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Abstract: A novel molecular triad, representing an artificial reaction center, was synthesized via linking a
fullerene moiety to an array of two porphyrins (j.@ zinc tetraphenyl porphyrin (ZnP) and a free base tetraphenyl
porphyrin (H:P)). In this ZnP-H,P—Cg triad, the ZnP performs as an antenna molecule, transferring its singlet
excited state energy to the energetically lower lying®Hn benzonitrile, this energy transfér 1.5 x 100

s71) is followed by a sequential electron-transfer relay evolving from the generated singlet excited state of
H,P to yield ZnP-H,P*—Cg~ and subsequently ZnP-H,P—Cgsy~ with rate constants of 7.& 10° st

and 2.2x 1 s™1, respectively. The final charge-separated state, formed in high yield (0.4), gives rise to a
remarkable lifetime of 2us in deoxygenated benzonitrile and decays directly to the singlet ground state. In
contrast, in nonpolar toluene solutions the deactivation of the porphyrin chromophores (ZnBRyrdkes

place via singletsinglet energy transfer leading to the fullerene singlet excited state. This stems from the
unfavorable free energy changes for an intramolecular electron-transfer event in toluene from the singlet excited
state of HP to the adjacent fullerene acceptor.

Introduction selectivity and control of electron transfer of the photosynthetic
reaction center has not yet been reached in these model systems.

With the advent of fullerenes, a new three-dimensional
electron acceptor became available that displays appealing
characteristicg223Most important, fullerenes have a remarkably

W reorganization energy, associated with their electron transfer

T) reaction, which results from the rigid, confined structure
of the carbon network*25Small resonance-Raman shiftand
small Stokes shiftd! noticed in reduction and excitation
experiments, point to the similarity of the fullerene nuclear
configurations in the excited, reduced, and ground state. These
5effects are beneficial to decelerate the energy-wasting back-
electron transfer (BEP§ relative to 2-dimensional electron
acceptors, which in general have less rigid structures and, thus,
f higher reorganization energies than 3-dimensional fullerenes,

The principal aspects of the primary photochemical energy
conversion process in photosynthesis have been thoroughly
investigated in recent years, starting with the isolation and full
characterization of the photosynthetic reaction cehtér.
particular, there is a sequence of events that separate charge
across a membrane within a nanosecorfdlhese events are a
fast energy transfer from the photoexcited antenna molecule to
the photosynthetic reaction center followed by two successive
one-electron reduction step8.t should be noted that one of
the key factors, to achieve a near-unity quantum efficiency for
the charge separation, implements small reorganization energie
for the initial photoinduced electron transfer from the special
pair bacterial chlorophyll to ubiquinordn this context, a vast
number of artificial systems were designed with the purpose o
mimicking these primary even#s2! However, the exquisite 195(312) Gust, D.; Moore, T. A;; Moore, A. LAcc. Chem. Resl993 26,
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and this makes them ideal candidates for model systr#s.

Luo et al.

suggested photoinduced ET in these systems. First direct

This is of great interest for modulating the rates and yields of evidence for ET in donor-linked fullerenes also stems from time-
charge separation versus charge recombination, in particular,resolved transient absorption studies regarding aygdyad,

in relation to conventionally employed acceptors, such as in which the two chromophores are separated by a phenyl
quinones A and B in the reaction center. Consequently, spacert*2

fullerenes emerged as ideal candidates for novel model gonor
acceptor systems.

Molecular calculations regarding the electronic configuration
of fullerenes have revealed that id&an energy gap of~1.8
eV separates a 3-fold degenerate LUMO from a lower lying
5-fold degenerate HOME:36The small energy gap underlines

The role played by the spacer is not just limited to structural
concerns, but more importantly, its chemical nature influences
the electronic communication between the electron acceptor (i.e.
fullerene) and photoexcited electron donor (i2nP). As a
leading example for a short-spaced dyad, ther stacked
porphyrin—fullerene dyad (ZnPCsg) should be cited?@whose

the remarkable electron-accepting features of these carbonET and BET dynamics helped to establish the following
spheres. In line with this, a low redox potential (associated with fundamental aspeé® The presence of a “Marcus-inverted”

the first reduction step) of-440 mV versus SCE is reported,
for example, in dichloromethane solutioHs.

By far the largest number of ggbased donoeracceptor

region for BET was found, based on (i) the photoactivation of
an intramolecular ET in a variety of solvents and (ii) the
formation of a highly energetic charge-separated state. Similar

systems studied to date are based on employing porphyrins agbservations stem from a series of parachute-shaped dyads (e.g.,
antenna molecules to ensure the efficient light capture in the ZNP—Cgo and HP—Cgo)** as well as ZnP-Cgo dyads with a

visible region of the spectrufi 343845 One of the first reported
Cso-based doneracceptor systems is;A—Cgo and the analogue
ZnP—Cgo dyads, in which the pigments are linked via an unusual
bicyclic spacef® The fluorescence lifetime measurements
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variety of phenyl spacef8:44

One approach to slowing down charge recombination is to
increase the distance between the donor and acceptor by means
of using spacer units of increasing sf?d-or example, a long-
range photoinduced electron transfer was reported in aZnP
Cso dyad, in which the two redox active moieties are separated
by a saturated norbornylogous bridge ninleonds in lengti%a
The lifetime of the radical ion pair in the “norbornylogous”
bridged dyad measures an impressively 428%and clearly
discloses a significant improvement relative to the short-spaced
analogues. (e.g., ther—x stacked ZnPCgy 38 ps in
benzonitrilg>Y).

The above-summarized dyad concept (i&gnP—Cg) was
further developed by linking a carotenoid polyene (C) to,RH
Ceo dyad, constituting the first molecular triad published (e.g.,
C—HyP—Cgp).38%In this system the spatial separation between
the individual components is, however, rather short and, in turn,
limits the stability of the charge-separated state. A similar
linkage was chosen for the design of an artificial reaction center,
namely, the sequence of energy and electron transfer. In
particular, in an elaboratede¢gbased hexad, (ZnpyZnP—
H,P—Cso, star-shaped aligned porphyrins (ifeur ZnP linked
to a HP) serve as a multichromophoric antenna systm.

In the present work we developed a concept in which we
have linked the fullerene acceptor covalently to an array of two
porphyrin moieties, namely, a tetraphenyl porphyrin free base
(H2P) and the corresponding zinc complex (ZnP), to form a
novel artificial reaction center, as shown in Figure 1. Impor-
tantly, the center-to-center distancesZnP—H,P—Cgo were
estimated to be 18.0 and 36.1 A for theR41Cso and ZnP/Go
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Zn P-HzP'CGO

Figure 1. Structure ofZnP—H,P—Cg triad.

separations, respectively, using CPK modeling. The ZnP chro-
mophore is believed to act herein as the antenna molecule, which

transfers its singlet excited-state energy to the adjaceRt H

chromophore. Furthermore, a sequential electron-transfer relay

will evolve from the generated singlet excited state gPH

Scheme 1

MeOOCOCHO

excess pyrrole
CF3COOH

injecting an electron into the electron-accepting fullerene, to
yield ZnP—H,P"—Cg~ and subsequently ZiiP—H,P—Ceo.
Earlier some of us reported on the time-resolved fluorescence
studies of this system, which revealed a rapid quenching of the
antenna fluorescence in the reference dyZd®—Cgo and

H2P—Cego (Scheme 3) and also in the molecular trizdP— a) BF3+OEt
H,P—Cgs0.46 Now, we wish to present the complete characteriza- CHO . CHSlls )
p-chlorani

tion of the transient intermediates associated with the quenching
of the porphyrin emission by means of transient absorption
spectroscopy. We also provide the rate constants for all of the

individual events involved, starting from the initial quenching
processes to the decay kinetics of the final photoproducts.

Results and Discussion

Synthesis* The preparation oZnP—H,P—Cg and the
reference dyadZnP—H,P, H,P—Cg and ZnP—Cgy was
carried out as shown in Schemes-3 Important synthetic
intermediates} and 5 were prepared by the condensation of
dipyrromethanel with 3,5-ditert-butylbenzaldehyde in the
presence of B§OE®, followed by base hydrolysis ¢f and3,

respectively (Scheme 1). The key features for the synthesis of

ZnP—H,P—Cgp and ZnP—H2P involve selective insertion of
the central zinc atom into the diporphyrin and its protection

from the demetalation. Therefore, after completion of the

2M KOH, THF
EtOH, reflux
SOCly, pyridine
benzene, reflux

2M KOH

A 5R =OH 2-propanol, reflux
r

Ar = 3,5-di-tert-butylphenyl

insertion all of the procedures were carried out under neutral Cq, (Scheme 2)H,P—Cgo was obtained by condensation ®f
or basic conditions. The free-base porphyrin carboxylic diacid with 13, followed by acid hydrolysis ofl4 and 1,3-dipolar

4 was converted to the corresponding bis(acid chlor@léy
treatment with SOGI Amino zincporphyrin7 was synthesized
from the corresponding freebase porphyrin, wheredert4-
butyldimethylsiloxymethylanilin® was obtained by protection
of the hydroxymethyl group in 4-nitrobenzyl alcohol and
subsequent reduction of the nitro grouBi{Scheme 2). Cross-
condensation 06 with 7 and9 in benzene in the presence of
pyridine afforded a mixture of porphyrins. The desired dipor-
phyrin 10 was isolated in 34% by tedious chromatographic
separation. Deprotection tért-butyldimethylsilyl group in10
with n-BuyNF gavell, which was oxidized using activated
MnO; to yield 12. ZnP—H,P—Cgo was obtained by 1,3-dipolar
cycloaddition usindl2, N-methylglycine, and & in toluene in
79% vyield.ZnP—H,P was synthesized fror, 7, and 4-hexa-
decylaniline by the same method as describedfd?—H,P—

(46) Tamaki, K.; Imahori, H.; Nishimura, Y.; Yamazaki, |.; Sakata, Y.
Chem. Commuril999 625.

cycloaddition usingl5, N-methylglycine, and & in toluene
(Scheme 3). Preparation &dnP—Cgp was carried out by
treatment oH,P—Cgo with Zn(OAc),. The single chromophore
referenceZnP, H,P, andCgo—Ar were also prepared (Figure
2). Their structures were verified by spectroscopic analyses
including '"H NMR and MALDI-TOF mass spectra (see
Experimental Section).

The absorption spectrum @nP—H,P—Cg in benzonitrile
is almost a linear combination of the spectrazoP, H,P, and
Ceo—Ar, indicating no significant interactions among the three
chromophores in the ground state. In principle, the absorption
features of the two porphyrin chromophores in the visible region
are much stronger than that of the fullerene moiety.

Electrochemical Properties and Thermodynamic Free
Energy Changes.The redox potentials oZnP—H;P—Cgo,
ZnP—H,P, ZnP—Cgo, Ho,P—Cgg, ZnP, HoP, andCgo—Ar were
measured by differential pulse voltammetry in benzonitrile using
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Scheme 2

ZnP-HoP

4-hexadecylaniline
benzene, pyridine

OQNOCHQOH

Bu'Me,SiCl
imidazole

Ar
6 + Ar % O NH, %N‘O—CHQ():SFF
HQ,Pd/Cl 8
Ar 7

H2N—©—0Hzo%i+
N 9

benzene '
pyridine l

Ar
ArNHco O
A

r Ar
10 R = CH,0SiBu'Me,
11 R = GHJOH —————BUsNF

12 R = CHO activated MnO,
[Ceo, N-methylglycine
ZnP-HQP-Cso

O CONH—@—R

Ar = 3,5-di- tert-butylphenyl

Scheme 3
5

a) SOCl,, pyridine
benzene, reflux

b) o
e O-{
(e}
13

Ar benzene, pyridine

o]
: Oreomi <
(e]
14

Ar ¢) 5% HpSO,, CF3COOH

CHCI
Ar 3

Ar O CONHOCHO
15

Ar Ceo, N-methylglycine
toluene, reflux
Ar

Ar HyP-Cgo M = 2H
ZnP-Cgo M = 2Zn

Ar = 3,5-di-tert-butylphenyl

0.1 M n-BwNPFs; as supporting electrolyte. The results are
summarized in Table 1. The potentials @ghP—H;P—Cgg
(+0.30,+0.59 V, —1.04, vs Fc/Ft) can be roughly explained
by the sum ofZnP, H,P, and Cgo—Ar (Ei2 (ZNP*/ZnP) =

Ar
Ar
" e w Cp-comi< et Ar Q)nrae
Ar
Ar

Luo et al.

H,P M =2H
ZnP M =2Zn
Ar = 3,5-di-tert-butylphenyl
Figure 2. Structures oZnP, H,P, andCgo—Ar references.

+0.29 V;E1p (H2P'+/H2P) =+0.49 V;E1p (Cﬁo/Cf;oﬁ) =-1.05

V vs Fc/Fc¢), implying the weak electronic coupling among
the three moieties. The difference in the substituen®nR—
H,P—Ceo andH,P may be responsible for the shift in the first
oxidation potential of the freebase porphyrin moieties. Tables
1 and 2 and Scheme 4 show the energy levels of the locally
excited singlet states of the three moieties (i.e., Zni®,tdnd
Cso) and the free-energy changes. The energies of thé 0
transition (AEp—g) between the Sand the $ state were
determined by averaging the energies of the corresponding (O,
0) peaks in the fluorescence and the absorption bands. Free
energy changes; AGcs and —AGcg, Were calculated by the
Rehm-Weller and Born equatioff.*® Eox and Erep are the
half-wave potentials of the one-electron oxidation step of the
porphyrin and one-electron reduction step @b, Cespectively,

in benzonitrile. AGs is the correction term for the effects of
solvent polarity as well as the Coulombic energy between donor
radical cation and acceptor radical anion. In benzonitrile the
Born equation may estimate the correct values\iGe, whereas

in toluene that was tentatively used due to the overestimation
of the nonpolarity of toluene. The center-to-center distances
(Ro-a) were determined from CPK modeling using CAChe
(version 3.7 CAChe Scientific, 1994).

Time-Resolved Absorption Studies.To characterize the
transient intermediates involved in the rapid deactivation of the
metalloporphyrins, a number of fast spectroscopic techniques
were employed. In particular, transient absorption measurements
were carried out following either pico- or nanosecond laser
excitation (337 or 532 nm) of thenP—H,P—Cgo triad and
the corresponding reference compounds in solvents of different
polarity. These data are further complemented by time-resolved
fluorescence lifetime measurements, published recéhiiye
pump wavelength of 532 nm was chosen in these experiments,
to guarantee the excitation into both the zinc porphyrin and free
base porphyrin{—s*) visible transitions, namely, th@-bands,
rather than excitation of the fullerene moiety.

ZnP and H,P. Eighteen picosecond excitation of either the
free base tetraphenyl porphyrid {P) or the corresponding zinc
complex gnP) resulted in characteristic absorption changes in
the 500-810 nm range. In particular, a net decrease of the
absorption was observed around 540 nm, a region, which is
dominated by strong ZnP andPiground-state absorption. This
suggests consumption of the porphyrin as a result of converting
the porphyrin singlet ground states to the corresponding singlet
excited states¥(x—a*)ZnP and™(z—a*)H,P. An immediately
formed absorption accompanies this porphyrin bleaching. For
example, the*(z—a*)H,P exhibits a new absorption band
between 660 and 730 nm, a region in which ¥er—z*)ZnP
absorbs, however, very weakly. The singlet excited-state absorp-

(47) Weller, A.Z. Phys. Chem1982 132 93.
(48) Gaines, G. L. I.; O'Neil, M. P.; Svec, W. A,; Niemczyk M. P;
Wasielewski, M. RJ. Am. Chem. Sod 991, 113 719.
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Table 1. Redox Potentiafsand Thermodynamic Driving Force in Fullerenorphyrin References, Dyads, and Triad

free energy change

redox potential benzonitrile toluene
H2P'+/H2P+ ZnP*/ZnP Cso/Cs()k *AGcsb *AGCRlb —AGcsH *AGCRQC *AGcsb *AGCRlb —AGcsft —AGcr2
v vl vl [eV] [eV] [eV] [eV] [eV] [eV] [eV] [eV]

ZnP—H2P—Cgo 0.59 0.30 —1.04 0.29 1.60 0.28 132 -0.56 2.46 2.34
H2P—Ceo 0.55 —-1.04 0.33 1.56 —0.52 2.42 0.12
ZnP—Cgo 0.34 —1.04 0.69 1.35 —0.13 221
ZnP—H.P 0.59 0.30
H2P 0.49
ZnP 0.29
CGO—AI’ —1.05

a2 Redox potentials were measured in benzonitrile (0.1 MNBRR;, vs Fc/F¢) by differential pulse voltammetry with a sweep rate of 10 mys
using a glassy carbon working electrode, a platinum wire counter electrode, and a Ag/AgCl (saturated KCI) reference élect@gleand
—AGcr: denote the free-energy changes for an electron transfer*fiom-* ;1) ZnPA*(s1—* )H,P to G, and from Gy~ to ZnP*/H,P, respectively.
¢ —AGcsn and AGcgr2 denote the free-energy changes for an electron transfer from ZnP tofe Bind from Gg~ to ZnP™, respectively. (see
refs 44b, 47, 48).—AGCS = AEofo - (_AGCR); —AGCR = Eox — Erep + AGS; AGS = 62/(4.7t60)) [(1/(2R+) + l/(2R7) — l/RofA) 1/65 - (1/(2R+)
+ 1/(2R")) 1ler]; Eox = Ey (D**ID); Erep = Euz (A/A*7); R: = radius donor (5 A)R- = radius acceptor (4.4 A)Rp-a = center-to-center
distance;es = dielectric constant of solvent used for photophysical studigs: 2.38 (toluene) ands = 25.2 (benzonitrile) eg = dielectric
constant of solvent used for measuring the redox potentidts;, = excited-state energy of chromophore.

Table 2. Energies, Lifetimes, and Quantum Yields of Fullere®®rphyrin References, Dyads, and Triads in Toluene

energy: lifetime: energy: lifetime: guantum yield:
singlet excited singlet excited triplet excited triplet excited triplet excited
compd state [eV] state state [eV] state state
*H,P 1.90 10.1ns 1.40 380s 0.82
*ZnP 2.08 2.5ns 1.53 44s 0.88
*Ceo—Ar 1.75 18ns 1.50 2bs 0.98
*Ho,P—Cego 1.90 67 ps 0
HoP—*Ceo 1.75 18ns 1.50 4.4s 0.83
*HQP_CG()a 1.40 24Qus 0.54
*ZnP—H,P 2.08 79 ps 0
ZnP—*H,P 1.90 10.1 ns 1.40 380s 0.76
*ZnP—Cego 2.08 58 ps
ZnP—*Cqg 1.75 1.8ns 1.50 2Bs 0.86
*ZNP—H,P—Cgo 2.08 67 ps 0
ZnP—*Hzp—Ceo 1.90 87 ps
ZnP—HP—*Cgp 1.75 1.8ns 1.50 4.2s 0.71
ZnP—*H,P—Cg® 1.40 24Qus 0.46

@ Produced via intramolecular energy transfer.

Scheme 4

ZnP-"H,P"-Cqo

AG
© ZnP-H,P"*-Cep™~
AGcsH
ZNnP"*-H,P-Ceg™™
AGcRy
AGcpy
ZnP-H,P-Cqg

tion gives rise to singlet lifetimes of 10.1 ns and 2.5 nsHgP
andZnP, respectively. These are in excellent agreement with
previously reported values and confirm the negligible effects
stemming from the functionalization of the porphyrin periphery
on the singlet excited-state propertf€&4%-51 They also reveal

a good agreement with the fluorescence lifetimes ofHhP

(49) (@) Murov, S. L.; Carmichael, I.; Hug, G. LHandbook of
PhotochemistryMarcel Dekker Inc.: New York, 1993. (b) Hoffman, M.
Z.; Bolletta, F.; Moggi, L.; Hug, G. LJ. Phys. Chem. Ref. Daf989 18,
219.

(50) Rodriguez, J.; Kirmaier, C.; Holten, 0. Am. Chem. Sod 989
111, 6500.

(51) Kalyanasundaram, iRhotochemistry of Polypyridine and Porphyrin
ComplexesAcademic Press: London, 1992.

andzZnP chromophores in THF with values of 9.8 ns and 2.0
ns, respectively®

ZnPZ kznp — 3znp 1)
H P YH P — 3+H P )

Intersystem crossing is the predominant fate of these singlet
excited states (see Table®)$! The accordingly formed triplet
excited state oH,P reveals a characteristic peak around 780
nm (Figure 3, spectrum a), while the absorption of the analogous
ZnP is markedly shifted to the red.ax= 860 nm) (Figure 3,
spectrum b). Again, the derived triplet lifetimes of 3g8
(C*(r—m*)H ,P) and 44us C*(x—a*)ZnP) match those values
reported earlier for a free base tetraphenylporphyrin and the
corresponding zinc complex, respectivélyThe energy levels
of the singlet and triplet excited states, as derived from steady-
state fluorescence and phosphorescence measurements are
summarized, together with the associated lifetimes, in Table 2.
The triplet quantum yields in these reference porphyrins were
determined to be 0.82 and 0.88 for the free base and zinc
complex, respectively, resembling already published valties.
In the presence of molecular oxygen, the triplet excited states
of both porphyrins experience a concentration-dependent de-
activation process with oxygen concentration varying be-
tween 0.9 and 4.5 mM. Bimolecular rate constants of .6
18 M1 st and 1.06x 10° M~1 st for ¥*(r—x*)ZnP and
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Figure 3. Differential absorption spectra obtained 50 ns upon
nanosecond flash photolysis (532 nm)yaf0> M solutions ofH,P in
nitrogen saturated benzonitrile (a)), ZnP in nitrogen saturated
toluene (b) { - -), ZnP—HP dyad in nitrogen saturated benzonitrile
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Table 3. Reactivity of Photolytically Generated Species in
Fullerene-Porphyrin Dyads and Triad with Molecular Oxygen

compd reactive species solvent koxveen[M "t s
ZnP *ZnP benzonitrile 6.6x 10°
H2P *H P benzonitrile 1.06¢< 10°
H.P *H,P toluene 9.1x 10°
Ceo—Ar *Ceo—Ar toluene 1.0x 1
ZnP—Ceo ZnP—*Cgo toluene 9.8x 10°
ZnP—Cgo ZnPt—Cgg™ benzonitrile 9.4x 10°
H2P—Ceo *H 2P_C50 toluene 1.1x 10°
ZnP—H.P ZnP—*H,P benzonitrile 1.08 1°
ZnP—H,P ZnP—*H P toluene 9.1x 10°
ZnNP—HP—Cgp ZnP—*H ,P— Cqo toluene 9.2« 108
ZnP—H,P—Cgp ZnP*—H,P—Cgss~ benzonitrile 4.6x 10

3 (m—a*)H P, respectively, were measured in the present study
(Table 3). Analogous to previous studies we ascribe the
intermolecular reaction to the following photosenitization
process of cytotoxic singlet oxygéhb!

%ZnP + 0,— ZnP+ ™0, (2a)

*H,P+ 0, — H,P+ ™0, (2b)
Ceso—Ar. The photophysics of the fullerene referenCgo—~

Ar, see Figure 2) can be summarized as follows: The singlet

excited-state absorption d@gp—Ar gives rise to a marked

singlet-singlet absorption around 890 nm, whose lowest

vibronic state has an energy of 1.75 eV. The latter was

Luo et al.

annihilation and ground-state quenching and is quite sk@%,

us, under our standard conditions. It should be added that these
features are consistent with the general trend noticed for various
mono-functionalized fullerene derivatives.

Coo—Ar = C—Ar — *C,—Ar 3)

In summary, the above features (i@.reference compounds
ZnP, H,P, andCgo—Ar) are easily detectable markers for the
following intramolecular transfer reactions. It is expected that
the use of these probes will lead to a better understanding of
functionalized fullerene and porphyrin derivatives and, in
addition, that they will serve as a data set for the covalently
linked, fullerene-containing porphyrin dyads and triad.

ZnP—H,P. Transient absorption changes, recorded upon 532
nm laser excitation of th&nP—H,P dyad, are almost super-
imposable with those recorded for th&x—x*)H,P. Specifi-
cally, a set of minima, which correspond to tl@band
absorption (in toluene: 520, 556, 597, and 650 nm), is further
accompanied by a new transient absorbing between 660 and
730 nm (Figure 4). Time profiles, taken at various wave-
lengths, indicate, however, that the singlet excited state (i.e.
¥ (qa—m*)H,P) is formed in two distinct steps. The faster process
lies essentially within the apparatus resolution (20 ps), while
the second, slower component has a rise time of 79 psxX1.3
10 s71) in toluene and 85 ps (1.2 10'°s™1) in benzonitrile.

Complementary time-resolved fluorescence measurements of
the ZnP—HyP dyad revealed dual fluorescence. In particular,
a rapid deactivation of th&(z—=z*)ZnP fluorescence (605 nm)
with an associated rate constant of 2210'° s~1, resembling
the kinetics of the transient absorption measurements. On the
other hand, thé*(z—a*)H P fluorescence (720 nm) shows no
indication for a faster dec&y.

It is interesting to note that the absorption ratio at 695 nm,
stemming from the faster (Figure 4, 25 ps time delay) and the
slower process (Figure, 150 ps time delay), is approximately
1:1. This is in line with the nearly identical singlet ground-
state absorption of the ZnP angMmoieties inZnP—H,P at
the excitation wavelength (532 nm). Also, the weak absorption
features of the initially formed*(z—x*)ZnP should be noted.
Accordingly, it is safe to ascribe the secondary contribution to
originate from an intramolecular singtesinglet energy transfer
between the*(z—a*)ZnP (2.04 eV) and the energetically
lower-ying ¥*(z—m*)H,P (1.89 eV). A similar conclusion was
reached from the time-resolved fluorescence measurerffents.

ZnP—HP " 5ZnP—H,P—ZnP-"H P (4)

determined in a complementary fluorescence measurement. . . .
Once generated, this state is subject to a rapid and quantitative According to the Coulombic energy transfer theory a sirglet
intersystem crossing process to the energetically lower-lying singlet energy transfer is proportional to the square of the

triplet excited state (1.50 eV#.In the case of the currently
employed fullerene referenc€4y—Ar), this intersystem cross-
ing takes place with a time constant of 5510° s™1, governed

by a large spir-orbit coupling®? The spir-orbit coupling makes

this process much faster than those noticed in most 2-dimen-

sional aromatic hydrocarbons. However, not only is the rate
remarkable, but also the overall efficiency of this process is
impressive, affording a triplet quantum vyield close to unity
(DrripLer = 0.98)%2 The triplet-triplet absorption spectrum
reveals a maximum in the visible region (700 nm), accompanied
by another transition in the ultraviolet (UV) region (360 nm).
The triplet lifetime of Ceo—Ar is dominated by triplettriplet

(52) Foote, C. STop. Curr. Chem1994 169, 347.

transition dipole moments and the inverse sixth power of the
donor-acceptor separation fRa). The distance dependence
of this dipole-dipole mechanism can be simplified as follows
considering the deactivation of the photoexcited chromophore
(i.e, ¥(x—a*)ZnP; kp = 4.0 x 10° s71).53

In(kEnergyTransfékD) ~ 6 In(RDfA)

At the given donoracceptor separation of 18 A, the rapid
and efficient energy transfer from th&{z—s*)ZnP to the BP
is in agreement from the Coulombic energy-transfer theory,

(®)

(53) Turro, N. JModern Molecular Photochemistriniversity Science
Books, Sausalito, CA, 1978.
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Figure 4. Differential absorption spectra obtained upon picosecond flash photolysis (532 nripof M solutions ofZnP—H,P dyad in nitrogen
saturated toluene with a time delay of 0 [8),(25 ps ¢), and 150 ps X).

which, in its essence, predicts that the dipal@ole mechanism  toluene and 0.15 eV in benzonitrile. Only electron-donating and
is mostly effective up to separations o20 A. electron-withdrawing substituents at the ZnP an® Hespec-
Complementary nanosecond experiments, performed with atively, render the free-energy change for an intramolecular
similar ZnP—H,P dyad solution, revealed a maximum at 780 electron transfer thermodynamically more feasible, yielding a
nm (see Figure 3 c) and a lifetime of 3@8. These are again  ZnP"—HP~ radical pair%®
unambiguous attributes of tRyz—x*)H,P. The overall triplet ZnP—Cgo. The two porphyrir-fullerene dyadsZnP—Cgo
quantum yields, as measured with the comparative method (i.e.,andH>P—Csgo, are expected to undergo intramolecular electron
usingH,P as a standard), are 0.76 (toluene) and 0.74 (benzo-transfer, as shown earlier in porphyrifullerene dyads that

nitrile), are slightly lower than the one found for thé,P carried different linking block8®4% This assumption is, fur-
reference compound®irper = 0.82). These properties thermore, supported by calculations regarding the thermody-
confirm our tentative assignment of a singtsinglet energy- namic driving force £ AGcs) within the framework of the

transfer mechanism controlling the deactivation of the photo- dielectric continuum model (see Table*I}8However, in the
excited ZnP in th&ZnP—H,P dyad. event that nonpolar toluene is used as a solvent, the efficiency

Similar to the reference compound (see eq 2b), admitting of electron transfer versus the competing energy transfer will
molecular oxygen to the dyad solution led to a rapid deactivation depend strongly on the separation distance and may alter the
of the 3*(r—7*)H,P state with bimolecular rate constants of mechanism. Considering the distance dependence on electron
9.1 x 18 M tsand 1.08x 1°® M1 s1in toluene and  transfer (eq 6 wittko = 4.0 x 10° s 1)>3we can expect that at
benzonitrile, respectively (see Table 3). It should be added thatshort donoracceptor separations~8 A) electron-transfer
singlet oxygen is the product of this bimolecular reacfibin prevails#** L is the electronic factor, characterizing the overlap
conclusion, the spatially separatdP—H-P is subject, upon of orbitals involved in the electron-transfer reactiéhat larger
excitation of the ZnP chromophore, to an efficient long-range Spatial separations, such as in the current dyads and triad (18
intramolecular energy transfer. Similar conclusions stem from A), it is likely that energy transfer is the dominant process.
previous reports on chemically different ZaPI,P dyad<?®

In the contributed system, the free-energy changesGcs) IN(Kgjectron TransidKo) =~ 2Rp_a/L (6)
for an intramolecular electron-transfer event-i§.61 eV in

(54) Rader, B, Biophys. Chem1990 35, 303 Following a 18 ps laser pulse of a benzonitrile solution of
(55) (a) Gust, D.: Moore, T. A Moore, A Leggett, L.: Lin, 5., theZnP—Cgodyad, differential absorption changes disclose the

DeGraziano, J. M.; Hermant, R. M.; Nicodem, D.; Craig, P.; Seely, G. R.; instaneous formation of the ZnP singlet excited state (Figure 5,
Nieman, R. A.J. Phys. Chem1993 97, 7926. (b) DeGraziano, J. M.;

Liddell, P. A.; Leggett, L.; Moore, A.; Moore, T. A.; Gust, D. Phys. 30 ps). The tW(.) minima .Observed at 565 and .605 nm correspond
Chem 1994 98, 1758. (c) Yang, S. I.; Lammi, R. K.: Seth, J.: Riggs, J. A.; well to thg slightly shlftng-band absorption, due.to the
Arai, T.; Kim, D.; Bocian, D. F.; Holten, D.; Lindsey, J. $. Phys. Chem. complexation of the coordinating solvent (e.g., benzonitffiy.

B 1998 102, 9426. (d) Baraka, M. E; Jano, J. M.; Ruhlmann, L.; Giraudeau, These features, in combination with the broad absorption band
A. Deumie, M.; Seta, PJ. Photochem. Photobiol. A998 113 163. (e)

Jensen, K. K.; Van Berlkom, S. B.; Kajanus, J.; Martensson, J.; Albinsson, n th? rpfd 9620 nin) deTonStr.ate the EXCItfitlon of the ZnP.
B.J. Phys. Chem. A997, 101, 2218. (f) Osuka, A.; Marumo, S.; Mataga, ~ The lifetime of the™*(z—x*)ZnP is, however, impacted by the

N.; Taniguchi, S.; Okada, T.; Yamazaki, I.; Nishimura, Y.; Ohno, T.; Nozaki, presence of the covalently attached electron acceptor (i.e.
K. J. Am. Chem. Sod996 118 155. (g) Gust, D.; Moore, T. A.; Moore,

A Kang, H. K.; DeGraziano, J. M Liddell, P. A Seely, G. RPhys.  [Ullerene). Formation of agl‘gwffa.”s'e”t develops as a result of
Chem 1993 97, 13637. (h) Kilsa, K.; Kajanius, J.; Martensson, J.; therapid decay= 1.1x 10"s™), instead of the much slower
Albinsson, B.J. Phys. Chem. B999 103 7329. intersystem crossing (4.0 18 s™1) to the triplet excited state.
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Figure 5. (a) Differential absorption spectra obtained upon picosecond flash photolysis (532 nri)0of M solutions of ZnP—Cgo dyad in
nitrogen saturated benzonitrile with a time delay of 09s30 ps ©), and 250 psx). (b) Time-absorption profile at 502 nm, displaying the initial
formation of the*(z—*x)ZnP chromophore and its subsequent transformation via an intramolecular electron transfer to the charge-separated

radical pair (ZnP"—Cgo") (~250 ps after the pulse).

The new transient absorbs predominantly in a region red-shifted It is notable that molecular oxygen has a meaningful impact
relative to the porphyrii®-bands (Figure 5, 250 ps, see kinetic on the lifetime of the charge-separated state. Reoxidation of

time trace)**2bThis suggests involvement of the ZnFradical the fullerener-radical anion and, in turn, the possible formation
cation in an intramolecular electron transfer, occurring between of Oy~ may take plac&®%° This assumption is reasonable
the photoexcited ZnP donor and the fullerene acceptor. considering our measured redox potential for the first reduction

step of the fullerene moietyE(;; (Ceo/Csg"”) = —1.04 V vs
(7) Fc/Fc) andE;yj; for the Q/Oz~couple (0.9 V vs Fc/FE). In
particular, we derived from an oxygen-dependent decay of the

With the assistance of complementary nanosecond experi-fullerene z-radical anion absorption an intermolecular rate

ments (Figure 6) the presence of the one-electron-reduced_ (562:ﬁuldi’g-M-;H;gggrgugz'ef""”a”atal E.; Asmus, KJDChem.
T o . . oc., Chem. Commu , 84.
fullerene, exhibiting a characteristic absorption maximum at (57) Kato, T.; Kodama, T.; Shida, T.; Nakagawa, T.; Matsui, Y.; Suzuki,

1000 nm, was also confirmé8>’ These experiments (i,e. s Shiromaru, H.; Yamauchi, K.; Achiba, €hem. Phys. Letl.991 180,

measurements at 1000 nm) enabled us, furthermore, to determing46.
(58) Ohlendorf, V.; Willnow, A.; Hungerbuhler, H.; Guldi, D. M.; Asmus,

the lifetime of the charge—separated_ZhPCeq pair (t = 580 K.-D. 3. Chem. Soc., Chem. Comma995 759.
ns) and.the quantum yield as wedb (= 0.85) in deoxygenated (59) Yamakoshi, Y.; Sueyoshi, S.; Fukuhara, K.; Miyata, N.; Masumizu,
benzonitrile solutions. T.; Kohno, M.J. Am. Chem. Sod998 120, 12363.

ZNP—Cyy 2 %ZnP—Cyp— ZNP —Cyg ™~
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Figure 6. Differential absorption spectra obtained 50 ns upon
nanosecond flash photolysis (532 nm)at0~° M solutions ofZnP—

Ceo dyad in nitrogen saturated benzonitrite')(and ZnP—HP—Cgo
triad in nitrogen saturated benzonitrile- (— —).

constant of 9.4« 1 M~1s™L This value is close to a diffusion-
controlled process (i.ekqir = 5.0 x 10° M~1 s71) as computed
from Smoluchowski’s theory of diffusion-controlled reactions
(with Kgir = 8RT/35 x 103 N (benzonitrile)y= 1.24 [10_3 Pax S]).49

ZnP"—Cg, ™ + 0,— ZnP —Cyy+ O, (8)

In toluene, two distinct follow-up reactions come next after
the completion of the initially forme#(z—=*)ZnP state. The
first process is a fast decay, which is essentially completed
around 100 ps after the laser pulse with a rate constant of 1.7
x 109 s71 (see 508-550 nm region). In contrast, the second,
slower step is a growing-in process with a time constant of 1.8
ns K = 55 x 10° s71) (see 656-750 nm region). This
observation is in clear contrast to the benzonitrile case that
revealed only a rapidly occurring electron transfer. Spectral
analysis of the two transients formed in toluene, for example,
after 100 and 4000 ps (Figure 7), shows surprisingly no
resemblance with the ZnR-radical cation absorption (see

J. Am. Chem. Soc., Vol. 122, No. 28, 8683

To follow up on this argument and to investigate the presumed
singlet-singlet energy transfer, we probed the growing-in of
the fullerene singlet excited state and related it to the deactiva-
tion of the photoexcited ZnP chromophore. This measurement
is possible because the absorption of tf{er—a*)ZnP is weak
in the wavelength region where the predomink@ts, absorp-
tion is located (around 890 nrA}&%Indeed, theZznP—Cgo dyad
shows, upon laser irradiation in toluene, the growing-in of the
fullerene singlet excited state absorption. More importantly the
formation kinetics of the fullerene singlet (1:710°° s™1) were
virtually identical to those of the decay of th§z—na*)ZnP
absorption around 568650 nm (1.6x 100 s71).,

ZnP—Cyy > HZnP—Cy, — ZNP—1C,, — ZNP—*C,
9)

In line with this energy-transfer mechanism, the differential
absorption changes, recorded immediately after a 20 ns pulse,
showed the spectral features of the fullerene triplet excited state.
Specifically, two maxima located at 360 and 700 nm and a low-
energy shoulder around 800 nm were obseR/é8512Also the
high quantum yield of the fullerene triple®fripLer = 0.86)
should be noted. Our analysis clearly shows the photosensiti-
zation effect of the porphyrin antenna. This enables the efficient
fullerene triplet generation, even in a wavelength region where
the fullerene absorption is relatively weak$, nm~ 2000 M1
cm™Y). No spectral evidence, in terms of the fullereneadical
anion absorption at 1000 nth>” was observed that would be
in support of a possible electron-transfer mechanism.

HoP—Cego. In benzonitrile solutions, the singtesinglet
absorption of thé*(z—x*)H ,P, formed directly upon photoly-
sis, decays rapidly. The derived rate constant of>6.20° s~1
is in sharp contrast to the much slower occurring intersystem
crossing rate (9.% 107 s™1), observed for the referendé,P
complex (see Tables 2 and 4). The spectral features of the newly
formed transient, that is, a broad band red-shifted with regard
to theQ-band absorption, are similar to the radiolytically formed
sr-radical cation of the BP (not shown). This suggests a rapid
intramolecular electron transfer to yield theR™—Cgo'™ state.
The lower singlet excited-state energy (1.89 eV) and, in addition,

Figure 5, 250 ps). Instead, the earlier formed species has a broadh€ less favorable oxidation potenti&hf, (HoP*/HzP) = +0.55

and structureless transition in the 55060 nm range (Figure

V vs Fc/Fc") of the free base porphyrin, relative to the ZnP

7, 100 ps). These characteristics are similar to those noted fordyad Euz (ZnP*/ZnP)= +0.34 V vs Fc/F¢), have a marked

the fullerene singlet excited-state absorp@6ff The slower
produced transient (Figure 7, 4000 ps) possesses the chara
teristics of the fullerene triplet excited state, for example, a
maximum at 700 nm. Consequently, we reach the conclusion
that a long-range singlesinglet energy transfer, by means of
a dipole-dipole mechanism (see eq 5) governs the deactivation
of the photoexcited ZnP.

Also, the thermodynamic argument (see Table 1), that is, the
calculated driving force {AGcs), contradicts an electron-
transfer event in toluene. AlthoughAGcs is clearly smaller
(—0.13 eV), relative to the benzonitrile caseQ.69 eV), the
decay of the™*(z—a*)ZnP component is evidently faster in
toluene. The large-AGcsvalue relates primarily to the lowering

of the energy of the charge-separated state in the polar solvent

and the stabilization resulting therefrom. In summary, the
energetics and the observed rate indicate an energy transfe
process in toluene.

(60) Guldi, D. M.; Maggini, M.; Scorrano G.; Prato, M. Am. Chem.
Soc 1997, 119 974.

impact on the electron-transfer dynamics. Despite the identical

cseparation, for example, a center-to-center distance of 18.0 A,

—AGcs for an electron transfer is only0.33 eV H2P—Ceg),
in comparison to a value of0.69 eV for theZznP—Cg dyad
(see Table 1).

Full spectral characterization of the charge-separated state was
performed with the help of complementary nanosecond meas-
urements. Photolysis of a simil&t,P—Cg solution led to a
maximum at 1000 nm, which is a clear indication for the
existence of the fullerener-radical aniorP857 This Cgo'~
fingerprint allowed us to determine the lifetime of the associated
charge-separated state to bel5 ns. The latter decays via
another intermediate to th¥(z—m*)H P, characterized by a
fransition maximizing around 780 nm (similar to Figure 3,
spectrum a). The 780 nm band resembles those recorded for
'r[he H,P andZnP—H,P references. In deoxygenated solutions

(61) (a) Guldi, D. M.; Maggini, M.Gazz. Chim. 1tal1997, 127, 779.
(b) Martin, N.; Sanchez, L.; lllescas, B.; Gonzalez, S.; Herranz, M. A.;
Guldi, D. M. Carbon200Q in press. (c) Guldi, D. M.; Gonzalez, S.; Martin,
N.; Anton, A.; Garin, J.; Orduna, J. Org. Chem200Q 65, 1978-1983..
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Figure 7. Differential absorption spectra obtained upon picosecond flash photolysis (532 rr0of M solutions ofZnP—Cg dyad in nitrogen
saturated toluene with a time delay of O @), 30 ps (), 100 ps ¢), and 4000 ps ).

Table 4. Center-to-center Distances and Rate Constant for generated fullerene triplet excited state (e.gP+H*Cg0) gives
Intramolecular Electron Transfer in FullerenBorphyrin Dyads and rise to an overall efficiency of 83%, only a moderate 54% were

Triad determined for the final product (e.g*H ,P—Cs).
compd solvent Rpo-a[A]l  ker[s™Y  keer[s7Y
HoP ™ —Ceo™ benzonitrile 18.0 5% 10° 1.3x 10 H.P—C, L Ly p—-C..— H.P-*C. —
ZnPt—Cegs™ benzonitrile 18.0 1. 10 1.3x 1C° 2 60 2 60 2 60
ZnP—HP*—Cer~ benzonitrile 180 7. 1¢° H,P—3*C s, — *H,P—Cq, (10)

ZnP*t*—H,P—Csg~ benzonitrile 36.1 2. 100 4.7x 100

ZnP—H,P—Cgo. Stimulated by the above findings, we
the 3*(z—a*)H P gives rise to a lifetime of 234s, decaying pursued the design of a molecular array, in which the free base
to the singlet ground state. At this point we cannot offer any porphyrin separates the zinc porphyrin from the electron
reasonable rationale for the nature of the transient intermediate.acceptor. This strategy should, in principle, allow a charge shift
However, a similar ET behavior was reported in aGs, dyad from the one-electron oxidized,A s-radical cation €y, (HoP*/

(C = carotenoid polyene®? C—H,P—Cq triad 384 and tetra- H,P) = 4+0.59 V vs Fc/Ft) to the better electron donor ZnP
thiafulvalene-Cgo dyadf?t-62cwhere BET proceeds mainly via  (Ey (ZnP*/ZnP)= +0.30 V vs Fc/F¢), prior to the charge-

formation of the carotenoid triplet excited state<{Cso and recombination of the initially formed ZnPH,P"*—Cgg .
C—HyP—Cq0)%849 and fullerene triplet excited state (tetra- Benzonitrile. The whole dynamic range (e.g., betweeB0
thiafulvalene-Gg).61b:¢ and 4000 ps), in terms of differential absorption changes,

In toluene solutions the decay of théz—a*)H,P moiety recorded upon 532 nm excitation oZaP—H,P—Cgo benzo-
of H,P—Cgp is subject to a similar change in mechanism as nitrile solution, is depicted in Figure 8. The initial events are
described above for thenP—Cgp dyad. Specifically, a rapid  virtually identical to those described above for the diporphyrin
singlet-singlet energy transfer (1.5 10'° s™1) takes place to reference dyadAnP—H,P): Two successive steps are associ-
yield the fullerene singlet excited state. This is followed by an ated with the formation of thé&(z—a*)H P, which then may

intersystem crossing (5% 10® s71) to the energetically lower-  inject an electron into the fullerene moiety. These are (i) direct
lying fullerene triplet (similar to Figure 7). In th&nP—Cgo 532 nm excitation of the WP chromophore andii) rapid
dyad the fullerene triplet excited state (i.e., Z#FCg) is lowest intramolecular singletsinglet energy transfek(= 1.5 x 109

state available and, in turn, decayed to the singlet ground state s™) originating from the*(z—s*)ZnP (Figure 9). Importantly,
Now, in the case of the currebt,P—Cgp dyad, the energy of  the measured energy transfer rate closely resembles the dynam-
the 3*(x—a*)H,P state (1.40 eV), is located between the ics of theZnP—H,P dyad (see above) and the time-resolved
fullerene triplet (1.50 eV) and the singlet ground state. As a fluorescence measuremefis.

consequence, an additional, but rather slkw:(2.4 x 10° s71) An interesting fact is that even in the case of the molecular
triplet—triplet energy transfer from the fullerene triplet to the triad, the ratio of the direct excitation and the energy transfer is
porphyrin is energetically permitted. Considering the center- nearly 1:1 as measured by the growing-in of the transient around
to-center distance of 18.0 A, the much slower rate constant, 695 nm (see also the discussion regarding the energy transfer
relative to the singletsinglet energy transfer(10'° s71), can in the photoexcitednP—H,P dyad). This is in compliance with

be rationalized by the different mechanisms, namely, dipole the nearly equal absorbance of the two chromophores (i.e., ZnP
dipole (see eq 5) versus exchange (see eq 6), which are operativand HP) at the excitation wavelength (532 nm).

in this systen®3 In addition, the triplet quantum yields further The initial excitation energy is almost quantitativety{5%,
underlines the noted differences. While the intermediately seeZnP—H,P) transferred to the §#P chromophore. After the
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Figure 8. Differential absorption spectra obtained upon picosecond flash photolysis (532 nri)0of M solutions ofZnP—H,P—Cg triad in
nitrogen saturated benzonitrile with time delays of betwe&® and 4000 ps.

completion of this energy transfer process, the sequence of twointermolecular rate constant &f= 4.6 x 10’ M1 s71 was
follow-up reactions was noticed (see kinetic time trace of Figure derived. This leads to the conclusion that'Cis quantitatively
10). The faster one has a time constant of 2.a° s™* (see reoxidized by oxygen. Since the reduction potential of the
Table 4). Based on the kinetic similarity with the electron fullerene moiety {1.04 V vs Fc/Ft) is not changed relative
transfer in theH,P—Cgo dyad, we ascribe this reaction the one in theZnP—Cgo dyad, the following reduction of
tentatively to the formation of the 4#"—Csg~ pair in the molecular oxygent; (0o/O»~) = —0.9 V vs Fc/F¢) appears

molecular triad. Spectral characteristics of the porphyriradi- thermodynamically reasonable:
cal cation, particularly, in the red region, corroborated this
hypothesis (Figure 10, 500 ps). ZnP"—H,P—Cs,~ 4+ O,— ZnP " —H,P—Cy,+ O, (12)

The energy of the ZnPH,P"—Css~ state (1.60 eV) lies
SUﬁ'i'ently above that of the long-range separated pair, namely,  comparing the individually determined rate constants for (i)
ZnP"—HP—Ceg (1.32 €V). In principle the noted energy  ap intramolecular electron transfer in benzonitrile (%.0L0°
difference should be enough to promote a subsequent charges—l) and (ii) an energy transfer in toluene (15101 s1, see
shift from the HP* to the ZnP. Indeed, the spectral features, pejoy) leads to the hypothesis that in benzonitrile a competition
recorded 3000 ps after the pulse (Figure 10, 3000 ps), arépeqyeen the two transfer processes is operative. A thermody-
reminiscent to the charge-separated state in Zh_é’—Cﬁo namic consideration{AGcs = 0.29 eV; —AGenergyTransier=
reference dyaqi an_d,there_fore, supportthe_energe_ncs argumenty 13 eV) suggests, however, a minor contribution of the
From the growing-in klne_tlcs of the Znk-radical cation at 650 competing energy transfer mechanism. In good agreement with
nm we were able to derive a Eate constant for this secondary e thermodynamic reasoning, no spectral evidence for the
electron transfer of 2.% 1°s™. participation of an energy transfer mechanism was deduced from

Complementary nanosecond experiments revealed the.spectraéur picosecond-resolved transient absorption measurements.
features of both radical species, .namely, the oxidized*ZnP To shed further light on this alternative electron-transfer
(600-750 nm) and the reduceds("" (1000 nm) (Figure 6).  pathway, generation of the fullerene singlet excited state, which
The long-range charge-separated pair is formed with a quantumy,q|q be the result of the intramolecular energy transfer, was
y|e|d+of 0.4. Due to the large spatial separation of 36.1 A the jeemeqd necessary. An electron transfer starting from the
ZnP—HP—Ceg'~ decays with a remarkable lifetime of 2. photoexcited fullerene was probed via a 337 nm excitation
The charge recombination process is dominated by @ mono-gypariment, where the fullerene moiety absorbs the main fraction
exponential recovery of the singlet ground-state rather than o the excitation light. In fact, the transient absorptions,
population of a porphyrin triplet excited state. This observation a5sured after a 20 ns laser pulse are essentially superimposable

corresponds well V‘_”t.h the energetic argument (1.32 V). to those of the 532 nm excitation. In particular, features of the
532 nm (benzonitrile). oxidized ZnP (606-750 nm) and the reduced fullerene moiety
- (2000 nm) confirm the following electron-transfer scenario:
ZnP—H,P—Cy,— *ZnP—H,P—Cy,— 337 nm (benzonitrile):

ZnP*H ,P—Cyy— ZnP—H, P —Cy™ —
ZnP*—H,P-Cgy~ (11)

ZNP—H,P—Cyy— ZNP—H,P—*C gy —
ZnP—H,P"—Cgy ™ — ZnP —H,P—Cyy~ (13)
The lifetime of the ZnP"—H,P—Css~ radical pair, opened
the opportunity for a reaction with molecular oxygen. Admission ~ The determination of the quantum yield for the charge-
of air or pure oxygen to the triad solution resulted in a markedly separation showed surprisingly a higher value in the 337 nm
accelerated recovery of the fullerene ground state. From than in the 532 nm experiment. This can be rationalized, at least
analyzing the lifetime as a function of oxygen concentration an in part, by the sequence of energy- and electron transfers
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Figure 9. (a) Differential absorption spectra obtained upon picosecond flash photolysis (532 rmpdt M solutions ofZnP—H,P—Cg triad

in nitrogen-saturated benzonitrile with a time delay of 0 s 25 ps (), and 100 ps x). (b) Time-absorption profiles at 502 and 650 nm,
displaying the intramolecular energy transfer from the initially excitéthP—H,P—Cg to ZNnP—*H ,P—Csgo, (completed around 100 ps after the
pulse) followed by an intramolecular electron-transfer yielding ZRBP*—Cs'~ (~300 ps after the pulse).

involved upon excitation of the ZnP andPichromophores in  the sum of the two reference dyads in toluene, namely, energy
the ZnP—H,P—Cgo triad, which proceed with a quantum yield  transfer from™*(;z—s*)ZnP to H,P ZnP—H2P) and from™(sr—

less than unity. On the other hand, excitation of the fullerene is 7*)H2P to Gso (H2P—Cg). The initial energy transfer everk (
nearly quantitative. = 1.5 x 101°s71) between the two porphyrin moieties was again

The conclusion of these experiments is that the formation of confirmed by the two-step growing-in of the(z—z*)HP
the charge-separated radical-pair (ZHP*—Ceg~ and con-  ComPponent around 695 nm (see abd@re>—H2P).

sequently ZnP—H;P—Ces') upon 532 nm excitation is (62) A similar consideration applies for the two precursor dyads, (i.e.

independent of the pathway, namely, either direct electron H,P—Cg andZnP—Csg). In nonpolar toluene rapidmaénd efficient energy
P i transfer governs the deactivation of the initially formé&tr—z*)H P and
transfer from thé*(z—a*)H P 'io the fullerene or, alternatively, I(—-7*)ZnP states with rate constants of (16101 $ 1) and (1.7
energy transfer from thé(7—z*)H P to the fullerene, followed 1010 -1y respectively. An additional electron transfer starts, however, to
by an electron transfét compete with this energy transfer in polar benzonitrile. With the help of an
. 337 nm excitation experiments (e.g., fullerene excitation) it was confirmed
Toluene. In nonpolar toluene the mechanism changed that the*Cgp is potent enough to activate the intramolecular electron transfer

dramatically: The reactivity of the triad is now comparable to from the fullerene end.
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Figure 10. (a) Differential absorption spectra obtained upon picosecond flash photolysis (532 riDTfM solutions ofZnP—HP—Cg triad

in nitrogen saturated benzonitrile with a time delay of 0 @¥ 600 ps €), and 3000 psx). (b) Time-absorption profile at 505 and 650 nm (i.e.,
maximum difference between,P* and ZnP* absorption), displaying the charge-shift from the ZHBP*—Css~ (~500 ps after the laser pulse)
to ZnP+*—H,P—Css'~ (~5000 ps after the laser pulse).

Since the energy of the charge-separated-ZafP*—Cego*™ the decay of thé*(z—x*)ZnP, according to the distancBy{_x)
is unfavorably raised in toluene (2.46 eV), relative to the dependence of the dipetalipole mechanism (see eq®)Thus,
benzonitrile solution (1.60 eV), energy transfer is expected to the quantitative quenched ZnP fluorescence rules out the
prevail over electron transfer. Indeed, singisinglet energy  energetically feasible concerted long-range energy transfer
transfer from the ZnP*H ,P—Cg (1.90 eV) to the ZnPHoP— instead of the stepwise transfer (i.#om the ZnP to the bP
*Ceo (1.75 eV) governs the fate of the photoexcited chro- and finally to the G). In fact, the experimental data disproves
mophore. unequivocally the occurrence of a slow, concerted energy-
532 nm (toluene): transfer mechanism.
g, The fullerene singlet excited-state undergoes intersystem
ZnP—H,P—=Cqo— *ZnP—H,P—Cq— crossing to the triplet excited state, with a rate of 5.30° s1
ZnP—l*HZP—C60—>ZnP—HZP—l*CGO (14) which was derived from the growing-in dynamics of the
characteristic fullerene triplet excited-state absorption at 700
A direct energy-transfer route from the ZnP to the fullerene, nm. Considering the fact that the intersystem crossing in
over the estimated distance of 36.1 A, should be comparable tofullerenes is near unit§? it is evident that the loss in efficiency
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Figure 11. Energy diagram oZnP—HP—Cg triad in toluene and benzonitrile.

(fullerene ®tripLer = 0.71) corresponds well to the product,
BZnP—H,P—Ceo/ZNP—*H ,P—Cgo (@ = 0.92) and ZnP
H ,P—Cgo/ZNP—HP—1*Cgo (O = 0.83) transformations. The
fullerene triplet excited state decays finally via a slow and
inefficient triplet-triplet energy transfer to the lowest lying state
in the system%(z—a*)H,P; 1.40 eV).

Conclusions

charge-injection into the fullerene core, and (iii) transportation
of the hole, this artificial reaction center reproduces the natural
system very well. Also its productiveness outperforms a recently
published antennareaction center compleXf

The higher efficiency of the current system, relative to
previously investigated dyad and triad systémsannot be
explained on the basis of the thermodynamic redox properties
of the species involved. One argument, which may, however,

In conclusion, we demonstrated the sequential energy- andbe forwarded, could be the fairly large separation existing
electron-transfer events in a supermolecular triad (lower part between each of the redox active couplesZimP—Cqo (i.€,,
of the diagram in Figure 11) and, thus, a system that mimics ZnP/Go) and ZnP—H>P—Cqg (i.€., ZnP/HP and HP/Cs) of
the primary steps in natural photosynthesis. Furthermore, theapproximately 18 A. In principle, this separation guarantees an

lifetime of the charge-separated radical pair of 2% is

efficient electron relay along the vertical energy gradient before,

promising and evokes further studies, for example, incorporation however, charge recombination takes over to dominate the fate

into heterogeneous systefidst should be noted that the lifetime
of the charge-separated radical pair, namely, ZaPI,P—Cso'™
implies a significant advancement not only with respectgge C
based dyads but toggbased triads as welf4> Considering
the overall efficiency of 40% for Yifunneling light from the
antenna chromophore (i.e., ZnP) to thePHthromophore, (ii)

(63) (a) Imahori, H.; Yamada, H.; Ozawa, S.; Ushida, K.; Sakata, Y.
Chem. Commurl999 1165. (b) Imahori, H.; Yamada, H.; Nishimura, Y.;
Yamazaki, |.; Sakata, YJ. Phys. Chem. B200Q 104, 2099-2108.

of the first couple (i.e.ZnP—H,P"—Cgss'~). A general comment,
regarding the charge-injection from the photoexcited chro-
mophore into the fullerene, should be made at this point. The
small free energy change associated with th®/Es, couple,
relative to that of the ZnP/gg couple is, at least, in part a major
limitation of the system presented. Currently, we are pursuing
work toward improving the initial charge-injection step.

In comparison to the previously publish@hP—P34—Cgo
dyad#bthe charge-separated ZriP-Cgs~ state even iZnP—
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Ceo reveals a marked stabilization. Two structural differences Nd:YAG system (532 nm, 20 ns pulse width) in a front face excitation
in ZnP—P34—Cgo Vs ZNP—Cgp are obvious. First, and far most ~ geometry. A Xe lamp was triggered synchronously with the laser. A
important, the amide linkage, connecting the two redox-active Monochromator (SPEX) in combination with either a Hamamatsu R
centers is reversed. Second the different fullerene functional- 9108 photomultiplier or a fast InGaAs-diode was employed to monitor
ization leads to the incorporation of additiona--C bond in  transient absorption spectra, _ _
ZnP—Cgo. No doubt, the earlier reasoning appears to be of The quantum yields were measured using the comparative method.

. L ! . .__In particular, the strong fullerene triptetriplet absorption €700 nm =
higher S|gn|f|canqe with regard to acgeleratlng charge separation; ¢’ 0o Mt Mt Drmpier = 0.98° served as probe to obtain the
and to decelerating charge recombination.

quantum yields for the CS state, especially for the fulleremadical

On the other hand, in toluene solutions (upper part of the anion €000 nm= 4700 Mt cm1).6” The quantum yields of ZnP and
diagram in Figure 11) energy was transferred sequentially over H,P were determined relative to a zinc tertraphenylporphyrin standard
a distance of 36.1 A (CDTR|p|_ET = 088)

A different aspect of this study is concerned with the reactivity ~ Synthesis and Characterization. 2% A solution of 4-methoxy-
of the photoproducts (e.g., triplet excited states and charge-carbonylbenzaldehyde (9.88 g, 60.2 mmol) and pyrrole (42.0 mL, 605
separated radical pairs) toward oxygen. All the triplet excited Mmol) was degassed by bubbling with nitrogen for 1 h, then
states generated (i.e.?*(n—ﬂ*)HzP, 3*(n—n*)ZnP and trl_fluoroacetlc acid (0.12 mL, 1.6 mmol) was _added. The s_olutlon was
34C 4)52:5464.65f0rm singlet oxygen ¥0,) with rate constants stirred fa 4 h atroom temperature. The mixture was diluted with

h | diffusi lled d hiah benzene (300 mL), washed with 0.1 M sodium hydroxide agueous
that are close to a diffusion controlled process an 19N solution and water successively, and dried over anhydrous sodium

eff|C|er.IC|es. Similarly, the two radical pairs for.med (I.the sulfate. The solvent and the unreacted pyrrole were removed under
short-lived ZnP"*—Ces~ and the much longer lived ZnP- reduced pressure at room temperature. The resulting red oil was
H,P—Csg~) are subject to a markedly slower reaction with dissolved in a minimal amount of chloroform and purified by flash
molecular oxygen, yielding, however, the persistent superoxide column chromatography on silica gel (benzene/ethyl acetate/triethyl-
radical anion (@~).5859Although the nature of the latter oxygen — amine= 40/1/0.4— 20/1/0.2). The main first phase was collected and
species differs from singlet oxygen, the product of the triplet evaporated unde_r red_uced pressure. Washing_ the residue \_Nith hexane
excited-state quenching, its cytotoxicity should be considered. @nd subsequentfiltration affordéds a pale grayish yellow solid (7.12
Thus, both reaction pathways, for example, energy- and electron®’ 25.4 mmolg, 42% yield). Analytical data were identical with the
transfer, result in reactive intermediates that, upon reaction with reported daté’

molecular oxygen, generate cytotoxic species 255707 A solution of 1 (7.08 g, 25.2 mmol) and 3,5-dért
ygen, g vt p ’ butylbenzaldehyd@ (5.50 g, 25.2 mmol) in chloroform (2150 mL)

was degassed by bubbling with nitrogen for 1 h. The reaction vessel
was shielded from ambient light. Then boron trifluoride diethyl etherate

General. Melting points were determined on a Yanaco melting point  (3:20 ML, 25.3 mmol) was added as one portion. The solution was
apparatus and were uncorrected. IR spectra were obtained on a PerkinStirred fa 2 h atroom temperature under nitrogen atmosphere. To the
Elmer System 2000 FT-IRH NMR spectra were measured on a JEOL  'eddish black reaction mixture was addpdhloranil (9.32 g, 37.9
INM-EX270 or a JEOL JNM-LA400 using tetramethylsilane as internal mmol), and the resulting mixture was stirred overnlght_. Trlet_hylamlne
standard. Fast atom bombardment mass (FABMS) and matrix-assisted10-6 ML, 76.1 mmol) was added, and then the reaction mixture was
laser desorption/ionization (MALDI) time-of-flight mass (TOFMS) concentrated. Flash column chromatography on silica gel with chlo-
spectra were obtained on a JEOL JMS-M600 and a Shimadzu/Kratos"form as the eluent gave a mixture of five porphyrins includirand
KOMPACT MALDI I, respectively. Electron ionization mass (EIMS) 3 Subsequent flash column chromatography on silica gel (hexane/
spectra were measured on a JEOL JMS-DX300-igible absorption ~ toluene= 2/1— 1/3) yielded the desired porphyrin from the mixture
spectra were recorded on a Shimadzu UV-3100PC. Elemental analyse€S the third band. Reprecipitation with chlorofermethanol afforded
were performed on a Perkin-Elmer model 240C elemental analyzer. 2 @S @ vivid reddish purple solid (1.75 g, 1.83 mmol, 14% yield): mp
Differential pulse voltammetry (DPV) was performed on a BAS Cv- > 300°C; IR (KBr) 3316, 2955, 1722, 1607, 1592, 1476, 1434, 1362,
50W using a Ag/AgCl as a reference electrode and ferrocene/ 1278, 1248, 1113, 1022, 973, 916, 797, 764, 720'¢At NMR (270
ferrocenium as an external standard. MHz, CDCkL) 6 —2.74 (br s, 2H), 1.52 (s, 36H), 4.11 (s, 6H), 7.80 (s,

Merck no. 5554 silica gel 60 and Fuji Silysia BW-300 were ~ 2H). 8:07/(s, 4;)' 8.31 (d1=8Hz, 2H)é8.z.13 (dJ) = 8 Hz, 2H), 8.79
used for TLC and silica gel flash column chromatography, respectively. (d+,J =5 Hz, 2H), 8.90 (dJ = 5 Hz, 2H); FABMSm/z 955 (M +
All solvents and chemicals for the synthesis were of reagent grade ) . .
quality, purchased commercially, and used without further purification _ 4-A mixture of2 (500.7 mg, 524.zzmol) in 240 mL of THF-ethanol
except noted below. Pyrrole, dimethylformamide (DMF), benzene, (1:1)and potassium hydroxide (2.69 g) in water (24 mL) was refluxed
pyridine, and toluene were distilled from calcium hydride and stored for 7:5 h. After cooling, the solvent was evaporated, the residue diluted
over molecular sieves. Tetrahydrofuran (THF) was distilled from With 300 mL water, and the desired porphyrin dipotassium salt filtered.
benzophenone ketyl. Benzonitrile for use in the electrochemical studies Acidification (pH 2) of an aqueous suspension of the dipotassium salt
was distilled from calcium hydride. Palladium on charcoal (5%) was With concentrated hydrochloric acid and subsequent filtration dave
obtained from Wako Pure Chemical Industries, Ltd. Tetrabutylammo- @S @ vivid roed.dlsh purple powder (473.2 mg, 510.4 mol, 97% yield):
nium fluoride THF solution (1 M) was purchased from Tokyo Chemical MP > 300 °C; IR (KBr) 3325, 3000 (br), 2964, 1683, 1606, 1476,

Industry Co., Ltd. Activated manganese dioxides(«m) was obtained 11423' 1362, 1313, 1284, 1248, 1178, 973, 917, 796, 765, 716;cm
from Aldrich Chemical Co., Inc. H NMR (270 MHz, CDCYDMSO-ds = 3/2)(3 —2.82 (bl’ S, ZH), 1.54

Photophysical M_easurements.For flash-ph(_)t_olysis s@udies, the (66) Luo, C.; Fuijitsuka, M.; Watanabe, A.; Ito, O.; Gan, L.; Huang, Y.
fullerene concentrations were prepared to exhibit an optical density of fyang, C.-H.J. Chem. Soc., Faraday Tran998 94, 527.
at least 0.2 at 532 nm, the wavelength of irradiation. Picosecond laser  (67) Luo, C.; Fujitsuka, M.; Huang, C.-H.; Ito, ®hys. Chem. Chem.
flash photolysis experiments were carried out with 532-nm laser pulses Phys 1999 1, 2923.
from a mode-lockedQ-switched Quantel YG-501 DP ND:YAG laser (68) Lee, C.-H; Lindsey, J. Sietrahedron1994 50, 11427.

system (pulse width~18 ps, 2-3 mJ/pulse). The white continuum Act(g%g;gg?rz% Zhang, Y.; Rettig, S. J.; Dolphin, [norg. Chim.
picosecond probe pulse was generated by passing the fundamental ~(70)' indsey, J. S.; Schreiman, I. C.; Hsu, H. C.; Kearney, P. C.:

output through a BD/HO solution. Nanosecond laser flash photolysis  marguerettaz, A. MJ. Org. Chem1987, 52, 827.

experiments were performed with laser pulses from a Qunta-Ray CDR  (71) Lindsey, J. S.; Wagner, R. W. Org. Chem1989 54, 828.
(72) Newman, M. S.; Lee, L. RI. Org. Chem1972 37, 4468.

(64) Guldi, D. M.; Asmus, K.-DRadiat. Phys. Chen1999 56, 449. (73) Tamiaki, H.; Suzuki, S.; Maruyama, Bull. Chem. Soc. Jpri993
(65) DaRos, T.; Prato, MChem. Commuril999 663. 66, 2633.

Experimental Section
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(s, 36H), 7.82 (s, 2H), 8.05 (s, 4H), 8.30 M= 8 Hz, 2H), 8.43 (d, toluene/ethyl acetate/triethylamire 100/0.5/0.5— 100/1/0.5). Re-
J=8Hz, 2H), 8.83 (dJ = 5 Hz, 2H), 8.91 (dJ = 5 Hz, 2H); MALDI- precipitation from chloroformracetonitrile afforded 0 as a deep reddish
TOFMS (positive modejnz 927 (M + H™). purple powder (157.2 mg, 728mol, 34% yield): mp> 300°C; IR

5. A mixture of 3 (2.5 g, 2.5umol) in 500 mL of 2-propanol and (KBr) 2962, 1673, 1645, 1592, 1524, 1495, 1474, 1368, 1317, 1248,
potassium hydroxide (14 g) in water (125 mL) was refluxed for 6 h. 1074, 1000, 974, 798, 757, 716 cin*H NMR (270 MHz, CDC}) 6
After cooling, the mixture was acidified with concentrated hydrochloric —2.68 (br s, 2H), 0.15 (s, 6H), 0.98 (s, 9H), 1.53 (s, 36H), 1.55 (s,
acid and extracted with chloroform. The organic extract was washed 54H), 4.79 (s, 2H), 7.42 (d] = 8 Hz, 2H), 7.74 (dJ = 8 Hz, 2H),
with saturated sodium bicarbonate aqueous solution and dried over7.79 (s, 1H), 7.81 (s, 2H), 7.83 (s, 2H), 8.12 (s, 11H), 8.17(<; 8
anhydrous sodium sulfate; the solvent was then removed under reducediz, 2H), 8.24 (dJ = 8 Hz, 2H), 8.32-8.48 (m, 9H), 8.83 (dJ =5
pressure. Flash column chromatography on silica gel (chloroform, then Hz, 2H), 8.90 (dJ = 5 Hz, 2H), 8.95 (dJ = 5 Hz, 2H), 8.98 (dJ =
chloroform/methanok= 9/1) affordeds as a vivid reddish purple powder 5 Hz, 2H), 9.02-9.06 (m, 8H); MALDI-TOFMS (positive modejvz
(1.9 g, 1.9 mmol, 76% yield): mp- 300 °C; IR (KBr) 3317, 3000 2158 (M+ HY).
(br), 2963, 1694, 1593, 1475, 1423, 1394, 1363, 1267, 1248, 973,915, 11.74To a solution ofL0(50.3 mg, 23.3tmol) in THF (15 mL) was
801, 761, 731, 715 cm; 'H NMR (270 MHz, CDC}) 6 —2.68 (br s, added 0.070 mL of tetrabutylammonium fluoride (1 M in THF), and

2H), 1.52 (s, 18H), 1.53 (s, 36H), 7.80 (m, 3H), 8.08 Jd+ 2 Hz, then the mixture was stirred for 3.5 h at room temperature under
2H), 8.09 (d,J = 2 Hz, 4H), 8.39 (dJ = 8 Hz, 2H), 8.54 (dJ =8 nitrogen atmosphere. The solvents were removed under reduced
Hz, 2H), 8.81 (dJ = 5 Hz, 2H), 8.91 (s, 4H), 8.92 (d,= 5 Hz, 2H); pressure. Flash column chromatography on silica gel (toluene/ethyl
FABMS m/z 995 (M + H™). acetate= 9/1) and subsequent reprecipitation from chloroferm

74 A solution of zinc acetate dihydrate (5.00 g, 22.8 mmol) in acetonitrile affordedl1 as a deep reddish purple powder (38.5 mg,
methanol (100 mL) was added to a solution of 5-(4-aminophenyl)- 18.8 umol, 81% yield): mp> 300 °C; IR (KBr) 2962, 1682, 1592,
10,15,20-tris(3,5-dtert-butylphenyl)porphyriff® (501.6 mg, 519.0 1515, 1494, 1477, 1363, 1314, 1248, 1000, 973, 799, 757, 71¥,cm
umol) in chloroform (400 mL) and refluxed for 1 h. After cooling, the  *H NMR (400 MHz, CDC}) 6 —2.68 (br s, 2H), 1.53 (s, 36H), 1.55
reaction mixture was washed with saturated sodium bicarbonate aqueougs, 54H), 4.68 (dJ = 5 Hz, 2H), 7.41 (dJ = 8 Hz, 2H), 7.73 (dJ =
solution and water successively and dried over anhydrous sodium 8 Hz, 2H), 7.79 (s, 1H), 7.81 (s, 2H), 7.84 (s, 2H), 8.08 (s, 1H), 8.11
sulfate, and then the solvent was evaporated. Flash column chroma-8.13 (m, 10H), 8.17 (d) = 8 Hz, 2H), 8.24 (dJ = 8 Hz, 2H), 8.33-
tography on silica gel with toluene as the eluent and subsequent8.35 (m, 4H), 8.38 (dJ = 8 Hz, 2H), 8.43 (d]J = 8 Hz, 2H), 8.47 (s,
reprecipitation from benzeramethanol afforded as a deep red purple ~ 1H), 8.82 (d,J = 5 Hz, 2H), 8.89 (dJ = 5 Hz, 2H), 8.95 (dJ =5
powder (506.4 mg, 491.,8mol, 95% yield): mp> 300°C; IR (KBr) Hz, 2H), 8.98 (dJ = 5 Hz, 2H), 9.03 (s, 4H), 9.06 (d,= 5 Hz, 2H),
3385, 2961, 1592, 1476, 1426, 1393, 1362, 1339, 1286, 1247, 1219,9.07 (d,J = 5 Hz, 2H); MALDI-TOFMS (positive mode)jz 2044
1179, 1000, 929, 899, 882, 823, 798, 757, 718 trtH NMR (270 M + HT).

MHz, CDCk plus a drop of pyridineks) 6 1.51 (s, 18H), 1.51 (s, 36H), 12. To a solution of11 (38.4 mg, 18.8«mol) in chloroform (20

7.02 (d,J=8Hz, 2H), 7.75 (tJ = 2 Hz, 3H), 7.97 (dJ = 8 Hz, 2H), mL), was added at one portion activated manganese dioxide (384.2
8.05 (d,J = 2 Hz, 6H), 8.88-8.90 (m, 6H), 8.94 (dJ = 5 Hz, 2H); mg, 4.42 mmol), and then the suspended mixture was stirre2i icat
FABMS m/z 1028 (M + H™). room temperature under nitrogen atmosphere. The catalyst was removed

8.4 To a solution of 4-nitrobenzyl alcohol (5.65 g, 36.9 mmol) in by filtration, and the filtrate was concentrated under reduced pressure.
DMF (15.0 mL), were addedtkrt-butylchlorodimethylsilane (8.84 g, Flash column chromatography on silica gel (toluene/ethyl acetate
58.7 mmol) and imidazole (8.29 g, 122 mmol), and then the reaction 50/1) and subsequent reprecipitation from chlorofermetonitrile
mixture was stirred for 2.5 h at room temperature under nitrogen afforded12 as a deep reddish purple powder (29.9 mg, Lédl,
atmosphere. The solvent was removed under reduced pressure. Flas8% yield): mp> 300°C; IR (KBr) 2961, 1694, 1591, 1515, 1495,
column chromatography on silica gel (hexane/toluen®5/75/0.3) 1477, 1362, 1312, 1247, 1220, 1000, 973, 798, 717'cAd NMR
afforded8 as a colorless solid (9.87 g, 36.9 mmol, 100%): mp 30.5 (270 MHz, CDC}) 6 —2.68 (br s, 2H), 1.53 (s, 36H), 1.55 (s, 54H),
32.5°C; IR (KBr) 2929, 2859, 1601, 1520, 1494, 1471, 1416, 1338, 7.79 (s, 1H), 7.81 (s, 2H), 7.84 (s, 2H), 7.93 (br s, 4H), 8:806 (m,
1288, 1264, 1202, 1099, 1011, 940, 840, 779, 734, 673, 640;¢m 12H), 8.22-8.43 (m, 12H), 8.81 (d]) = 5 Hz, 2H), 8.88 (dJ = 5 Hz,
NMR (270 MHz, CDC}) ¢ 0.13 (s, 6H), 0.96 (s, 9H), 4.83 (s, 2H), 2H), 8.95 (d,J = 5 Hz, 2H), 8.97 (dJ = 5 Hz, 2H), 9.02 (s, 4H),
7.48 (d,J = 8 Hz, 2H), 8.19 (dJ = 8 Hz, 2H); EIMS (rel intensity) 9.04-9.06 (m, 4H), 9.98 (s, 1H); MALDI-TOFMS (positive mode)
m/z 267 (M*, 70), 211 ([M— C4Hg]*, 100); Found: C, 58.64; H, 7.92; m/z 2042 (M + HY).

N, 5.05%. Calcd for @HNOsSi: C, 58.39; H, 7.92; N, 5.24%. ZnP—H,P—Cqg0.”> A solution 0f12 (40.7 mg, 19.9«mol), Cs (67.5

9. A solution of 8 (3.32 g, 12.4 mmol) in THF (100 mL) was mg, 93.7umol), andN-methylglycine (83.3 mg, 935 mmol) in toluene
hydrogenated over 5% palladium on charcoal (584.9 mg) at room (75 mL) was refluxed under nitrogen atmosphere until TLC analysis
temperature and under atmospheric pressure until TLC analysis showed no detection df2. The reaction mixture was poured on the
indicated complete reduction . The catalyst was removed by top of a flash chromatography column (silica gel) which was washed
filtration, and the filtrate was concentrated under reduced pressure towith toluene as an eluate to remove unreactegl Then the column
give 9 as colorless oil (2.94 g, 12.4 mmol, 100%): IR (neat) 3449, was washed with toluene/ethyl acetate (100/1), eluting the desired
3362, 2955, 2929, 2857, 1625, 1519, 1471, 1376, 1257, 1213, 1174,product. Reprecipitation from benzene-acetonitrile affoidield—H ,P—
1072, 1006, 837, 777, 666 ch) 'H NMR (270 MHz, CDC}) ¢ 0.07 Ceo as a dark grayish purple powder (43.8 mg, 1mnTol, 79% yield):

(s, 6H), 0.92 (s, 9H), 3.60 (br s, 2H), 4.62 (s, 2H), 6.65Xe; 8 Hz, mp > 300°C; IR (KBr) 2953, 1682, 1591, 1515, 1495, 1471, 1361,
2H), 7.10 (d,J = 8 Hz, 2H); High resolution (HR) EIMS calcd for 1312, 1247, 1220, 1000, 973, 798, 716, 527-trtH NMR (270 MHz,
[C13H23NOSI*: 237.1549, found: 237.1544. CDCL) € —2.84 (s, 2H), 1.53 (s, 90H), 2.67 (br s, 3H), 3.67 (br s, 1H),

1046 A solution of4 (200.7 mg, 216.5xmol), thionyl chloride (0.310 4.31 (br s, 1H), 4.50 (br s, 1H), 7.61 (br s, 2H), 7.79 (s, 3H), 7.81 (s,
mL, 4.25 mmol), and pyridine (0.30 mL) in benzene (30.0 mL) was 2H), 7.96 (d,J = 8 Hz, 2H), 8.04 (s, 4H), 8.09 (s, 6H), 8.28.31 (m,
refluxed fa 2 h under nitrogen atmosphere. The excess reagent and8H), 8.42 (d,J = 8 Hz, 2H), 8.48 (dJ = 8 Hz, 2H), 8.70 (br s, 2H),
solvents were removed under reduced pressure, and the residue wa8.77 (d,J = 4 Hz, 2H), 8.88-8.90 (m, 6H), 9.0%9.03 (m, 8H);
redissolved in a mixture of benzene (30 mL) and pyridine (1.0 mL). MALDI-TOFMS (positive mode)wz 2794 (M+ H*), (negative mode)

To the reaction mixture were add@d(222.1 mg, 215.%mol) and a m'z 721 (Geo); UV —Vis Amax (l0g €) (THF) 350 (sh, 4.73), 361 (sh,
solution of9 (50.5 mg, 212.7mol) in benzene (1.0 mL). The solution ~ 4.71), 404 (sh, 5.16), 420 (sh, 5.81), 427 (6.01), 485 (3.90), 516 (4.43),
was allowed to stir overnight at room temperature under nitrogen 555 (4.55), 597 (4.26), 649 (3.78), 704 (2.7) nm.

atmosphere. TLC showed three produdgs=€ 0.80, 0.43, and 0.15, ZnP—H,P. The dyad was synthesized froh{86.9 mg, 93.7tmol),
chloroform) and the second band was separated by flash column?7 (96.5 mg, 93.7«mol), and 4-hexadecylaniline (30.2 mg, 9%uhol)
chromatography on silica gel (toluene/triethylamirel00/0.5, then

(75) Maggini, M.; Scorrano, G.; Prato, M. Am. Chem. Sod993 115
(74) Corey, E. J.; Venkateswarlu, A. Am. Chem. Sod972 94, 6190. 9798.
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by the same method as that describedlfdiZnP—H,P was crystallized 2H), 8.32 (dJ = 8 Hz, 2H), 8.76 (dJ = 5 Hz, 2H), 8.86 (s, 6H), 8.90
as a deep reddish purple powder from benzene-acetonitrile (28.5 mg,(br s, 1H); FABMSm/z 1847 (M + H"), 720 (Go'); UV —Vis Amax
12.7 umol, 14% yield): mp> 300 °C; IR (KBr) 2962, 2926, 2855, (log €) (THF) 366 (4.65), 405 (sh, 5.03), 420 (5.75), 484 (3.78), 516
1683, 1592, 1515, 1495, 1476, 1394, 1362, 1313, 1247, 1220, 1000,(4.33), 550 (4.09), 593 (3.82), 649 (3.76) nm.

973, 798, 717 cm; *H NMR (270 MHz, CDC}) 6 —2.69 (br s, 2H), ZnP—Cgo 9 A saturated solution of zinc acetate dihydrate in
0.89 (t,J = 7 Hz, 3H), 1.27-1.80 (m, 118H), 2.65 () = 7 Hz, 2H), methanol (3.5 mL) was added to a solutiontdfP—Cg (70 mg, 38

7.27 (d,J = 8 Hz, 2H), 7.68 (dJ = 8 Hz, 2H), 7.81-7.83 (m, 5H), umol) in chloroform (35 mL) and refluxed for 30 min. After cooling,
8.08 (s, 1H), 8.12 (s, 10H), 8.18 (d= 8 Hz, 2H), 8.25 (dJ = 8 Hz, the reaction mixture was washed with saturated sodium bicarbonate
2H), 8.33-8.49 (m, 9H), 8.84 (dJ = 5 Hz, 2H), 8.90 (dJ = 5 Hz, aqueous solution and water successively, dried over anhydrous sodium
2H), 8.96 (d,J = 5 Hz, 2H), 8.98 (dJ = 5 Hz, 2H), 9.02-9.06 (m, sulfate, and then the solvent was removed under reduced pressure. Flash

8H); MALDI-TOFMS (positive modeywz 2244 (M+ H*); UV—vis column chromatography on silica gel with chloroform as the eluent

Amax (l0g €) (THF) 356 (sh, 4.51), 368 (4.54), 404 (sh, 5.13), 420 (sh, and subsequent reprecipitation from chlorofermethanol afforded

5.80), 427 (5.99), 486 (3.76), 516 (4.40), 556 (4.52), 597 (4.23), 649 ZnP—Cg, as a dark grayish brown powder (60.8 mg, 0.0319 mmol,

(3.74) nm. 84% yield): mp> 300°C; IR (KBr) 2962, 1687, 1592, 1515, 1362,
15. A solution of 5 (500 mg, 0.519 mmol), thiony! chloride (0.38 1314, 1247, 1001, 823, 797, 717, 527 ¢ntH NMR (CDCl;) 6 1.51

mL, 5.2 mmol), and pyridine (1 mL) in benzene (100 mL) was refluxed (s, 54H), 2.60 (s, 3H), 3.44 (br s, 1H), 3.91 (br s, 1H), 4.34 (br s, 1H),

for 1 h under nitrogen atmosphere. The excess reagent and solventsy 49 (br s, 2H), 7.77 (m, 3H), 7.97 (d,= 8 Hz, 2H), 8.03 (m, 6H),

were removed under reduced pressure, and the residue was redissolved 18 (d,J = 8 Hz, 2H), 8.32 (dJ = 8 Hz, 2H), 8.86 (dJ = 5 Hz,

in a mixture of benzene (20 mL) and pyridine (1 mL). To the reaction 2H), 8.93 (s, 4H), 8.96 (d) = 5 Hz, 2H), 8.97 (br s, 1H); FABMS

mixture was added37® (215 mg, 1.04 mmol). The solution was stirred  1yz1910 (M+ HY), 721 (Gyo"); UV —ViS Amax (I0g €) (THF) 405 (4.80),

for 18 h at room temperature under nitrogen atmosphere, and then the426 (5.88), 490 (3.52), 519 (3.70), 557 (4.41), 597 (4.05), 637 (sh,

solvent was evaporated. Flash column chromatography on silica gel2 8) nm.

with benzene as the eluent gave a mixturdéfand15. The mixture ZnP.#cZnP was synthesized froH ;P*" (43.0 mg, 42.6:mol) by

was redissolved in a mixture of chloroform (50 mL), trifluoroacetic the same method as that describednP—Cgo. ZnP was crystallized

acid (20 mL), and 5% sulfuric acid (15 mL). After stirring overnight 54 5 jeep purple microcrystalline solid from benzeaeetonitrile (36.3

at room temperature, the mixture was poured onto 100 mL of water mg, 33.94mol, 80% yield): mp> 300°C; IR (KBr) 3318 (br), 2962,

and extracted with chloroform. The organic extract was washed with 1674. 1593. 1515 1394 1362. 1288. 1247. 1220. 1181. 1069. 1000
saturated sodium bicarbonate aqueous solution and water successivellgog g>3 798 718 cm: 'H NMR (CDE:L:,) 5 1.52 (S’ 54H)’ 230 ’(S '

dried over anhydrous _s_odium sul_fate, and evaporated. Flash cqumnsH)’ 7.47 (s, 1H), 7.78 (m, 3H), 7.85 (@= 8 Hz, 2H), 8.08 (M, 6H)
chromatography on silica gel with chloroform as the eluent and g g (d,J = 8 Hz, 2H), 8.95 (dJ = 4 Hz, 2H), 8.99 (dJ = 4 Hz
subsequent reprecipitation from benzeneethanol afforded.5 as a ZH) 9.00 (s 4H)" FABMS1z 1071 M+ i—|*)' UV —vis A (10g 6)'

deep purple powder (270 mg, 0.253 mmol, 49% yield): mBOO°C; ~(TpyF) 360 (sh, 4.03), 385 (sh, 3.90), 405 (4.69), 426 (5.83), 494 (sh,
IR (KBN) 3318, 2963, 2719, 1695, 1592, 1515, 1475, 1411, 1363, 1305, 3 17y’ 519 (3.55), 557 (4.36)., 597 (4.02) nim

1247, 1164, 972, 915, 801, 732 cin*H NMR (270 MHz, CDC}) 6
—2.70 (br s, 2H), 1.55 (s, 54H), 7.79 @t= 2 Hz, 3H), 8.01 (s, 4H),
8.07 (d,J = 2 Hz, 2H), 8.08 (dJ = 2 Hz, 4H), 8.28 (dJ = 7 Hz,
2H), 8.33 (br s, 1H), 8.41 (d] = 7 Hz, 2H), 8.79 (dJ = 5 Hz, 2H),
8.91 (s, 4H), 8.92 (dJ = 5 Hz, 2H), 10.01 (s, 1H); FABM$vz 1098 i
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