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Dendritic Multiporphyrin Arrays as Light-Harvesting Antennae: Effects of
Generation Number and Morphology on Intramolecular Energy Transfer

Myung-Seok Choi,*! Takuzo Aida,*'*! Tomoko Yamazaki,'*! and Iwao Yamazaki'®!

Abstract: A series of star- and cone-
shaped dendritic multiporphyrin arrays,
(nP,)Prp and (nPy,),Pgs, respectively,
that contain energy-donating dendritic
zinc porphyrin (P,,) wedges of different
numbers (n =1, 3, and 7) of the P, units,
attached to an energy-accepting free-
base porphyrin (Pgg) core, were synthe-
sized by a convergent growth approach.
For the cone-shaped series ((nPy,)Prz),
the efficiency of energy transfer (Pgnr)
from the photoexcited P, units to the

tion number increased: (1Pg,),Pgs
86%), (3P,)Prz (66%), and
(7Pz.)1Prg (19%). In sharp contrast,
the star-shaped series ((nP,),Pgs) all
showed high @y values: (1Py,),Pes
87%), (BPz)Pr (80%), and
(7P2.)4Prg (71%). Energy transfer effi-
ciencies of (3P;,)s-ester-Pgg, (1P,),-€s-
ter-Prg, and (3P,,);-ester-Pr, whose

Keywords: artificial photosynthesis
- dendrimers - energy conversion -«

dendritic P,, wedges are connected by
an ester linkage to the Py core, were
almost comparable to those of the
corresponding ether-linked versions.
Fluorescence depolarization (P) studies
showed much lower P values for star-
shaped (7P,),Prz and (3P,,),Prs than
cone-shaped (7P,,),Pgs and (3P,,),Pgs,
respectively, indicating a highly efficient
energy migration among the P, units in
the star-shaped series. Such a morphol-
ogy-assisted photochemical event is

focal Py core, as evaluated from the
fluorescence lifetimes of the P, units,
considerably decreased as the genera-

light-harvesting
porphyrinoids

Introduction

Artificial photosynthesis is a highly important subject, not
only from the basic science point of view, but also for its
possible contribution to sustainable utilization of energy
resources.['! Biological photosynthetic systems consist mainly
of two functional moieties: 1) a light-absorbing antenna to
efficiently capture visible photons and 2) an electron-transfer
relay system to allow vectorial transfer of electrons. For these
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probably responsible for the excellent
light-harvesting  activity of large
(7P,),Prg molecules.

antennae .

two photochemical moieties to function cooperatively, a trick
is needed to allow efficient funneling of the excitation energy
to the electron-transfer relay system. Since the successful
structural analysis of the photosynthetic reaction center in the
purple bacterium Rhodopseudomonas viridis in 1989, much
attention has been paid to molecular design to realize a
vectorial transfer of electrons,[l leading to the generation of a
long-lived charge-separated state. On the other hand, model
studies on artificial antenna systems have been started only
quite recently.-!

Artificial light-harvesting antennae require a great number
of chromophore units to realize a large absorption cross
section.!] However, if these chromophore units do not
cooperate with one another, the acquired light energy is
scattered and the excited states decay before the energy can
be channeled to the electron-transfer relay systems. There-
fore, one has to consider the molecular design of an “energy
funnel” to realize vectorial energy transfer to a designated
point.’! In an early stage of the research, oligomeric linear
arraysl® of chromophore units, such as porphyrin derivatives,
were synthesized, in which even short-chain oligomers have
difficulty in cooperative energy transport. On the other hand,
in 1995, the crystal structure of the light-harvesting antenna
complex (LH2) from the purple photosynthetic bacterium
Rhodopseudomonas acidophila strain 10050 was reported
which contained wheel-like arrays of bacteriochlorophyll
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units.’! This achievement has
suggested an essential impor-
tance of three-dimensional mo-
lecular architectonics of multi-
porphyrin arrays, to cope with

both a large absorption cross *G 1}:

section and a vectorial long- et

range energy transfer. i

Recently, dendritic architec- o
tures have been considered as
attractive scaffolds for the in- H
corporation of a large number
of light-absorbing units to allow o o,
efficient capture of dilute pho- .-E"r
tons,['% '] and several examples
of dendritic macromolecules
containing porphyrin units have
been synthesized.['” In a previ-
ous communication,¥! we re-
ported a novel star-shaped,
light-harvesting multiporphyrin
array (7P,),Prg consisting of B
four dendritic wedges of a zinc
porphyrin heptamer (7P,,) as
energy donating units, anch-
ored by a focal free-base por-
phyrin (Pgg) core as the energy .
acceptor. This molecule is in- fatain,
tended to mimic the morphol- i
ogy of the wheel-like chromo-
phore array in LH2. By com-
parison with a cone-shaped
version with a single zinc - por- L
phyrin  dendritic  wedge W
((7P2,)1Prg), we found that
star-shaped (7P, ),Pys operates
as a much more efficient energy
funnel for visible photons in an analogous fashion to natural
antennae.

In the present paper, we report effects of generation
number and morphology on intramolecular energy transfer in
a series of star- and cone-shaped dendritic multiporphyrin
arrays, (nP,,),Prs and (nP,,),Prg (n=1, 3, and 7), respec-
tively, as studied mainly by picosecond time-resolved fluo-
rescence spectroscopies. In addition to these two series, whose
dendritic wedges are linked by ether linkages to the free-base
porphyrin focal core, we also synthesized some ester-linked
versions of dendritic multiporphyrin arrays, (3P,,)-ester-Pgg,
(3Py,) -ester-Pyg, and (1Py,),-ester-Pgg, and investigated their
energy transfer characteristics in comparison with the corre-
sponding ether-linked versions.

Results and Discussion

Synthesis and identification of dendritic multiporphyrin
arrays: As reported briefly in our previous communication,"*!
all the dendritic multiporphyrin arrays were prepared from
the fundamental building block 5-(3',5’-dihydroxyphenyl)-15-
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(4-methoxycarbonylphenyl)porphine ((HO),P,,(CO,Me)),
which was prepared by acid-catalyzed cross-condensation of
3,5-dihydroxybenzaldehyde and 4-formylbenzoic acid methyl
ester with dipyrromethane, followed by oxidation. Star-
shaped (7P,,),Prs and cone-shaped (7P, )Py were prepared
by alkaline-mediated coupling of the corresponding dendritic
zinc porphyrin containing a benzyl bromide end group 7P,
(R=CH,Br) with 5,10,15,20-tetrakis(4’-hydroxyphenyl)por-
phine ((HO),Prz) and 5-(4’-hydroxyphenyl)-10,15,20-tris(4'-
methoxyphenyl)porphine ((HO),(MeO);Pgs), respectively
(Scheme 1).[% Likewise, lower-generation homologues, such
as (3Pzn)4Prs, (1P2)sPrs, (3Pzy)\Prs, and (1Pz,),Prs were
newly synthesized. On the other hand, star-shaped (3P,,),-
ester-Pgg and (1P, ),-ester-Pgg and cone-shaped (3P, );-ester-
Prg were prepared from 5,10,15,20-tetrakis(4’-chlorocarbo-
nylphenyl)porphine ([CIC(O)]Prg), in place of (HO) P, as
the precursor for the free-base porphyrin focal core
(Scheme 2).014

All the multiporphyrin arrays were isolated by recycling
preparative size-exclusion chromatography (SEC) with
CHCI; as eluent, and characterized by means of 'H NMR
and UV/Vis spectroscopy, together with MALDI-TOF MS.

0947-6539/02/0812-2670 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 12
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Scheme 1. Synthetic routes to star-shaped (7P,),Prs, (3Pz,)4Prs, and (1P,),Pgs, and cone-shaped (7P,)Prs, (3P,):Prs, and (1P,),Pgs. Steps a), d)
(HO),P,,(CO,Me)/K,CO4/[18]crown-6, THF, 89-96 %; steps b), e) LiAlH,, THF, 7699 %; steps c), f) CBr,/PPh;, THF, 79-85%; steps g), i), k) (HO),-
(MeO);Pp/K,CO;, NMP, 31-53%; steps h), j), 1) (HO),Ps/K,CO3;, NMP, 18-62%.
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Scheme 2. Synthetic routes to (3P,,),-ester-Prg, (1P,)s-ester-Pyg, and (3P, ),-ester-Prg. Step a) tBuPh,SiCl/imidazole, DMF, 52 %; step b) LiAlH,, THF,
73 %; step ¢) (COCl),, CH,Cl,, ~100 %; step d) 4-DMAP, CH,Cl,, 57 %; step e) KF, NMP, 60 %; step f) 1P,, (R = CH,Br)/KF, NMP, 16 %; step g) 3P, (R=

CH,OH)/4-DMAP, CH,Cl,; MeOH, 50%.

MALDI-TOF MS spectra of multiporphyrin arrays (1P,,),Pgg
to (7P,)sPrs showed molecular ion peaks together with
multivalent ion peaks within a 0.04% deviation from the
calculated values.'! Analytical SEC of the multiporphyrin
arrays produced unimodal, sharp elution peaks, where the
retention time decreased as the number of the porphyrin units

Chem. Eur. J. 2002, 8, No. 12
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increased (Figure 1). The only exception is cone-shaped
(3P4,)Pgp, which eluted earlier than star-shaped (1P,,),Pgg,
despite the fact that (3P,),Pggz has a lower molecular weight
than (1P,,)4Prs. Interestingly, multiporphyrin arrays with
relatively high generation numbers, such as (3P,),Prz and
(7P,)4Pys, displayed upfield shifts of some of the 'H NMR
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g/ min ——
Figure 1. Size-exclusion chromatography (SEC, CHCl; as the eluent)

profiles of A) star-shaped (1P,),Pgs, (3Pz,)4Prs, and (7P,),Prs, and
B) cone-shaped (1Py,),Prg, (3Pz,)iPes, and (7Pz,),Pep.

signals with significant broadening, even at an elevated
temperature, such as 55°C.[] This indicates a rather slow
conformational change of large dendritic wedges.

Electronic absorption spectroscopy: The star- and cone-
shaped multiporphyrin arrays in THF at 25°C all produced
an intense Soret band with an absorption maximum at A=
410-415 nm together with relatively weak Q bands at
~545nm (Figure2). The Soret absorption bands of
higher generation (7P,):Prs (Agoree =415.8 nm, FWHM =
19200 cm™) and (3P,).Prs (Asoree=415.7 nm, FWHM =
19100 cm~!) were both slightly red-shifted and broadened
relative to noncovalent reference compounds prepared by
mixing three monomeric porphyrins PEXT PINT and PEYRE at
molar ratios 16:12:1 (Agree = 414.4 nm, FWHM = 12600 cm!)
and 8:4:1 (Agorey =413.4 nm, FWHM =11500 cm™!), respec-
tively. On the other hand, their absorption bands in the
Q-band region (4 =500-600 nm) were hardly broadened and
little shifted from those of their noncovalent references.['”]
These observations indicate a weak ground-state interaction
among the dendritic zinc porphyrin units.l') (1P,,),Pgg, the
smallest homologue of the star-shaped series, showed a zinc
porphyrin absorption at A =413 nm (for PEXT/PNT/PEORE =
4:0:1, Agoree =413.5 nm) with a clear shoulder at ~420.9 nm,
which is attributed to the free-base porphyrin core.

Similar spectral absorption characteristics were observed
for the cone-shaped multiporphyrin arrays,!™> for which the
Soret absorption bands of (3P,)Prg (Asere =416.5 nm,
FWHM =18600 cm™!) and (7Pz,)Prs  (Asoree =416.7 nm,
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Figure 2. Electronic absorption spectra in THF at 25°C of A) star-shaped
(1P2,)sPrs, (3Pz,)sPrs, and (7Pz,).Pis, and B) cone-shaped (1Pz,),Ps,
(3Pz,),Prs, and (7Py,) Prg.

FWHM =18500 cm~!) were rather broad and red-shifted
relative to those of their noncovalent references; PEXT/PINT/
PEORE=2:1:1 (Agoree =413.5 nm, FWHM =12300 cm!) and
4:3:1 (Agoree =413.3 nm, FWHM =11200 cm™!), respectively.
On the other hand, the Soret absorption band of the smallest
(1P2)1Prg (Asoree =413.7, shoulder at 420.4 nm) was blue-
shifted relative to that of its noncovalent reference (Agoei =
414.9 nm for PEXT/PNT/PEYRE =1:0:1).

Steady-state fluorescence spectroscopy: Upon excitation of
the zinc porphyrin units (P,) at =544 nm in THF at 25°C,
the star-shaped multiporphyrin arrays all emitted a fluores-
cence from the free-base porphyrin (Pgz) focal core (658,
723 nm) with a negligibly weak emission from the P, units
(589, 623 nm) (Figure 3A, solid lines). In sharp contrast, their
noncovalent references showed an emission from the P, units
almost exclusively (Figure 3A, broken lines). On the other
hand, cone-shaped multiporphyrin arrays, such as (3P,,),Pgg
and (1P,,),Pps also emitted a fluorescence predominantly

0947-6539/02/0812-2672 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 12
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from the Ppy unit (Figure 3B, solid lines). How-
ever, (7P,):Pgg, the largest homologue of this
series, produced an emission mostly from the P,
units, whereas the emission from the Py focal core
was rather weak.

(1P, ),-ester-Pgg and (3P, ),-ester-Pgg make use
of ester linkages to connect (dendritic) zinc
porphyrin (P,,) units to the free-base porphyrin
(Pgg) focal core, and they are reference com-
pounds for the ether-linked (1P,,),Pr; and
(3P,),Prs, respectively. Upon excitation at 1=
544 nm, both multiporphyrin arrays emitted most-
ly from the Pgg core with a minor P, fluorescence
(Figure 3A, solid lines), although their noncova-
lent references (PEXT/PRT/PEYRE =4:0:1 and 8:4:1,
respectively) again emitted mainly from the zinc
porphyrin components PEXT and PLT with a
negligibly weak fluorescence from PEPRE (Fig-
ure 3A, broken lines). From the intensity ratios of
the normalized P, fluorescence of the covalent
and noncovalent systems, the efficiencies of the
P,,-to-Pgg energy transfer (@Pgyr) were estimat-
ed to be 86 % for (1P,,)s-ester-Pry ((1P2,) Prs,
87%) and 77 % for (3Py,)s-ester-Prg ((3P2,)4Prs,
80% ). Similarly to the ether-linked versions, cone-
shaped (3P,);-ester-Pgg displayed much less effi-
cient energy-transfer characteristics, where the
comparison of its fluorescence intensity with that
of the noncovalent reference (PEXT/PINT/PEYRE =

Chem. Eur. J. 2002, 8, No. 12 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0812-2673 $ 20.00+.50/0

2:1:1) gave a @pyp value of only 63% ((3P;,);Prs, 66%)
(Figure 3B). From these results, it is likely that the ester and
ether linkers are not much different from one another in
energy transfer, although the former is conformationally less
flexible than the latter.

Time-resolved fluorescence spectroscopy: In general, energy-
transfer properties by a through-space (Forster) mechanism
are dependent of the donor—acceptor (D —A) distance,!'! for
which energy-transfer efficiency should decrease in inverse

A (7Pzn)aPes (3Pzn)aPre (1Pzn)aPF
B

{/a.u, —»
I/a u —

560 610 660 710 760 560 610 660 710 760 560 610 660 710 760
Alnm — Alnm —» Alnm —»

(3Pzn)s-ester-Peg (1Pzp)4-ester-Peg

I/a.u. —>»

B (7Pzn)1PeB (3Pzn}1Prs (1Pzp)1Peg

610 660 710
Alnm —» Alnm —»

(3Pzn)1-ester-Pgg

i/a.u. ——

560 610 660 710 760

Alnm —
Figure 3. Steady-state fluorescence spectra in THF at 25°C of A) star-shaped
(1P2,)4Prg [(1P,)s-ester-Peg], (3P2,)4Prs [(3P2y)4-ester-Pgg], and (7P,),Prg, B) cone-shaped
(1P, Prg, (3P2,) Prg [(3P2,)1-ester-Prg], and (7P,,),Prg, and their noncovalent references
(broken lines) prepared by mixing PEXT, PINT, and PEQRE. All spectra were normalized to a
constant absorbance (abs,,, = 0.02) at the excitation wavelength (4., =544 nm).
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proportion to the sixth power of the D-A distance. To
investigate the dynamics of the intramolecular energy transfer
events, fluorescence lifetimes of the P,, units in all the
multiporphyrin arrays were measured in THF at 25°C.
Figure 4 shows time-resolved fluorescence decay profiles,
monitored at A =585 nm, of the star-shaped and cone-shaped
multiporphyrin arrays, upon excitation at 1 =415nm. The
fluorescence decay curves of porphyrin monomer 1P, (R=
CH,OH) (=PZXT) (Figure 4A, a reference for (1P,,),Prs and

1Pz, [R = CH,OH] (= PEXT)

T 3 (1Pzn)1Prp
(1Pzn)4Prp

3P, [R = CH,0H]

(3Pzp)1Pra
] (3Pzn)aPra

SR 7Pza [R = CH,0H]

' (7Pzn)1Prp

(7Pzp)aPrp

00 05 1.0 15 2.0

Time/ns ——»

Figure 4. Fluorescence decay profiles monitored at A =585 nm of A) 1P,
[R = CH,OH] (= P5"), (1Pz,),Pgp, and (1Pz,),Prg, B) 3Pz, [R = CH,OH],
(3Pz,),Pes, and (3P,),Pps, and C) 7Pz, [R=CH,0OH], (7Pz,),Pss, and
(7P2,)4PEs, upon excitation at A =415 nm in THF (abs,, <0.1) at 25°C.

(1P4,)Pgg), dendritic trimer 3P,, (R = CH,OH) (Figure 4B, a
reference for (3P,,),Prs and (3P,,),Ps), and dendritic
heptamer 7P,, (R=CH,OH) (Figure 4C, a reference for
(7P4,),Prs and (7P,,)Pgs), were also measured (formulae
shown in Scheme 1). In these reference systems, which do not
contain an energy-accepting free-base porphyrin (Pgg) focal
core, the lifetimes of the zinc porphyrin fluorescence (tp)
were evaluated to be ~2.3 ns. In contrast, all the multi-
porphyrin arrays with a focal Ppy core showed a quenching
signature of the zinc porphyrin fluorescence. As already
reported,!’] the average lifetime of the photoexcited states of
the P, units (t{,) in star-shaped (7P,),Prs (680 ps) was
much shorter than in cone-shaped (7P,,)Prg (1899 ps),
despite the fact that (7P,),Prz has a larger number of the
P, units located away from the energy-accepting focal Pgy
core. For one generation lower, star-shaped (3P,),Prg, the
fluorescence decay profile was analyzed as a function of three
exponential components, to give a 7§, value of 456 ps, while
cone-shaped (3P,,),;Prs gave a longer 735, =801 ps. On the
other hand, the smallest homologues of the star- and cone-

2674
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shaped series, (1P;,)4Pgg and (1P, ),Pgg, showed much shorter
but almost identical 7§, values, 329 and 308 ps, respectively.
From these results, it is clear that the morphology of the
chromophore array plays an important role in energy transfer
when the generation number is high.

As shown in Figure 5, the star- and cone-shaped series
displayed quite different dependencies of the photochemical
properties on the generation number. In the case of the cone-
shaped series, the population of a long-lived fluorescing
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Figure 5. A) Populations [%] and lifetimes 7, [ps] of fluorescing compo-
nents, and B) energy-transfer efficiencies [%], upon excitation at A=
415 nm in THF (abs,, <0.1) at 25°C. 2, tpa [ps]: 1.10, 308 for (1P,,)Prz;
1.07, 456 for (3P,),Prz; 0.99, 680 for (7P,,),Prp (star-shaped series), and
1.08, 329 for (1Py,),Pgg; 1.05, 801 for (3P,,)Pgs; 1.03, 1899 for (7P, )Py
(cone-shaped series). Rise-times of Py fluorescence: 49 ps for (1P,) Prg;
70, 280 ps for (3P,,),Prg; 88, 345 ps for (7P,)sPrs, 138 ps for (1P,,),Prs;
204 ps for (3P,,);Pgs; 80, 652 ps for (7P,,),Pgs. The accuracies of 7y, values
were estimated to be £5 ps.

component, assignable to a residual component in energy
transfer, became considerably larger: it increased from 11 to
72% as the generation number of the dendritic wedge
increased (Figure 5A). On the other hand, that of a short-
lived fluorescing component with a tp, value of several tens of
picoseconds decreased remarkably from 81 to 3%. Accord-
ingly, the @y value dropped off from 86 % ((1P,,),Pgs) to
66 % ((3P,)1Prs), and then to 19 % ((7P,),Prg) (Figure 5B);
the large gap in @gyr between (3P,,),Prz and the next
generation (7P,,),Pg suggests some limitation of o-bonded
chromophore arrays in long-range energy transfer. In sharp
contrast, the star-shaped series bearing four dendritic zinc
porphyrin wedges exhibited a much smaller dependency of
the energy-transfer properties on the generation number,

0947-6539/02/0812-2674 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 12
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whereby the @pyp value of the highest generation (7P;,),Prg
remained at 71 %, which is much higher than that of cone-
shaped (7P, ), Pgg with the same generation number, and even
higher than that of one generation lower (3P,,);Prs. The
fluorescence decay profile of (7P,,),Prs still showed the
presence of a considerable population (21 %) of a short-lived
(tpa =70 ps) fluorescing component, while that of the long-
lived fluorescing component (23 %) was not much different
from that of the smallest (1P,,)4Prz (13%) (Figure 5A).
Analysis of the transient fluorescence spectral change pro-
files, monitored at A =723 nm, gave rise-times of the free-base
porphyrin (Pgg) fluorescence, the timescales of which, in most
cases, agreed well with the observed lifetimes of the zinc
porphyrin (P,) fluorescing components in Figure SA (see the
caption). Thus, the decay of the P, fluorescence is funda-
mentally a consequence of the energy transfer to the focal
free-base porphyrin (Pgg) core. Although the rate constant of
the P,,-to-Pgg energy transfer kgyr, calculated according to
the equation kgyr=(1/t8,) — (1/7p), was smaller in each
series as the generation number was higher, a gap in kgyrp
between star- and the corresponding cone-shaped analogues
was considerably larger: 2.81 x 10° and 2.61 x 10°s~! for the
first-generation (1P,),Prs and (1P,),Pr, 1.75 x 10° and
0.82x10°s! for the second-generation (3P,),Pr; and
(3P2,)1Prs, and 1.04 x 10° and 0.10 x 10°s~! for the third-
generation (7P, ),Pgs and (7P, )P (Figure 6).

35 "
A B

B

=

% 00 o, :

H 26.4

= 5[ L

s

S 20l L

o 17.5

2

£ 15} L

ki

] 10.4

E

£ 10 8.2

]

g 5r -

w

1.0
nE.m.E. E'E'l“’j'

s % g e o o4
< £ <= =
£ & & & & 4
e [} 1] ] a B
'\—,_r—f' '-—\“———I
Star-shaped Cone-shaped

Figure 6. Energy-transfer rate constants (kgyy) of A) star-shaped
(1Pz4y)4Prp, (3Pz,)iPrs, and (7Pz,).Prs, and B) cone-shaped (1Pz,),Pes,
(3Pz4)1Peg, and (7Pz,)Peg.

Light-harvesting activities of the multiporphyrin arrays
should be evaluated both from the magnitude of the
absorption cross section and the efficiency of vectorial energy
transfer. Figure 7 shows relative light-harvesting activities of
the multiporphyrin arrays, based on (1P,,),Pgg, as evaluated
from the molar extinction coefficients of the Soret absorption
band (1 =415 nm) (g45), multiplied by the P, -to-Prp energy-
transfer efficiencies (@gny). For the star-shaped series, the
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Figure 7. Light-harvesting activities of A) star-shaped (1P;,),Pgs,
(3Pz0)sPrs, and (7Pz,),Pgs, and B) cone-shaped (1Pz,)iPes, (3Pzy):Prs,
and (7P,),;Pgg, as evaluated from molar extinction coefficients at the
excitation wavelength (&,s), multiplied by energy-transfer efficiencies
(@eny)- All values g45 X ey are normalized to that of (1P,),Pgg.

light-harvesting activity was considerably increased with the
generation number of the dendritic wedges, for which a value
€45 Peny Of (7P4,),Prg was ten times as large as that of
(1P4,),Pgp. In sharp contrast, those of the cone-shaped series
were all low and less dependent on the generation number.
Therefore, star-shaped (7P,),Prs with 28 light-absorbing P,
units serves as an excellent energy funnel for visible light.

Fluorescence anisotropy: Analogous to the photochemical
events in the bacterial light-harvesting antenna complexes,
the P,,-to-Pgg energy transfer in the star-shaped series may be
facilitated by a cooperative energy migration among the
dendritic Py, units, thereby the photochemical events can
compete with a radiative decay to the ground state. Figure 8
shows steady-state fluorescence depolarization characteristics
of some selected multiporphyrin arrays, upon excitation with
a polarized light at A=544 nm (abs,,=0.03) at 25°C, in
polyethylene glycol (MW =200) containing THF. In such a
viscous medium, molecular rotation is suppressed, and the
fluorescence depolarization is likely to occur mostly by means
of energy migration among randomly oriented chromophore
units in the dendritic array. Under the above conditions, a
monomeric zinc porphyrin, such as PEXT, showed a degree of
fluorescence polarization P= (I, — G1,)/(I;+G1,) of 0.19, in
which /| and I, are fluorescence intensities observed through
polarizers oriented parallel and perpendicular, respectively, to
a vertically polarized excitation light. As already reported,**!
star-shaped (7P,,),Prsz emits a highly depolarized fluores-
cence from the P, units, for which the P value is only as low as
0.03. In contrast, cone-shaped (7P, );Prg has a much higher P
value (0.10) than (7P,),Pgg, indicating a less efficient energy
migration over the dendritic P, units. The same was true for
the fluorescence depolarization characteristics of one gener-
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Figure 8. Anisotropies of the zinc porphyrin fluorescence (P) at 1=
585 nm of star-shaped (3P;,),Pgz and (7P;,),Pgs, cone-shaped (3P;,),Pgs

and (7P,),Pys, and monomeric zinc porphyrin PEXT as reference, upon

excitation at 4 = 544 nm (abs,,, = 0.03) at 25 °C with a polarized light under
Ar in polyethylene glycol (MW =200) containing THF.

ation lower (3P,,),Prz (P=0.05) and (3P,,)Pr (P=0.11),
although the observed fluorescence anisotropies were both
higher than that of (7P,,),Prs. These trends indicate a
morphology-assisted cooperative energy migration among
the zinc porphyrin (P,) units, which must be responsible for
the high efficiency of the long-range P, -to-Ppz energy
transfer in the star-shaped dendritic multiporphyrin arrays.

Conclusion

In the present paper, we demonstrate that a dendritic
architecture is a highly promising candidate as a scaffold for
molecular design of light-harvesting antennae that can
incorporate a large number of chromophore units and also
allows them to cooperate in energy migration, leading to a
highly efficient energy transfer to the focal chromophore unit.
In particular, star-shaped dendritic chromophore arrays, in
which the chromophore units could be arranged in an
analogous fashion to those in the natural light-harvesting
antenna complexes, can cope with both a large absorption
cross section and a high efficiency of vectorial energy transfer.
Such a molecular design approach possibly provides a new
strategy toward artificial photosynthesis, which is a subject of
great importance for science and technology in this century.
As can be seen from this study, the combination of large,
dendritic light-harvesting antenna units with electron-transfer
relay systems is one of the subjects worthy of further
investigation.

Experimental Section

Materials: Dichloromethane (CH,Cl,) was washed successively with
concentrated H,SO,, water, and aqueous NaHCO;, dried over CaCl,,
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and then distilled over CaH, under Ar just before use. Tetrahydrofuran
(THF), used as a solvent for synthetic reactions, was distilled from sodium
benzophenone under Ar just before use. Chloroform (CHCl;) and
methanol (MeOH), for the synthesis of monomeric porphyrins, were used
as-received from Shin Etsu. [18]Crown-6 ether was recrystallized from
acetonitrile (MeCN). Potassium carbonate (K,CO;) and potassium fluoride
(KF) were kept in an oven at 130 °C. Commercially available reagents, such
as  5,10,15,20-tetrakis(4-hydroxyphenyl)porphine ~ ((HO),Prz) and
5,10,15,20-tetrakis(4-carboxyphenyl)porphine ((HO,C),Prz) were used
as-received from TCI and Aldrich, respectively.

Syntheses: Monomeric porphyrins, such as (HO),(MeO);Pg; and
(HO),P,,(CO,Me), dendritic zinc porphyrins, such as 1P,, (R = CH,Br),
3P,, (R =CH,Br), and 7P, (R = CH,Br), and cone and star-shaped, large
multiporphyrin arrays, such as (7P,),Pgg and (7P,),Prg, were synthesized
according to the methods reported previously (Scheme 1).17

Measurements: Recycling preparative HPLC was carried out on a Japan
Analytical Industry model LC-908, equipped with a column set consisting
of JAIGEL-2H (exclusion limit 5x 10%) combined with JAIGEL-1H
(exclusion limit 1x 10%) or JAIGEL-3H (exclusion limit 3 x 10%), with
CHCI, as the eluent at a flow rate of 3.5 mLmin~\. MALDI-TOF MS was
performed on a PerSeptive Biosystems model Voyager-DE spectrometer
with dithranol as the matrix. '"H NMR spectroscopy was performed in
CDCl; or CD;OD on a JEOLGSX-270 spectrometer operating at
270 MHz. The chemical shifts were determined with respect to CHCl,
(0="7.28) or MeOH (6 =4.7) as the internal standard. Electronic absorp-
tion spectra were recorded at 25°C on a JASCO model V-570 spectropho-
tometer in a quartz cell of 1 cm path length. Fluorescence spectra were
recorded at 25°C in a quartz cell of 1 cm path length, on a JASCO model
FP-777W spectrophotometer equipped with a temperature controller, and
corrected for wavelength-dependent detector sensitivity and excitation
light source output. Time-resolved fluorescence spectra and fluorescence
decay profiles were measured at 25 °C with a picosecond pulse laser and a
single-photon timing apparatus. The laser system was a Coherent model
Mira900 mode-locked Ti-sapphire laser, pumped by a Coherent model
Innova300 Ar-ion laser combined with a Coherent model9200 pulse
picker. Decay curves were obtained with an excitation wavelength of
415 nm by means of a Hamamatsu model R2809U-01 microchannel-plate
photomultiplier. The pulse width of instrumental response function was
30 ps (FWHM). The accuracies of lifetime values thus evaluated were
estimated to be +2ps for single exponential decays and =+5ps in
multiexponential decays. Degree of fluorescence polarization (P) was
calculated according to the equation P= (I, — G1,)/(I+G1,), in which I
and 7, are fluorescence intensities observed through polarizers oriented
parallel and perpendicular to a vertically polarized excitation light,
respectively, and G, given by i/i,, is an instrumental correction factor for
depolarization effects arising from the instrument, for which i and i,
denote fluorescence intensities observed through polarizers.

(1P4,),Pgg: A solution of (HO),(MeO);Pg; (6.4 mg, 8.8 umol), 1P,, (R=
CH,Br; 16.4 mg, 10.9 pmol), and anhydrous K,COj; (2.5 mg, 18.1 umol) in
N-methylpyrrolidone (1 mL) was heated at 80°C under Ar for 12 h in the
dark. The reaction mixture was poured into water (10 mL) and extracted
with CHCI; (3 x 20 mL). The combined extract was washed with water (3 x
50 mL), dried over Na,SO,, and evaporated to dryness. The residue was
subjected to recycling preparative SEC with CHCI, as the eluent. The first
fraction was collected and evaporated to dryness to give (1P, ),Pgg as a red
solid in 53 % yield (10 mg). '"H NMR (270 MHz, CDCl;, 25°C): 6 = —2.67
(s, 2H; NH), 3.70 (s, 24H; dendron-Ar(OCH,),), 413 (s, 9H; Pgs-
ArOCHs;), 4.98 (s, 8H; outer dendron-CH,0), 5.23 (s, 4H; inner dendron-
CH,0), 5.77 (s, 2H; CH,0 between P, units), 6.33 (s, 8H; p-H in outer
dendron-C¢Hj), 6.53 (s, 16 H; 0-H in outer dendron-C¢Hj), 6.64 (s, 4H; p-H
in inner dendron-C4H;), 6.79 (s, 8H; 0-H in inner dendron-C¢Hj), 7.01 (s,
1H; p-H in P,,-CH,), 7.33 (d, /=6.4 Hz, 6H; m-H in Pr-CiH,), 7.56 (s,
2H; o-H in P, -CHs;), 7.62 (d, J=8.5 Hz, 2H; m-H in Pys-CH,), 8.09 (d,
J=79Hz,2H; 0-H in P-C;H,), 8.18 (d, /= 8.3 Hz, 6 H; 0-H in Pr5-CsH,),
8.30(d,/=79Hz,2H; m-Hin P,,-C(H,),8.43 (d,/=8 Hz,2H; 0-Hin P, -
C¢H,), 8.91-9.00 (m, 8H; pyrrole--H in Pgg), 9.18 (d, J=4.5Hz, 2H;
pyrrole-3-H in P,,), 9.27 (d, J=4.5 Hz, 2H; pyrrole-3-H in P,,), 9.43 (d,
J=4.7Hz, 2H; pyrrole-5-H in P,,), 9.50 (d, J=4.5 Hz, 2H; pyrrole--H in
P,,), 1034 ppm (s, 2H; meso-H in P,,); MALDI-TOF MS: calcd for
Ci30H 0oNgOsZn [M*+H]: 2135; found: 2135; UV/Vis (THF, 25°C): A,
(¢) =420.2 (495000), 517.3, 545.9 nm (7000Mm~'cm™!).
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(1P,)4Pgs: A solution of (HO),Pgg (4.0 mg, 5.9 umol), 1P,, (R = CH,Br,
43.3 mg, 29.0 umol), and anhydrous K,CO; (8.1 mg, 59.0 umol) in N-
methylpyrrolidone (1 mL) was heated at 80°C under Ar for 24 h in the
dark. The reaction mixture was treated in a manner similar to that for
(1P,)Pgg to give (1P, ) Prg as a red solid in 62 % yield (23 mg). 'H NMR
(270 MHz, CDCl;, 25°C): d =—2.47 (s, 2H; NH), 3.61 (s, 96H; dendron-
Ar(OCHs;),), 4.81 (s, 32H; outer dendron-CH,0), 5.09 (s, 16H; inner
dendron-CH,0), 5.53 (s, 8H; CH,O between P, and Pgg), 6.22 (s, 16 H; p-
H in outer dendron-C4H3), 6.38 (d, /=1.7 Hz, 32H; 0-H in outer dendron-
C¢Hs;), 6.50 (s, 8H; p-H in inner dendron-C¢Hj), 6.66 (s, 16 H; o-H in inner
dendron-C4Hj;), 7.00 (s, 4H; p-H in P,,-C4H;), 7.51 (s, 16 H; 0-H and m-H in
Prp-CeH,), 7.88 (s, 8H; 0-H in P, -C.Hs), 8.31 (s, 16 H; 0-H and m-H in Py, -
C¢H,), 9.09 (s, 8H; pyrrole-S-H in Pgg), 9.17 (t,/ =4 Hz, 16 H; pyrrole--H
in P,.), 9.37 (t, J=4.9 Hz, 16H; pyrrole-5-H in P,,), 10.24 ppm (s, 8H;
meso-H in P,,); MALDI-TOF MS: calcd for CsH3sN»OgZn, [MT+H]:
6337; found: 6337, UV/Vis (THF, 25°C): A (e)=413.0 (1584000),
545.2 nm (39000M~'cm™").

(3P,.)1Pgs: A solution of (HO),(MeO);Pgg (3.0 mg, 4.2 umol), 3P, (R=
CH,Br, 17.4 mg, 5.0 pmol), and anhydrous K,COj; (1.2 mg, 8.4 umol) in N-
methylpyrrolidone (0.5 mL) was heated at 80°C under Ar for 12 h in the
dark. The reaction mixture was treated in a manner similar to that for
(1P,,)Pgg to give (3P,,), Py as a red solid in 31 % yield (5.4 mg). 'H NMR
(270 MHz, CDCl;, 25°C): 6 =—2.77 (s, 2H; NH), 3.62 (s, 48 H; dendron-
Ar(OCHs),), 4.09 (d, /=9 Hz, 9H; Prz-Ar OCH,;), 4.87 (s, 16H; outer
dendron-CH,0), 5.16 (s, 8H; inner dendron-CH,0), 5.72 (s, 4H; CH,O
between Py, units), 5.91 (s, 2H; CH,O between P, and Pgg), 6.23 (t, J=
2.1 Hz, 8H; p-H in outer dendron-C¢Hj), 6.43 (d, J=2.5Hz, 16H; 0-H in
outer dendron-C¢H;), 6.56 (t, /=2.1 Hz, 4H; p-H in inner dendron-C4H;),
6.73 (d, J=2.1 Hz, 8H; o-H in inner dendron-C4H;), 7.05 (s, 2H; p-H in
outer P,,-C¢Hs;), 7.50 (s, 1 H; p-H in inner P,,-CsH3), 7.52 (d,/=2.1 Hz, 4 H;
o-H in outer P,,-C4H;), 7.89 (d, J =2.1 Hz, 2H; 0-H in inner P,,-C,Hj;), 8.33
(m, 12H; m-, p-H in P,,-C¢H,), 8.42 (m, 16 H; m-, p-H in Prz-C¢H,), 8.84 —
8.93 (m, 8H; pyrrole-$-H in Pgg), 9.11-9.27 (m, 24 H; pyrrole-3-H in Py,),
10.07 (s, 4H; meso-H in outer P,), 10.33 ppm (s, 2H; meso-H in inner P,);
MALDI-TOF MS: caled for CyH,0N034Zn; [M*+H]: 4119; found:
4120; UV/Vis (THF, 25°C): A, (¢)=416.5 (1319000), 545.2 nm
(30000~ tem™).

(3P,)4Pgs: A solution of (HO),Pgg (2.0 mg, 3.0 umol), 3P,, (R =CH,Br,
51.1 mg, 14.7 umol), and anhydrous K,CO; (4.2 mg, 30.0 umol) in N-
methylpyrrolidone (1 mL) was heated at 80°C under Ar for 72 h in the
dark. The reaction mixture was treated in a manner similar to that for
(1P4,),Pgs to give (3P,,) Pep as a red solid in 20% yield (15 mg). The
'"H NMR spectrum was rather broad, even at an elevated temperature of
55°C, possibly caused by a much slower conformational change than the
NMR timescale. 'H NMR (270 MHz, CDCl;, 55°C): 6 =—2.84 (s, 2H;
NH), 3.31 (s, 192H; dendron-Ar(OCH,),), 4.50 (s, 64H; outer dendron-
CH,0), 4.88 (s, 32H; inner dendron-CH,0), 5.14 (s, 16 H; CH,O between
P, units), 5.88 (s, 40H; p-H in outer dendron-C¢H;, CH,O between P,
and Pgg), 6.06 (s, 64H; o-H in outer dendron-C4Hs;), 6.24 (s, 16H; p-H in
inner dendron-C¢H;), 6.44 (s, 8H; o-H in inner dendron-C.Hj;), 6.85 (s,
12H; p-H in P,,-C¢H;), 7.38 (s, 24H; o-H in P,,-C¢H;), 748 and 7.87 (s,
48H; P,,-CH,), 8.72 and 8.95 (s, 104H; pyrrole-5-H in P, and Pgp),
953 ppm (s, 24H; meso-H in P,); MALDI-TOF MS: caled for
CyyoHegsN5,0124Zn, [MT+H]: 14274, found: 14276; UV/Vis (THF, 25°C):
Amax (€) =415.7 (2723000), 545.3 nm (61000M~'cm™').

(1BuPh,Si),P,, (R =CO,Me): tert-Butyldiphenylchlorosilane (rBuPh,SiCl;
0.5 mL, 1.95 mmol) was slowly added to a solution of (HO),P,,(CO,Me)
(0.40 g, 0.65 mmol) and imidazole (0.11 g, 1.62 mmol) in dry DMF (1 mL)
while stirring vigorously at 4°C for 1h under N,, and the mixture was
stirred for 12 h at room temperature. The reaction mixture was then poured
into aqueous NaHCO; (50 mL) and extracted with CHC; (3 x 50 mL). The
combined extracts were washed with water (3 x50mL), dried over
Na,SO,, and evaporated to dryness. The residue was subjected to column
chromatography on silica gel with CH,Cl, as the eluent. The first fraction
was collected and evaporated to dryness. The residue was freeze-dried from
benzene to give (fBuPh,Si),P,, (R=CO,Me) as a bright red powder in
52% yield (0.37 g). 'H NMR (270 MHz, CDCl;, 25°C): 6 =1.13 (s, 18H;
(CHs;);CSi), 4.15 (s, 3H; CO,CHs;), 6.84 (t, J=2.1Hz, 1H; p-H in Py, -
C¢H,), 722 (d, J=2.1Hz, 2H; o-H in P,,-CH;), 7.36-747, 771 -7.77 (m,
20H; (C¢Hs),Si), 8.33 (d, J=8.5Hz, 2H; m-H in P,,-CH,), 8.47 (d, J=
8.5Hz,2H; o-H in P,,-C;H,), 8.67 (d, J=4.3 Hz, 2H; pyrrole-3-H in P,),
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9.04 (d, J=4.7Hz, 2H; pyrrole-3-H in P,), 9.28 (d, /=4.7Hz, 2H;
pyrrole-3-H in P,,), 9.42 (d, J =4.7 Hz, 2H; pyrrole-3-H in P;,), 10.26 ppm
(s, 2H; meso-H in P,); MALDI-TOF MS: calcd for C4HyN,0,Si,Zn
[M*+H]: 1093; found: 1093.

(BuPh,Si),P,, (R =CH,0H): LiAIH, (25 mg, 0.66 mmol) as a suspension
in THF (2mL) was added over a period of 0.5h to a solution of
(1BuPh,Si),P,, (R =CO,Me; 0.36 g, 0.33 mmol) in dry THF (5 mL), while
stirring vigorously, at 4°C under N,, and the mixture was stirred for 1 h at
room temperature. The reaction mixture was then poured into ice-water
(50 mL) and extracted with CHCl; (3 x 20 mL). The combined extracts
were washed with water (3 x 50 mL), dried over Na,SO,, and evaporated to
dryness. The residue was subjected to column chromatography on silica gel
with CH,Cl, as the eluent. The second fraction was collected and
evaporated to dryness. The residue was freeze-dried from benzene
containing a few drops of MeOH to give (1BuPh,Si),P,, (R =CH,0H) as
a bright red powder in 73% yield (0.27 g). '"H NMR (270 MHz, CDCl;,
25°C): 0=1.12 (s, 18 H; (CH3);CSi), 5.04 (s, 2H; CH,0OH), 6.83 (s, 1 H; p-H
in P,,-C¢H3), 722 (s, 2H; o-H in P,,-C,H;), 7.38-7.76 (m, 22 H; (C.Hj5),Si,
m-H in P,,-CsH,), 8.25 (d, /=7.7 Hz, 2H; o-H in P,,-CH,), 8.67 (d, J=
4.3 Hz, 2H; pyrrole-B-H in P,,), 9.11 (d, J=4.3 Hz, 2H; pyrrole-3-H in
P,.), 9.28 (d, J=4.3 Hz, 2H; pyrrole-5-H in P;,), 9.41 (d, J=4.3 Hz, 2H;
pyrrole-5-H in Py, ), 10.23 ppm (s, 2H; meso-H in P,); MALDI-TOF-MS:
caled for CgsHsoN,O5Si,Zn [M++H]: 1065; found: 1064).

[(rBuPh,Si),P,, 1,-ester-Py: Oxalyl chloride (10.3 uL, 0.12 mmol) was
slowly added to a suspension of (HO,C),Pgg (9.5 mg, 12 pmol) in CH,Cl,
(1 mL) under N,, while stirring vigorously, at 4 °C. After 1 h, MALDI-TOF
MS of the reaction mixture showed a molecular ion peak corresponding to
[CIC(O)]4Pgp (caled for CH,,CLLN,O, [M+H]*: 865; found: 864). The
reaction mixture was evaporated to dryness, and the residue was further
dried with a vacuum pump for 3 h to remove excess oxalyl chloride. Then,
(tBuPh,Si),P,, (R = CH,OH) (51.8 mg, 60 umol) and 4-dimethylaminopyr-
idine (14.7 mg, 0.12 mmol) were added to the residue. The mixture was
dissolved in dry CH,Cl, (1 mL) at 4°C, stirred for 12 h at room temper-
ature, poured into aqueous NaHCO; (50 mL), and extracted with CHCl,
(3 x50 mL). The combined extracts were washed with water (3 x 50 mL),
dried over Na,SO,, and evaporated to dryness. The residue was subjected
to flash column chromatography on silica gel with CH,Cl, as the eluent.
The first fraction was collected and evaporated to dryness. The residue was
then subjected to recycling preparative SEC with CHCI, as the eluent. The
first fraction was collected and evaporated to dryness, and freeze-dried
from benzene to give [(rBuPh,Si),P,,],-ester-Pgg as a bright red powder in
57% yield (34 mg). '"H NMR (270 MHz, CDCl;, 25°C): 6 = —2.65 (s, 2H;
NH), 1.12 (s, 72H; (CHj;);CSi), 5.96 (s, 8H; CH,O between P, and Pg),
6.83 (t, J=2.1Hz, 4H; p-H in P, -CiH,), 721 (d, /=2.1 Hz, 8H; 0-H in
P,,-CsHs), 7.34-748, 7.73-7.76 (m, 80H; (C4Hs),Si), 8.02 (d, /=8.1 Hz,
8H; m-H in P,,-CiH,), 8.34 (d, J=8.1 Hz, 8H; 0-H in P,,-CiH,), 8.48 (d,
J=8.1Hz, 8H; m-H in Prz-C¢H,), 8.63 (d, J=4.7 Hz, 8H; pyrrole-5-H in
P,.), 8.72 (d,/=8.5 Hz, 8H; o-H in Pr3-C¢H,), 8.99 (s, 8H; pyrrole-5-H in
Prs), 9.13 (d, J=4.7 Hz, 8H; pyrrole--H in P,,), 9.21 (d, J=4.7 Hz, 8H;
pyrrole-3-H in P,,), 9.37 (d, /= 4.3 Hz, 8 H; pyrrole-3-H in P;,), 10.17 ppm
(s, 8H; meso-H in P,,); MALDI-TOF MS: calcd for CsysH,s55N20016S15Zn,
[M*+H]: 4977; found: 4981.

(1P,,)ester-Pgz: A solution of [(fBuPh,Si),P, J,-ester-Pr  (20.0 mg,
4.0 pmol), poly(benzyl ether) dendritic bromide (L2-Br; 25 mg, 50 pmol),
and anhydrous KF (9.3 mg, 0.16 mmol) in N-methylpyrrolidone (1 mL) was
heated at 80°C under Ar for 1 week in the dark. The reaction mixture was
treated in a manner similar to that for the preparation of (1P,,),Pgp to give
(1P,,)4-ester-Py; as a red powder in 60% yield (15mg). 'H NMR
(270 MHz, CDCl;, 25°C): 6 =—2.69 (s, 2H; NH), 3.60 (s, 96 H; dendron-
Ar(OCHs;),), 4.84 (s, 32H; outer dendron-CH,0), 5.15 (s, 16H; inner
dendron-CH,0), 5.94 (s, 8H; CH,O between P,, and Pg), 6.20 (t, J=
2.1 Hz, 16 H; p-H in outer dendron-C¢H;), 6.39 (d,/=2.1 Hz, 32H; 0-H in
outer dendron-C¢Hj;), 6.54 (s, 8H; p-H in inner dendron-C4Hj;), 6.71 (s,
16H; o-H in inner dendron-C¢H;), 7.06 (s, 4H; p-H in P,,-CsH;), 7.50 (s,
16H; 0-H and m-H in Pgs-C¢H,), 8.02 (d, /=8.1 Hz, 8H; 0-H in P,,-C;Hs),
8.37 (s, 16 H; 0o-H and m-H in P,,-C;H,), 8.69 (d, J=4.7 Hz, 8 H; pyrrole-f3-
H in Pgg), 9.10 (d, J=4.7 Hz, 8H; pyrrole-5-H in P;,), 9.18 (d, /=4.7 Hz,
8H; pyrrole-3-H in P,,), 9.27 (d, J=4.7 Hz, 8 H; pyrrole--H in Py,), 9.40
(d, J=4.3 Hz, 8H; pyrrole-$-H in P,,), 10.17 ppm (s, 8H; meso-H in Py,);
MALDI-TOF MS: caled for CigHz0NyOgZn, [M*+H]: 6449; found:
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6452; UV/Vis (THF, 25°C): A (€) =413.5 (1340000mtcm™), 514.5,
544.5, 581.5 nm.

(3P,,)-ester-Pgy: Oxalyl chloride (16 pL, 0.19 mmol) was added slowly to a
suspension of (HO,C),Prs (15 mg, 19 umol) in CH,Cl, (3 mL) under N,,
while stirring vigorously, at 4°C. After 1h, MALDI-TOF MS of the
reaction mixture showed a molecular ion peak corresponding to
[CIC(O)]4Pss (864 [M+H]*; caled for CysH,,CI,N,O,: 865). The reaction
mixture was evaporated to dryness, and the residue was further dried with a
vacuum pump for 3 h to remove excess oxalyl chloride. Then, 3P,, (R=
CH,0OH; 85mg, 25umol) and 4-dimethylaminopyridine (23 mg,
0.19 mmol) were added to the residue, and the mixture was dissolved in
dry CH,Cl, (2mL) at 4°C. After stirring for 12 h at room temperature,
MeOH (1 mL) was added to the reaction mixture to convert residual acid
chloride into the methyl ester. The reaction mixture was treated in a
manner similar to that for the preparation of [(fBuPh,Si),P,,],-ester-Pgg to
give (3P, ),-ester-Pyy as a bright red powder in 50 % yield (40 mg). 'H NMR
(270 MHz, CDCl;, 25°C): 6 =—2.78 (s, 2H; NH), 3.58 (s, 48H; dendron-
Ar(OCHs),), 4.01 (s, 9H; P-ArOCHs;), 4.83 (s, 16H; outer dendron-
CH,0), 5.14 (s, 8H; inner dendron-CH,0), 5.68 (s, 4H; CH,O between P,
units), 5.77 (s,2H; CH,O between P, and Pg), 6.19 (t,/=2.1 Hz, 8H; p-H
in outer dendron-C4Hj;), 6.38 (d, J=2.1 Hz, 16 H; 0-H in outer dendron-
C¢Hy), 6.51 (t, J=2.1 Hz, 4H; p-H in inner dendron-C4H;), 6.69 (d, J=
2.1 Hz, 8H; o-H in inner dendron-C¢H;), 7.04 (t, J=2.1 Hz, 2H; p-H in
outer P,,-C¢Hs), 745 (s, 1 H; p-H in inner P,,-CsH3), 7.51 (d,/=2.1 Hz, 4 H;
o-H in outer P,,-CiH;), 7.84 (d, /=17 Hz, 2H; o0-H in inner P,,-CH,),
8.26-8.54 (m, 32H; Pgz-C¢H,, P,-CsH,), 8.91-8.99 (m, 8H; pyrrole-5-H
in Pgg), 9.06-9.27 (m, 24H; pyrrole-3-H in P,,), 9.98 (s, 4H; meso-H in
outer P,,), 10.17 ppm (s, 2H; meso-H in inner P,,); MALDI-TOF MS:
caled for C,s0H,, N 4O55Zn; [MT+H]*: 4232; found: 4232; UV/Vis (THEF,
25°C): Apay (€) =415.8 (1240000M~'cm '), 545.0 nm.

(3P,)ester-Pgy: A solution of [(fBuPh,Si),P,,],-ester-Pyy (14.9 mg,
3 pmol), 1P, (R = CH,Br; 44.8 mg, 30 umol), and anhydrous KF (6.9 mg,
0.12 mmol) in N-methylpyrrolidone (1 mL) was heated at 80°C under Ar
for 1 week in the dark. The reaction mixture was then treated in a manner
similar to that for the preparation of (1P,,),Pgg to give (3P, ),-ester-Pgg as a
red powder in 16 % yield (7 mg). The '"H NMR spectrum was rather broad,
even at an elevated temperature, such as 55 °C. This was possibly caused by
a much slower conformational change than the NMR timescale. 'H NMR
(270 MHz, CDCl;, 55°C): 6 = —2.85 (s, 2H; NH), 3.31 (s, 192H; dendron-
Ar(OCHs;),), 4.50 (s, 64H; outer dendron-CH,0), 4.88 (s, 32H; inner
dendron-CH,0), 5.14 (s, 24H; CH,O between P, units, between P, and
Pgg), 5.89 (s, 32H; p-H in outer dendron-C¢Hs), 6.07 (s, 64 H; o-H in outer
dendron-C¢H;), 6.25 (s, 16 H; p-H in inner dendron-C¢Hs), 6.44 (s, 32H;; o-
H in inner dendron-C¢H3), 6.86 (s, 8H; p-H in outer P,,-C¢H;), 7.38 (s, 16 H;
o-H in outer P,,-C¢H;), 7.48-7.87 (d, 64H; o-H and m-H in P,,-C,H,, Prg-
C¢H,), 8.72-8.96 (m, 104H; pyrrole-5-H in Py, Pg), 9.54 ppm (s, 24H;
meso-H in Pg); MALDI-TOF MS: caled for CguHgg;Ns,Oqp6Zn,,
[M*+H]*: 14386; found: 14390; UV/Vis (THF, 25°C): 1., (¢)=416.1
(2657000M~'cm™!), 544.9 nm.
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