometer using
positive-FAB ionization method and 3-nitrobenzyl alcohol
matrix. MALDI-TOF mass spectra were measured on a Shi-
madzu/KRATOS MALDI 4 spectrometer. UV—vis absorption
spectra were recorded on a Shimadzu UV-2400PC UV-vis
spectrophotometer. Steady-state fluorescence spectra were
recorded on a Shimadzu PF-5300PC spectrometer. Steady-
state UV—vis absorption and fluorescence spectra were taken
with 1 x 108 M~ solutions at room temperature. Fluorescence
lifetimes were measured with 2 x 1075M solutions by using a
picosecond time-correlated single photon counting system for
excitation at 532 nm and monitoring at 620 nm emission.?®
Picosecond time-resolved transient absorption spectra were
measured on Ar-bubbled 2.5 x 107> M solutions by using a
mode-locked Nd3*:YAG laser system (Continuum PY61C-10,
fwhm: 17 ps) with second harmonic output at 532 nm for
excitation.?® Nanosecond time-resolved transient absorption
spectra were measured by using Q-switched Nd*":YAG laser
(Quantel YG 580, fwhm: 5 ns) with second harmonic output
at 532 nm for excitation.?”

Synthesis. Here, we described the synthetic details of triad
18. Other synthetic procedures are given in Supporting
Information.

N-(2,5-Di-tert-butylphenyl)-N'-[2-(4-fromylphenyl)-1,3-
dioxan-4-yl]pyromellitic Diimide (23). Pl-appended diol 22
(238 mg, 0.497 mmol), terephthalaldehyde (204 mg, 1.52
mmol), and p-toluenesulfonic acid (54 mg, 0.28 mmol) were
dispersed in benzene (30 mL), and the reaction mixture was
refluxed for 2 h. After the mixture was cooled, the precipitating
white solids were collected by filtration and dissolved again
in CH.Cl,. The CHCI; solution was filtered to remove in-

(25) Yamazaki, I.; Tamai, N.; Kume, H.; Tsuchiya, H.; and Oba. K.
Rev. Sci. Instrum. 1985, 56, 1187.

(26) Yoshimura, A.; Nozaki, K.; Ikeda, N.; Ohno, T. J. Phys. Chem.
1996, 100, 1630.

(27) Ohno, T.; Nozaki, K.; Haga, M. Inorg. Chem. 1991, 30, 767.
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soluble solids and evaporated to give 23 as white solids (255
mg, 0.441 mmol) in 89% isolated yield: mp >300 °C; IR (KBr)
Vmax (cm™1) 1722 (C=0 of PI) and 1128 (C—O of acetal); 'H
NMR (CDCI;) 10.06 (s, 1H, CHO), 8.42 (s, 2H, PI-ArH), 7.93
(d, 3 = 8.2 Hz, 2H, p-phenylene-ArH), 7.71 (d, J = 8.2 Hz,
2H, p-phenylene-ArH), 7.57 (d, J = 8.5 Hz, 1H, di-tert-
butylphenyl-ArH), 7.49 (dd, J = 8.5, 2.4 Hz, 1H, di-tert-
butylphenyl-ArH), 6.94 (d, J = 2.1 Hz, 1H, di-tert-butylphenyl-
ArH), 5.72 (s, 1H, acetal-CH), 4.85 (tt, 3 = 11.1, 5.4 Hz, 1H,
acetal-CH), 4.69 (t, J = 11.1, 2H, acetal-CHy), 4.27 (dd, J =
10.7, 4.9 Hz, 2H, acetal-CH,), 1.31 (s, 9H, tert-butyl), and 1.28
(s, 9H, tert-butyl); MS (FAB) m/z 594, calcd for CssH3sN2O7,
594. Anal. Calcd for CssH3uN2O7, C, 70.69; H, 5.76; N, 4.71.
Found: C, 70.7; H, 5.8; N, 4.7.

PI1-ZP—-B(OH), 25a. Zinc porphyrin 25a was prepared
according to the method for synthesis of zinc porphyrin 7 using
Pl-appended benzaldehyde 23 (173 mg, 0.30 mmol), 4-formyl-
phenylboronic acid (47 mg, 0.31 mmol), dipyrrylmethane 5 (266
mg, 0.66 mmol), trichloroacetic acid (12 mg, 73 umol), and
p-chloranil (222 mg, 0.90 mmol) to give zinc porphyrin 25a
(108 mg, 74 umol) in 25% isolated yield. Flash column
chromatography on silica gel was performed using CH,CI; as
an eluant: IR (KBr) vmax (cm™1) 1724 (C=0) 1373 (B—O of
B(OH),) and 1122 (C—O of acetal); *H NMR (CDCIz) 6 10.19
(s, 2H, meso), 8.47 (s, 2H, PI-ArH), 8.46 (d, J = 7.9 Hz, 2H,
p-phenylene-ArH), 8.25 (d, J = 7.6 Hz, 2H, p-phenylene-ArH),
8.15 (d, J = 7.7 Hz, 2H, p-phenylene-ArH), 7.92 (d, 3 = 7.9
Hz, 2H, p-phenylene-ArH), 7.59 (d, J = 8.5 Hz, 1H, di-tert-
butylphenyl-ArH), 7.51 (dd, J = 8.7, 2.3 Hz, 1H, di-tert-
butylphenyl-ArH), 6.98 (d, J = 2.1 Hz, 1H, di-tert-butylphenyl-
ArH), 6.06 (s, 1H, acetal-CH), 5.06 (tt, J = 10.7, 5.3 Hz, 1H,
acetal-CH), 4.89 (t, J = 10.8 Hz, 2H, acetal-CHy,), 4.45 (dd, J
=10.3, 5.0 Hz, 2H, acetal-CH,), 3.95 (m, 8H, porphyrin-hexyl-
CHy), 2.48 (s, 6H, porphyrin-methyl), 2.47 (s, 6H, porphyrin-
methyl), 2.17 (m, 8H, porphyrin-hexyl-CH,), 1.74 (m, 8H,
porphyrin-hexyl-CHy), 1.49 (m, 8H, porphyrin-hexyl-CH), 1.38
(m, 8H, porphyrin-hexyl-CH), 1.33 (s, 9H, tert-butyl), 1.31 (s,
9H, tert-butyl), 0.91 (t, J = 7.3 Hz, 6H, porphyrin-hexyl-CH3),
and 0.91 (t, J = 7.0 Hz, 6H, porphyrin-hexyl-CH3); MS
(MALDI-TOF) m/z 1451, calcd for CgsH10sNsOsBZn, 1449. Anal.
Calcd for CggH10sNsOsZn, C, 72.84; H, 7.29; N, 5.79. Found:
C, 73.0, H, 7.4; N, 5.8.

5-(4-Dihydoroxyborylphenyl)-15-[4-(5,5-dimethyl-1,3-
dioxan-2-yl)phenyl]-2,8,12,18-tetra-n-hexyl-3,7,13,17-tet-
ramethylporphinatozinc(ll) (25b). Zinc porphyrin 25b was
prepared according to the method for synthesis of zinc por-
phyrin 7 using 4-(5,5-dimethyl-1,3-dioxan-2-yl)benzaldehyde
24 (67 mg, 0.30 mmol), 4-formylphenylboronic acid (46 mg, 0.31
mmol), dipyrrylmethane 5 (228 mg, 0.67 mmol), trichloroacetic
acid (10 mg, 61 umol), and p-chloranil (221 mg, 0.90 mmol) to
give zinc porphyrin 25b (48.6 mg, 45 umol) in 15% isolated
yield. Flash column chromatography on silica gel was per-
formed using 1.5% methanol in CH,CI; as an eluant: IR (KBr)
Vmax (€M™1) 1373 (B—O of B(OH);) and 1105 (C—O of acetal);
'H NMR (CDCl3) 6 10.12 (s, 2H, meso), 8.11 (d, J = 7.8 Hz,
2H, p-phenylene-ArH), 8.10 (d, J = 7.6 Hz, 2H, p-phenylene-
ArH), 8.08 (d, J = 7.8 Hz, 2H, p-phenylene-ArH), 7.89 (d, J =
8.0 Hz, 2H, p-phenylene-ArH), 5.77 (s, 1H, acetal-CH), 3.99
(d, 3 =10.7 Hz, 2H, acetal-CHy), 3.92 (m, 8H, porphyrin-hexyl-
CHy), 3.87 (m, 8H, porphyrin-hexyl-CH),2.45 (s, 6H, porphy-
rin-methyl), 2.41 (s, 6H, porphyrin-methyl), 2.17 (m, 8H,
porphyrin-hexyl-CHy), 1.74 (m, 8H, porphyrin-hexyl-CH), 1.50
(s, 3H, acetal-CHg3), 1.50 (m, 8H, porphyrin-hexyl-CH,), 1.41
(m, 8H, porphyrin-hexyl-CHy,), 0.96 (s, 3H, acetal-CH3), 0.93
(t, 3 = 7.3 Hz, 6H, porphyrin-hexyl-CHs), and 0.92 (t, J = 7.3
Hz, 6H, porphyrin-hexyl-CHj3); MS (FAB) m/z 1076, calcd for
CesHg7N4sO4BZNn, 1075. Anal. Calcd for CesHgsN4sO4sBZnNn, C,
73.63; H, 8.14; N, 5.20. Found: C, 74.1; H, 8.2; N, 5.1.

Triad PI'=ZP—NI' 18. Triad 18 was prepared according
to the method for the synthesis of 1c using PI-ZP—B(OH),
25a (73.7 mg, 51 umol) and Nl-appended diol 26 (27.2 mg, 52
umol) to give triad 18 (85.0 mg, 44 umol) in 86% isolated
yield: IR (KBr) vmax (cm~1) 1720 (C=0 of Pl and NI), 1315
(B—O of boronate) and 1130 (C—0 of acetal). *H NMR (CDCl5)
0 10.19 (s, 2H, meso), 8.88 (d, J = 7.6 Hz, 2H, NI-ArH), 8.86
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(d, 3 =7.6 Hz, 2H, NI-ArH), 8.46 (s, 2H, PI-ArH), 8.24 (d, J =
7.6 Hz, 2H, p-phenylene-ArH), 8.15 (d, J = 6.4 Hz, 2H,
p-phenylene-ArH), 8.13 (d, J = 7.9 Hz, 2H, p-phenylene-ArH),
7.93 (d, J = 7.9 Hz, 2H, p-phenylene-ArH), 7.63 (d, J = 8.9
Hz, 1H, di-tert-butylphenyl-ArH), 7.60 (d, J = 8.9 Hz, 1H, di-
tert-butylphenyl-ArH), 7.51 (dd, J = 8.9, 2.1 Hz, 1H, di-tert-
butylphenyl-ArH), 7.51 (dd, J = 8.7, 2.3 Hz, 1H, di-tert-
butylphenyl-ArH), 7.04 (d, J = 2.1 Hz, 1H, di-tert-butylphenyl-
ArH), 6.98 (d, J = 2.1 Hz, 1H, di-tert-butylphenyl-ArH), 6.06
(s, 1H, acetal-CH), 5.90 (tt, J = 10.4, 5.2 Hz, 1H, boronate-
CH), 5.21 (t, 3 = 10.2 Hz, 2H, boronate-CHy), 5.05 (tt, J =
10.9, 5.3 Hz, 1H, acetal-CH), 4.88 (t, J = 10.7 Hz, 2H, acetal-
CHy,), 4.45 (dd, J = 10.1, 4.9 Hz, 2H, acetal-CHy), 4.41 (dd, J
= 10.1, 4.9 Hz, 2H, boronate-CH,), 3.97 (m, porphyrin-hexyl-
CHy), 2.49 (s, 6H, porphyrin-methyl), 2.47 (s, 6H, porphyrin-
methyl), 2.19 (m, 8H, porphyrin-hexyl-CH,), 1.75 (m, 8H,
porphyrin-hexyl-CHy), 1.49 (m, 8H, porphyrin-hexyl-CHy), 1.39
(m, 8H, porphyrin-hexyl-CH>), 1.35 (s, 9H, tert-butyl), 1.33 (s,
9H, tert-butyl), 1.31 (s, 9H, tert-butyl), 1.29 (s, 9H, tert-butyl),
0.92 (t, 3 = 7.3 Hz, 6H, porphyrin-hexyl-CHj3), and 0.92 (t, J
= 7.3 Hz, 6H, porphyrin-hexyl-CH3); MS (MALDI-TOF) m/z
1946, calcd for Ci19Hi133NgO12BZn, 1941. Anal. Calcd for
Ci119H133Ng012,BZn: C, 73.54; H, 6.90; N, 5.77. Found: C, 73.5;
H, 6.9; N, 5.8.

Dyad ZP—NI' 19. Reference dyad 19 was prepared accord-
ing to the method for the synthesis of 1c using ZP—B(OH),
25b (33.5 mg, 31 umol) and Nl-appended diol 26 (16.4 mg, 31
umol) to give dyad 19 (36.9 mg, 24 umol) in 76% isolated
yield: IR (KBr) vmax (cm™1) 1711 (C=0 of NI), 1313 (B—O of
boronate) and 1103 (C—O of acetal); *H NMR (CDCl3) 6 10.18
(s, 2H, meso), 8.87 (d, J = 7.6 Hz, 2H, NI-ArH), 8.84 (d, J =
7.3 Hz, 2H, NI-ArH), 8.24 (d, J = 7.6 Hz, 2H, p-phenylene-
ArH), 8.13 (d, 3 = 7.9 Hz, 2H, p-phenylene-ArH), 8.11 (d, J =
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7.9 Hz, 2H, p-phenylene-ArH), 7.89 (d, J = 7.9 Hz, 2H,
p-phenylene-ArH), 7.63 (d, J = 8.5 Hz, 1H, di-tert-butylphenyl-
ArH), 7.51 (dd, J = 8.7, 2.3 Hz, 1H, di-tert-butylphenyl-ArH),
7.04 (d, 3 = 2.1 Hz, 1H, di-t-butylphenyl-ArH), 5.89 (tt, J =
10.2, 5.0 Hz, 1H, boronate-CH), 5.77 (s, 1H, acetal-CH), 5.19
(t, 3 = 10.4, 2H, boronate-CHy), 4.39 (dd, J = 9.8, 5.1 Hz, 2H,
boronate-CHy), 3.99 (d, J = 10.7 Hz, 2H, acetal-CHy), 3.96 (t,
J = 7.6 Hz, 4H, porphyrin-hexyl-CH,), 3.95 (t, J = 8.2 Hz, 4H,
porphyrin-hexyl-CHy), 3.87 (d, J = 10.4, 2H, acetal-CH), 2.48
(s, 6H, porphyrin-methyl), 2.46 (s, 6H, porphyrin-methyl), 2.18
(m, 8H, porphyrin-hexyl-CHy,), 1.75 (m, 8H, porphyrin-hexyl-
CHy), 1.51 (s, 3H, acetal-CHj3), 1.50 (m, 8H, porphyrin-hexyl-
CHy), 1.39 (m, 8H, porphyrin-hexyl-CH,), 1.36 (s, 9H, tert-
butyl), 1.29 (s, 9H, tert-butyl), 0.94 (s, 3H, acetal-CHs), 0.92
(t, 3 = 6.6 Hz, 6H, porphyirn-hexyl-CHs), and 0.92 (t, J = 7.3
Hz, 6H, porphyirn-hexyl-CHs); MS (MALDI-TOF); m/z 1568,
calcd for C97H115N608an, 1567. Anal. Calcd for C97H115N603-
Bzn: C, 74.24; H, 7.39; N, 5.36. Found: C, 74.3; H, 7.5; N,
5.4.
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