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Abstract

Two-photon absorption (2PA) cross-section values of supramolecular porphyrin tetramer consisting of two monoacetylene-linked bisporphyrins
with and without ferrocenef§g groups as electron donor/acceptor through the coordination of pyridyl to zinc were measured using a nanosecond
open aperture Z-scan method. The maximum effective cross-section value was observed for the compound having asymmetric terminals
ferrocene and g as 2.0x 10° GM. The values obtained for compounds having twg<; two ferrocene’s, no donor/acceptor, and stacked isomer
were 1.7x 10° GM, 1.5x 10° GM, 1.1x 10° GM, and 1.3x 10° GM, respectively. These results indicate that the asymmetric dapaceeptor
structure is the best for 2PA enhancement for this series of molecules. These values are extremely large compared to those o2Dnit dimer
(190 GM at 780 nm) and compounds reported hitherto in literatures.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Porphyrin is the promising candidate for 2PA materials
because of the highly conjugatedelectron system, but sim-
Two-photon absorption (2PA) is a non-linear optical phe-ple monomeric porphyrins without donor/acceptor groups, such
nomenon, which occurs through simultaneous absorption of twas tetraphenylporphyrin @¢TPP) and zincoctaethylporphyrin
photons and has recently been the subject of much interegZnOEP), exhibit only smalb® values below a few tens
Because of quadratic dependence on the incident light interof GM (1 GM = 10-°%cm*s molecule® photorr1) [13]. Por-
sity in the 2PA process, the efficiency becomes largest at thphyrin derivatives are used for cancer treatment as a photody-
focal point. Therefore, two-photon excitation is expected to findhamic therapy (PDT) agent. However, visible light in red region
a variety of optical applications, which include photodynamiclimits the penetration depth on the surface due to the absorption
therapy[1-3], 3-D optical data storagi@d—7], and optical lim- by biological tissue. The use of light in the near-infrared (NIR)
iting [8]. Although the first prediction of 2PA was made by wavelength from 700 to 1500 nm, a so-called “optical window”
Maria Goppert—-Mayer in 19319] and the first observation for biological tissuefl4], is advantageous for better penetration
was reported in 196110] after introduction of laser tech- to the tissue. Thus, porphyrins with larg€) values at the NIR
nology, this field had not been active because materials withegion will allow spatially selective treatment of cancer even at
large 2PA cross-section values®) were not discovered. In deep sites.
recent years, new classes of molecules exhibiting lafgeval- We have reported that zinc complex okeso-(N-
ues have been reported according to the strategies employimgethyl)imidazolylporphyrin likd led to the formation of a sta-
donor/acceptor sets withraconjugation system in a symmetric ble slipped cofacial dimeD by the complementary coordina-
(D—m—D or A—m—A) [11] or asymmetric (D=—A) arrangement tion of imidazolyl to pentacoordinating zinc in non-coordinating
[12]. solvents with a stability constant over#® -1 [15]. Despite
such high stability constant, the dimeric structure can be cleaved
by the presence of coordinating solvents such as MeOH and
pyridine, and reorganized on eliminating the solvents. This
* Corresponding author. Tel.: +81 743 72 6110; fax: +81 743 72 6119. procedure has allowed us to prepare various supramolecular
E-mail address: kobuke@ms.naist.jp (Y. Kobuke). porphyrin architecture$16] such as long linear arrayd7]
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Scheme 2. Strategy for construction of conjugated porphyrin supermolecules with donor and acceptor.
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with large third-order optical non-linearif§8] and macrocycles this stacked isomer, each imidazolyl group coordinates to the
[19] with light-harvesting function mimicking photosynthetic zinc porphyrin site having no imidazolyl group to give a stack
antenna rings§cheme 1 configuration rather than the extended one. In order to prohibit
Recently, we reported that the self-assembled conjugated pathe interconversion of the coordination isomers once obtained,
phyrin 3D exhibited a very large@ value (7600 GM), which  the complementary coordination pair was covalently linked by
was the largest among the reported measured by using femtosenetathesis reactiof21] to give the tetramer hodb that can
ond pulseg20]. The large enhancement could be attributed toaccept two external ligands at terminal zincporphyrins. As the
three factors: (i) extended-conjugation over two porphyrins guest ligand, 3,5-disubstituted pyridine was chosen, in which
by using a bisacetylene link, (ii) molecular polarization inducedone subsistent carries an olefinic group for linking to porphyrin
by the asymmetric donor/acceptor arrangement of zinc- and fregy metathesis reaction with one of the olefinic substituents at the
base porphyrins and (iii) complementary coordination of imida-neso-position, and the other bears an electron donor or accep-
zolyl to zinc. To gain insights into a further increase of €  tor. In this work, ferrocene (Fc) andsgwere used as the donor
value, it is interesting to introduce electron donor and/or accepand acceptor, respectively. Thus, three supermoledidEs,
tor groups to a conjugated imidazolyl porphyrin system in ordetCgyCgo, andCgoFc (Scheme Bwere prepared by coordination,
to polarize further the molecule. If one more zinc ion is insertedollowed by metathesis connection to gid through4e. The
into the outside free base porphyrin of the self-asserBbly  details of preparation and structural characterization will be pub-
additional coordination sites become available for connectindjshed elsewhere. When the porphyrin part is photo-irradiated,
donor/acceptor groups through coordinating ligands. Accordeharge separated species should result. In the ca¥FeHaf,
ing to this idea, we designed a novel conjugated supramoleculaharge shift from Fc to porphyrin is expected to give the charge
porphyrin system as shown fBcheme 2The designed por- separated state, Fe-ZnP—, while in the case 0€¢Cgy, the
phyrin tetrame#da has two terminal zincporphyrins as the host charge separated species will be ZihCgo® . ThereforeFcFc
of ligands but no terminal imidazolyl group and the formationandCgyCgy may belong to D—A-D and A—D—A configurations,
of self-organized linear polymer is prevented. For facile preparespectively. On the other hand, in the cas&CgfFec, charge
ration of asymmetric bisporphyrin units, monoacetylene linkingseparation will occur first between porphyrin angh@Illowed
was adopted, where direct hetero-coupling reaction between pdsy charge shift from Fc to porphyrin cation radical to afford the
phyrins with and without imidazole was undertaken. During thefinal charge separated statgoC —ZnP—Fé&*, i.e. D-m—A con-
preparation process dh, a coordination isomer namatack  figuration. Such the configuration produced by absorption of the
was gradually formed in a chloroform solution and went backfirst photon may increase the transition probability of the second
again toda by adding coordinating solvent such as pyridine. Inphoton resulting in large cross-section values.

Scheme 3. Structures of porphyrin supermolecules investigated in this study.
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In this study, 2PA properties of supramolecular porphyringhe exciton interactions of face-to-face and head-to-tail tran-
were investigated by nanosecond open aperture Z-scan mesitions of two porphyrins in ar-conjugation and complemen-
surements. The porphyrin tetramer without a donor/acceptor buiary coordination. The significant part of the splitting energy
coordinated by pyridin@yPy, the stacked isomestack, and  observed in self-assembled tetramers (2920'9raomes from
coordination dime2D were also measured for comparison.  m-conjugated porphyring2,23]and another incremental com-
ponent (1360 cmt) may be ascribed to the exciton interactions
between two bisporphyrin units in the complementary coordi-
nation. The effect of increased conjugation reflected in strongly

Fig. 1shows UV-vis absorption spectra of porphyrins inves-intensified and red-shifted Q-bands around 730 nm. The inten-
tigated in this work. The complementary coordination dimerSified Q-band is considered to be contributed from the reduced

2D gave split Soret bands at 413 nm and 436 nm. The splitting1u—2u degeneracy as well as the increased conjugdéén
energy of 1280 cm® indicates the presence of fairly large exci- and to allow large 2PA cross-section values beca'u'se a reso-
ton interaction between two porphyrins. This can be explained@ance enhancemeliB, 25]of the Q-band may be amplified, too.

as a result of head-to-tail and face-to-face orientations of twd N€ self-assemblies bring large extinction coefficients for one-
mutually orthogonal transition dipoles in the slipped cofacialPhoton absorption around 400-500 nra ¢&ate), but negligible
arrangemenf15,19] All the other self-assembled acetylene- absorptionis pbserved over 800 nm.Thgrefore,ltls expec;ted that
linked bisporphyrins show further alarger splitting of 4280¢m o photons in 800-1000 nm region will be absorbed simulta-
(around at 405 nm and 490 nm). When 10% pyridine was addeg@ously to promote the molecule to thesSate.

into the tetrachloroethane solution & or stack, the split- Fig. 2 shows a typical Z-scan trace fdgFc in tatra-

ting energy decreased to 2920th(424 nm and 484nm) as Chloroethane (.M, dOttedZ with a pulse energy of 1 mJ (cor-
a result of cleavage of the complementary coordination of€sPonding tdo=1.0x 10Wm~?) and a theoretically fitted

imidazolyl to zinc. The splitting energy is contributed from Curve (solid line). In this figure, the normalized transmittance is
plotted as a function of the sample positienThe large dip was

observed around the focal position due to the non-linear absorp-

2. Results and discussion

0124 tion. The curve fit was based on the theoretical expression for
the transmittance with the following equatidi2®,26,27]
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Fig. 1. One-photon absorption spectra of (g)Ceo, CsoFc, FcFe, andPyPy,

and (b)PyPy, stack, 2D, and HbTPP. The solvents used were: tetrachloroethaneFig. 2. Typical open-aperture Z-scan traces (doQ'@fFc at 880 nm with pulse
for CgoCeo, CeoFe, FcFe, andstack; tetrachloroethane containing 1% pyridine energy of 1 mJ corresponding fg=1.0x 10 W m~2 with theoretical fitting
for PyPy; chloroform for2D and HTPP. curves (solid).
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Fig. 3. 2PA spectra of (2dD and HTPP, (b)PyPy, (c) stack, (d) FcFc, () Ce0Co0, and (f)CgoFc. The solvents used were: tetrachloroethaneigyCeo, FcFc,
CgoFc, andstack; tetrachloroethane containing 1% pyridine RyPy; chloroform for2D and HTPP.

where ¢ is the normalizec-position ¢ =(z—z0)/zr), andzg  in porphyrin monomers such asHPP and ZnOEP measured
andzg the focal position and the Rayleigh range, respectivelyusing a femtosecond fluorescence method and was explained as
o1 a one-photon absorption coefficieRtdenotes the Fresnel a resonance enhancement nearby one-photon absorption of the
reflectance and is the path lengthe(® is the 2PA coefficient, Q-band13]. The femtosecond data obMPP and ZnOEP in the

Leit denotes the effective path length dpds the peak intensity literature were 15 GM and 4.4 GM, respectively, at 780 nm. The
at the focal position¥ is the number density of the molecules ¢ values of HTPP an®2D measured using nanosecond laser
andiw is the photon energy of the incident light. Finally, the at 780 nm in this study were estimated to be 29 GM and 190 GM
effectivec® value was estimated from the ). (95 GM per porphyrin, sekig. 3@) andTable J), respectively.

Plots of effectiver® values as a function of wavelength (2PA The value of HTPP measured by nanosecond laser is twice of
spectra) are shown ig. 3. Inthe cases of biTPP and coordina- that by femtosecond, indicating that the contribution of excited
tion dimer uni2D, the cross-sections increased with shorteningstate absorption (ESA), which is usually observed in nanosec-
the wavelength of incident light. Such the behavior was observednd measurements and the cross-section value is two to three
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Scheme 4. Structures of compourgdsnd10.

orders of magnitude larger than that obtained by femtosecondhich corresponds to the efficiency of photo-induced electron

pulse[28—30] is rather small. Although the value @D per transfer, 85% folCgyCgo, 63% for CgoFc, and 44% forFcFc

porphyrin is three times larger than that of HPP at 780 nm, it based on the fluorescence intensity RyfPy. Despite lower

should be noted here that these values are not the maximum atiee fluorescence quenching efficiency fogyFc than that for

the peaks may lie below 780 nm. C60Ceo, the order for the cross-section value is reverse to this.
On the other hand, supermolecules consisting of acetylené&-his suggests that the asymmetrici3-A structure contributes

linked bisporphyrin exhibited extremely large effectivé) more significantly than symmetric D-A-D and A-D-A

values at around 880-900nm as shownFig. 3b-f). In  configurations for the 2PA enhancement. Compouhasd10

all cases, the one-photon transition energy corresponding tGcheme fwere measured to investigate the contribution from

the 2PA maximum (440-450 nm) disagreed with one-photoriFc and Go moieties to thes® value, however, no non-linear

Soret bands. This suggests that the final 2PA stajerigde absorption ¢mM concentration) was observed in the range

and electronic structure in tetrameric porphyrin frameworkfrom 780 nm to 930 nm. Althougktack exhibited a slightly

is approximately centrosymmetric. The maximum effec-larger cross-section value (1x310* GM) thanPyPy, the differ-

tive ¢® values were estimated to be (#D.22)x10°  ence is not so significant. These results provide a new strategy

((2.8+£0.56)x 10  per  porphyrin)GM  for PyPy, constructing molecules, where the porphyrin is employed as

(1.3+£0.26)x 10° ((3.240.64)x 10* per porphyrin)GM the centralw-system with Fc/G as a donor/acceptor set to

for stack, (1.54+0.30)x 10° ((3.84+0.76)x 10* per por- expect large 2PA cross-section values. Although the effective

phyrin) GM for FcFe, (1.740.34)x 10° ((4.3+0.86)x 10 6@ values reported hitherto through nanosecond pulses were

per porphyrin)GM for CgyCep, and (2.0t 0.40)x 10° in the range a few GM to fOGM, the values observed in

((5.0+£1.0)x 10* per porphyrin) GM forCgFe, as summa- this study are the largest classes in literatyfels12,28—30]

rized in Table 1 These values are three orders of magnitudeSuch the huge cross-section values will open wide the way

larger than those obtained f@D. This result indicates that to 2PA applications such as PDT and a 3-D data storage

the acetylene linkages, irrespective of mono and bis oneslevice.

are effective for enhancing significantly the 2PA cross-

section (bisacetylene compounds exhibited the same order

of magnitude of the effectiver® values in nanosecond 3- Conclusions

timescale, which will be published elsewhere). On com- ) _ _
paring the series of compounds, the magnitude is in the In this work, 2PA properties of supramolecular porphyrin

order CgyFe>CgyCgo >FcFe>stack >PyPy. This order is Systém consisting of porphyrin tetramer are investigated. In
correlated with that of the fluorescence quenching efficiencytn® supramolecular porphyrin systemtconjugation between
two porphyrins of bisporphyrin unit is expanded by using
the monoacetylene linkage and ferroceng/@roups are
Table 1 attached as donor/acceptor terminals by coordination of exter-
2PA cross-section values®) of porphyrins nal pyridyl ligands to zinc, followed by metathesis linking.
The order of the maximum effective cross-section values is
CeoFc (2.0x 10° GM) > CgoCep (1.7 x 10° GM) >FcFe (1.5 x
HeTPP 29 () 780 CHGl 10° GM) > stack (1.3x 10° GM) >PyPy (1.1x 10° GM). The

Sample @ (GM; per porphyrin)  Wavelength (nm)  Solvent

i’];Py 1?10 x(?.?))s (2.8x 10% 879800 T(E:HECi 1% py results suggest that_ the asymm(_atrior_DA structure is advan-
stack 1.3x 10° (3.2x 109) 890 TCE tageous for enhancing the 2PA in this series of molecules. All
FcFe 1.5x 10° (3.8x 10%) 890 TCE of these values are extremely large compared to those of dimer
CeoCoo  1.7x 10° (4.3x 10%) 890 TCE 2D (190 GM at 780 nm). The porphyrin supermolecules investi-
CoFe  2.0x10°(5.0x 10) 880 TCE gated here are interesting materials for applications to 2PA-PDT

TCE, tetrachloroethane; py, pyridine. and 3-D optical memory.
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4. Experimental compound was purified using silica gel column chromatogra-
phy (eluentn-hexane/EtOAc = 5:1) (17%)H NMR (270 MHz,

IH and'3C NMR spectra were measured by using a JEOL EXCDCl3) § 4.09 (ddd/=7.0, 1.4, 1.4 Hz, 2H), 4.15 (s, 1H), 4.48
270 spectrometer. MALDI-TOF mass spectra were measurefl, /=1.6 Hz, 2H), 4.55 (s, 2H), 5.26 (ddt=10.5, 1.1, 1.1 Hz,
with Voyager DE-STR (PerSeptive Biosystems) or KRATOS2H), 5.35 (ddt/=10.5, 1.1, 1.1 Hz, 2H), 6.06 (m, 1H), 6.66 (d,
AXIMA using dithranol as a matrix. J=16.5Hz, 1H), 6.97 (d/=16.5Hz, 1H), 7.76 (t/=2.2Hz,

1H), 8.40 (dJ=2.2 Hz, 1H), 8.55 (d/=2.2 Hz, 1H).
4.1. Synthesis of 3-allyloxymethyl-5-hydroxymethyl-

pyridine: 5 4.5. Synthesis of 3-allyloxymethyl-5-((E)-2-(4-formyl-

. . .. phenyl)ethenyl)pyridine: 9
Under a nitrogen atmosphere, 3,5-dihydroxymethylpyridine

[31] (16 mmol) and sodium hydride (47 mmol) were added into  \nder an argon atmospher®,(0.18 mmol) was dissolved
140 mL of dry DMF and the mixture was stirred for 1 h at room;, 4 mi of dry DMF and potassiumers-butoxide (0.45 mmol)
temperature. Allyl bromid_e (5.5 mmol)_dissolved in dry DMF \vas added at40°C. After stirring for 10 min at 0C, tereph-
(10 mL) was added dropwise into the mixture over 15 min. Afterthalaldehyde (0.73mmol) was added and stirred for 2 h. After
stirring for 2.5 h, the solvent was removed under vacuum and thFemovaI of solvent under vacuum, 50 mL of saturated aqueous
residue was extracted with chloroform. The chloroform solu-g4iution of ammonium chloride w:as added and extracted with
tllon was washed with water and evapora_ted (3.4mmol, 21%)her. The crude product was purified using flash silica gel col-
H NMR (270MHz, CDC§) § 4.07 (ddd,/=5.7, 1.6, 1.6 Hz, ), chromatography (eluent: ether) (209) NMR (270 MHz,

2H), 4.54 (s, 2H), 4.75 (s, 2H), 5.24 (dd%10.3, 1.6, 1.6 Hz, CDClg) § 4.10 (dd,J=5.7, 1.1 Hz, 2H), 4.58 (s, 2H), 5.27 (dd,
1H), 5.32 (ddt/=10.3, 1.6, 1.6 Hz, 1H), 5.95 (m, 1H), 7.74 (t, ;_ 10, 1.4 Hz, 2H), 5.35 (dd, 2H,= 10, 1.4 Hz, 2H), 5.98 (m,
J=1.6Hz, 1H), 8.50 (s, 1H), 8.51 (s, 1H). 1H), 7.24 (s, 2H), 7.68 (d/=8.1 Hz, 2H), 7.89 (s, 1H), 7.90 (d,

J=8.1Hz, 2H), 8.49 (s, 1H), 8.68 (s, 1H), 10.02 (s, 1H).
4.2. Synthesis of 3-allyloxymethyl-5-chloromethylpyridine

hydrochloride: 6
4.6. Synthesis of 3-allyloxymethyl-5-((E)-2-(4-(N-octadecy-
Compounds (1.93 mmol) was dissolved in 10 mL of chlo- Julleropyrrolidinyl)phenyl)ethenyl)pyridine: 10
roform and thionyl chloride (3.9 mmol) was added to this. The )
solution was refluxed for 1 h and then excess thionyl chloride was V-Octadecylglycine  (0.34 mmol),9  (0.17mmol), and
removed under vacuum to affofd(quantitatively).H NMR fullerene (0.34 mmol) were mixed into 200 mL of toluene and
(270 MHz, CDC}) § 4.17 (dddJ=5.7, 1.4, 1.4 Hz, 2H), 4.74 refluxed for 8 h. After cooling to room temperature, the reac-

(s, 2H), 4.81 (s, 2H), 5.28-5.40 (m, 2H), 5.94 (m, 1H), 8.43 (Stion solution was concentrated to a small volume and sub-
1|_’|) 881 (s 1,_'|) 8.91 (s, 1H). T T jected to silica gel column chromatography (eluent: chloro-

form/acetone = 20:1) (64%)H NMR (270 MHz, CDC}) § 0.88

(t, J=6.8 Hz, 3H), 1.25 (br, 30H), 1.95 (m, 2H), 2.58-3.23 (m,
2H), 4.07 (ddd/=5.7,1.6, 1.6 Hz, 2H), 4.13 (d= 9.5 Hz, 1H),
5.08 (s, 1H), 5.11 (d]=9.5Hz, 2H), 5.24 (ddf=10.3, 1.6 Hz,
2H), 5.33 (ddt/=17.3, 1.6, 1.6 Hz, 2H), 5.96 (m, 1H), 7.10 (d,
J=16.5Hz, 2H), 7.19 (d/=16.5Hz, 2H), 7.58 (d/=8.6 Hz,
2H), 7.83 (brs, 3H), 8.44 (s, 1H), 8.64 (s, 1H).

4.3. Synthesis of (3-allyloxymethyl-5-
pyridinium)methyltriphenylphosphoniumchloride
hydrochloride: 7

Under a nitrogen atmospher®, (6.3mmol) and PPh
(13 mmol) were dissolved in 80 mL of dry DMF and the mix-
ture was stirred for 3 h at 9. The solvent was removed under
vacuum and the residue was dissolved in small amount of chloret.7. Synthesis of 5,15-bis(2-allyloxyethyl)porphyrin: 11
form. Then, benzene was added to precipitate the title compound
(85%).1H NMR (270 MHz, CDC}) § 3.97 (ddd,J=5.7, 1.4, Under a nitrogen atmosphere, 2-allyloxy-1-propdB8a|34]
1.4Hz, 2H), 4.39 (s, 2H), 5.19-5.29 (m, 2H), 5.86 (m, 1H), 5.92(0.6 mmol) and dipyrrometharj@5] (0.4 mmol) were dissolved
(d,J=15Hz, 2H), 7.74 (m, 15H), 7.94 (s, 1H), 8.22 (s, 1H), 8.50in 100 mL of chloroform. Trifluoroacetic acid (TFA, 0.8 mmol)

(s, 1H). was added and the solution was stirred for 15h at room tem-

perature under dark. Chloranil (1.2 mmol) was then added to
4.4. Synthesis of 3-allyloxymethyl-5-((E)-2-ferrocenyl- the reaction solution and stirred for further 12h. The reac-
ethenyl)pyridine: 8 tion mixture was washed with aqueous sodium bicarbonate,

and the organic layer was evaporated. The crude product was
Under a nitrogen atmospher®{0.55 mmol), ferrocenecar- purified using silica gel column chromatography (eluent: chlo-
boaldehyddg32] (0.60 mmol) and sodium hydride (1.1 mmol) roform) (25%). MS (MALDI-TOF) found for }/ + 1]" 479.2,
were added into 10 mL of dry DMF and the mixture was stirredcalcd. 478.2XH NMR (270 MHz, CDC}) § —3.04 (s, 2H), 4.09
for 3h at room temperature. Small amount of water was adde(ldd,/=5.4, 1.4, 1.4 Hz, 4H), 4.48 ({=7.6 Hz, 4H), 5.16 (ddt,
to quench the reaction and the solvent was removed under vaé=10.4, 1.4, 1.4 Hz, 2H), 5.28 (m, 6H), 5.96 (m, 2H), 9.38 (d,
uum. The residue was extracted with chloroform and the titlef=4.6 Hz, 4H), 9.58 (d/=4.6 Hz, 4H), 10.13 (s, 2H).
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4.8. Synthesis of 5,15-bis(2-allyloxyethyl)-10- 3H), 9.58 (d/=1.6 Hz, 2H), 9.88 (d/=1.6 Hz, 2H), 10.43 (d,
iodoporphyrin: 12 J=1.6Hz, 2H).

To a solution of porphyrin 11 (0.105mmol) in  4.11. Synthesis of 5-(5,15 -(bis-allyloxyethyl)porphy-

250mL of chloroform was added dropwise a mixture rinatozinc(Il)ethyn-2-yl)-10,15-bis(allyloxycarbonylethy)-

of bis(trifluoroacetoxy)iodobenzene (0.078 mmol), iodine20-(I-methyl-2-imidazolyl)porphyrinatozinc(Il): 15

(0.063 mmol), and pyridine (0.5 mmol) in 25 mL of chloroform

over 1h. The reaction solution was washed with saturated To a solution of free base porphyrid (0.072 mmol) in

agueous solution of sodium thiosulfate. The crude product wa00 mL of chloroform was added a saturated solution of zinc

purified using flash silica gel column chromatography (eluentacetate dihydrate (7.2 mmol) in methanol. After stirring for 2 h at

chloroform/acetone =20:1) (35%). MS (MALDI-TOF) found room temperature, the reaction solution was washed with water

for [M+1]* 605.1, calcd. 604.15H NMR (270 MHz, CDC§)  and then evaporated. The residue was once dissolved in a small

8 —3.01 (s, 2H), 4.10 (dddJ=5.4, 1.4, 1.4Hz, 4H), 4.47 (t, amountof chloroform and then methanolwas added to allow pre-

J=7.8Hz, 4H), 5.17-5.32 (m, 8H), 5.90 (m, 2H), 9.33 (d, cipitation of the product, which was found to be the stacked form

J=4.9Hz, 4H), 9.53-9.57 (M=4.9 Hz, 4H), 10.06 (s, 1H). of the target compountfst (stack) as the major product (88%).
MS (MALDI-TOF) found for [M+1]" 1241.3, calcd. 1240.3

4.9. Synthesis of 5-(5',15 -bis(allyloxyethyl)porph- (detected as a monomeric forn}d NMR (270 MHz, CDC})
yrinylethyn-2-yl)-10, 15-bis(methoxycarbonylethyl)-20 5 1.88 (s, 6H), 2.12 (s, 2H), 4.31 (m, 8H), 4.48 (5.3 Hz,
-(I-methyl-2-imidazolyl)porphyrin: 13 8H), 4.85 (m, 8H), 5.14 (m, 8H), 5.42 (d=9.1Hz, 4H), 5.50

(d, 4H,7=9.1 Hz), 5.56 (br 8H), 5.58 (dd,=16.9, 1.1 Hz, 4H),

Under a nitrogen atmosphere, porphytih(0.13 mmol), 5- 5.62-5.63 (m, 4H), 5.68 (dd/=16.9, 1.1 Hz), 5.80 (s, 8H),
ethynyl-10,20-bis(methoxycarbonylethyl)-15-(I-methyl-2-imi- 6.28—-6.36 (m, 8H), 7.66 (d,=3.6 Hz, 4H), 7.86 (d/=3.6 Hz,
dazolyl)porphyrin [21] (0.11 mmol), tris(dibenzylideneace- 4H), 9.20 (dJ/=3.6 Hz, 4H), 9.43 (d/=3.6 Hz, 4H), 9.50 (d,
tone)dipalladium (0) (0.0176 mmol) and triphenylarsineJ=3.6 Hz, 4H), 9.66 (d/=3.6 Hz, 4H), 9.74 (d/ = 3.6 Hz, 4H),
(0.124 mmol) were dissolved in a mixture of dry THF (17.5mL) 10.22 (s, 2H).
and triethylamine (3.5mL). After stirring for 5h at 4Q,
the solvent was removed under vacuum and the residue wasi2. Synthesis of 4b
extracted with chloroform. The crude product was purified
using flash silica gel column chromatography (eluent: chlo- Self-assembled produt$st (1.36p.mol) was once dissolved
roform/acetone=5:1) (95%). MS (MALDI-TOF) found for in 20 mL of pyridine and then dried up to be converted to the
[M+1]" 1063.7, calcd. 1062.5:H NMR (270 MHz, CDC}) extended isome#a as the major species (94%). The residue
8§ —3.40 (s, 2H),—3.59 (s, 2H), 4.43-4.41 (m, 7H), 3.80 (s, was dissolved in 6.8 mL of tetrachloroethane and the Grubbs
6H), 4.12 (d, 4H), 4.39 (t/=12Hz, 4H), 4.99-5.08 (m, 8H), catalyst (RuCl(=CH-p-CgH5)(PCy;)2, 1.1pmol) was added.
5.21 (dd,J=10.5, 1.2 Hz, 2H), 5.33 (dd,=17.4, 1.8 Hz, 2H), The reaction solution was stirred for 4 h at® under a nitro-
6.00 (m, 2H), 7.56 (s, 1H), 7.85 (s, 1H), 8.80 (1.6 Hz, gen atmosphere and dark. The solvent was then removed under
2H), 8.97 (d,/=1.6Hz, 2H), 9.09 (d/=1.6Hz, 2H), 9.19 vacuum and the residue was extracted with chloroform. The
(d, J=1.6Hz, 2H), 9.36 (mJ=1.6Hz, 2H), 9.49 (s, 1H), crude productwas purified using silica gel column chromatogra-
9.63 (d,/=1.6Hz, 2H), 10.02 (d/=1.6Hz, 2H), 10.45 (d, phy (eluent: chloroform/methanol = 10:1) to yield the covalently

J=1.6Hz, 2H). fixed extended isometb (73%) free from the stacked isomer.
MS (MALDI-TOF) found for [M + 1]* 2428.7, calcd. 2427.8H
4.10. Synthesis of 5-(5,15'-(bis-allyloxyethyl)porphy- NMR (270 MHz, CDC§) § 1.84 (s, 6H), 2.43 (s, 2H), 3.99-3.85
rinylethyn-2-yl)-10,15-bis(allyloxycarbonylethyl)- (br, 8H), 4.22 (d/=5.4Hz, 8H), 4.65 (s, 8H), 5.09 (m, 8H), 5.13
20-(I-methyl-2-imidazolyl)porphyrin: 14 (d,/=10.2Hz, 4H), 5.38 (d]=10.2 Hz, 4H), 5.46 (br 8H), 5.56

(br 8H),5.62 (dJ=3.6 Hz, 4H), 5.67 (s, 2H), 6.05 (m, 2H), 6.44

Porphyrin13 (0.105 mmol), allylalcohol (90.9 mmol), and (s) 6.51 (s), 8.99-9.01 (br, 4H), 9.39 (5 3.6 Hz, 4H), 9.70 (d,
1,3-dichlorotetrabutyldistannoxarfi@6] (2.08 mmol) were dis- J=3.6 Hz, 4H), 9.92-9.95 (m, 4H), 9.99 (d=3.6 Hz, 4H),
solved in 130mL of toluene. After refluxing for 20h at 10.13 (s, 2H), 10.72 (d/=3.6 Hz, 4H), 10.73 (d/=3.6 Hz,
70°C, solvent was removed under vacuum and the residudH).
was extracted with chloroform. The crude product was puri-
fied using silica gel column chromatography (eluent: chlo-4.13. Synthesis of FcFc
roform/acetone=5:1) (68%). MS (MALDI-TOF) found for
[M+1]* 1115.8, calcd. 1114.3H NMR (270 MHz, CDC}) & Under a nitrogen atmospheretb (5.6pmol) and 7
—3.99 (s, 2H)~3.79 (s, 2H), 3.39 (br, 7H), 4.09 (d=5.4Hz, (16.8umol) were dissolved in 11 mL of tetrachloroethane
4H), 4.33 (t,J=7.8 Hz, 4H), 4.74 (d, 4H), 5.10-4.90 (br, 8H), and the Grubbs catalyst (1lu2nol) was added. The reaction
5.29 (m, 8H), 5.96 (m, 4H), 7.56 (d,=1.4Hz, 1H), 7.88 (d, solution was stirred for 5h at @ under dark. The solvent
J=1.4Hz,1H),8.80 (d/=1.6 Hz, 2H), 8.84 (d/=1.6 Hz, 2H), was removed under vacuum and the residue was extracted with
8.93 (d,J=1.6 Hz, 2H), 9.03 (d/=1.6 Hz, 2H), 9.29-9.34 (m, chloroform. The target compound was isolated by silica gel
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column chromatography (eluent: benzene/THF=7:1 (5.8%)to 940 nm. The pulse width and the repetition rate were 5 ns and
MS (MALDI-TOF) found for [M]* 3089.0 calcd. 3089.7H 10 Hz, respectively. The laser beam was focused using a plano-
NMR (270 MHz, CDC}) § 1.83 (s, 6H), 2.35, 2.37 (2s, 2H), convexlensf{=100 mm) with a beam waist of around 0.035 mm
2.43,2.45 (2dJ/=1.8Hz, 2H), 2.46 (s, 2H), 3.22, 3.24 (2s, 4H), at the focal point. The Z-scan measurement was undertaken for
3.27 (d,J=12Hz), 3.38 (s), 3.83 (¢,=6.6 Hz), 3.85-3.99 (br, rhodamin B in a methanol solution and the cross-section value
8H), 4.08 (s), 3.80—4.10 (br, 8H), 4.04, 4.05 (2s), 4.19-4.25 (myas found to be 21 GM at 1064 nm, which was comparable to
12H), 4.29, 4.31 (2t]=6.0Hz, 4H), 4.52, 4.57 (2;i=6.0Hz, the reported value of 14.3 GM measured by the fluorescence
4H), 4.76 (tJ=7.2Hz, 4H), 5.11 (d/=10.8 Hz, 8H), 5.38 (d, method at 1064 nr{87].

J=10.8Hz, 4H), 5.30, 5.31 (2d/,=10.8 Hz), 5.43-5.61 (m),

5.62 (dJ=3.6 Hz, 4H),5.68 (s, 1H), 5.75,5.77 (2t 10.8 Hz,

1H), 5.92-5.88 (m), 6.13 (M, 2H), 6.27, 6.30 (25), 6.46 (s), 6.54+cknowledgments
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