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Abstract: A series of 1,3,5-phenylene-based rigid dendritic porphyrins were synthesized by Suzuki coupling
between a porphyrin core and dendron units. The intramolecular energy transfer was studied by absorption
and fluorescence spectroscopies. The encapsulation of the porphyrin core within the 1,3,5-phenylene dendron
units was found to provide highly efficient energy transfer from the dendron units to the porphyrin core. The
dendritic wedge structure affected the energy transfer efficiency. The 1,3,5-phenylene-based rigid dendron
units act as highly efficient light-harvesting antennae. These dendritic porphyrins have also been examined as
Ceo hosts and substrate-selective oxidation catalysts. The attachment of the second generation of 1,3,5-phenylene-
based dendron units with the porphyrin core enabled a stable inclusiap iof tGluene. Furthermore, the size

and shape of the nanospace in the rigid dendritic porphyrins were found to affect the selectivity of substrates
in the catalytic olefin oxidations.

Introduction dendritic porphyrin possessing forth generation dendron units
due to the accumulation effect of aryl ether dendroiore,

Suslick, et al. reported regioselective and shape-selective
catalytic abilities in dendritic porphyrirfs.These dendritic

porphyrins were also shown to serve as synthetic models of
biological systems: light-harvesting antennas in a photosynthetic
process, electron-carrying proteins, and enzymes. The molecular
design of a three-dimensional dendritic structure around a

tion of functionalities with dendritic structures can possibly porphyrin core could tune the functionalities of porphyrins and

generate new nanoscopic materials with desirable properties_metalIoporphyrins. . . .
Dendritic porphyrins have been synthesized by attaching 1he focus of these previous works on dendritic porphyrins
dendrimers to porphyrins and metalloporphyrins. Aida et al. have Was on encapsulation in flexible dendron units. The mobility
reported dendritic effects on photochemical events and ligand Of flexible linkages in dendron units significantly affects the
bindings as dioxygen and dendritic ligands in dendritic por- overa[l shapes of dendrimers. In contrast, rigid all-hydrocarbon
phyrins bearing aryl ether dendroh®iederich et al. investi- ~ dendrimers based on polyphenylene and polyphenylacetylene
gated electrochemical properties of metalloporphyrins encap- Nave also been synthesized. Moore et al. reported a convergent
sulated within dendrimers.They reported that dendrimers synthesis of rigid denqlrlmers based on 1,3,5-trisubstituted
influenced the redox potentials of metalloporphyrins and steri- Phenylacetylene repeating units?olyphenylene-based den-
cally inhibited electron transfer from the electrode surface to drimers have been synthesized through dlvergent and convergent
the redox center. Fobet et al. prepared the zinc porphyrin- m_ethgods as reported lt(’)y Miller, Neenan, et°alebster and
cored dendrimers up to the forth generation and found that Kim,” and Mullen et al:® These rigid linkages can control the
quenching efficiency with benzyl viologen was increased at the mobility of dendron units, and the shapes and sizes of the rigid

Dendrimers were well-defined, three-dimensional, and nano-
scopic macromolecules constructed from an interior core with
a regular array of branching unitdhen photo- and electro-
active functional units are incorporated into the interior core of
the dendrimers, the regular branching arrays of the dendrimers
affect several functionalities through the control of the microen-
vironment around functional unitsAccordingly, the modifica-
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Scheme 1. Synthetic Approach to a Series of Dendritic Porphyrins
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dendrimers persist in all physical environments. Such stiff and (trimethylsilyl)benzene. Purification of the first-generation
shape-persistent rigid dendrimers can create a regulated nano3-TMS was accomplished by column chromatography followed
space within a dendritic structure. The creation of a regulated by recrystallization. The trimethylsilyl group at the focal point
nanospace around functional molecules might provide somewas then converted to the corresponding boronic acid by
unique properties, e.g., sizes, shapes, or chemical selectivitiedreatment with BBs. Dendron4-B(OH), was synthesized from
for guest molecules. 3-B(OH), and 4-bromo-(1-trimethylsilyl)benzene through the
The effects of rigid dendron units on porphyrin functionalities same procedure as that f8fTMS. Finally, the coupling of
have not been as extensively explored. Constructing a rigid dendron2-B(OH),, 3-B(OH),, and4-B(OH); to the porphyrin
dendrimer around a porphyrin core may enhance the porphyrincorel using Pd(PP})4 as a catalyst proceeded to yield dendritic
functionalities. Here, we describe the synthesis and characterizaporphyrins HP3, H,P4, and HP5. The third-generation por-
tion of a series of 1,3,5-phenylene-based dendritic porphyrins phyrin dendrimer could not be prepared from the coupling
possessing a porphyrin central core. In this paper, we alsobetweenl and a higher generation of phenylboronic acid
discuss a structural dependence of the intramolecular singlet 5-B(OH),. Matrix-assisted laser desorption/ionization time-of-
singlet energy transfer from the rigid dendrons to the porphyrin flight mass spectra (MALDI-TOF-MS) of the resulting products
core and the selective recognitions in the regulated nanospaceshowed a mixture of defect structures (Figure 1), suggesting

constructed around the porphyrin core. that it becomes more difficult to carry out a complete coupling
reaction of a focal point of a dendron uriitB(OH), with a
Results and Discussion porphyrin core. Dendritic porphyrin 487, in which the tri-
Synthesis of Rigid Dendritic Porphyrins. A series of 1,3,5-  Phenylene dendron units were linked with the porphyrin core
phenylene-based dendritic porphyrinsPa—H,P7 were syn- through ether bonds, was synthesized by an alkaline-mediated

thesized by using the convergent methodology developed by cOUPling reaction between 5,_1_0,15,29-tetrakf(81ihydroxy-
Miller, Neenan, et al. (Scheme &)The dendron construction phenyl)porphyrif® and dendritic bromidg-Br.* The synthe-
began by palladium-catalyzed cross coupling (Suzuki coupling) sized dendritic porphyrins were fully characterized by YV

between 4ert-butylphenylboronic acid and 3,5-dibromo-1- visible spectroscopy, size-exclusion chromatography (SEC),
high-performance liquid chromatography (HPLC), MALDI-TOF
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Figure 2. *H NMR spectra of dendritic porphyrins,F3, H.P4, and
H>P6 in CDC|3

Table 1. Spectroscopic and Photophysical Data for the Dendritic
Porphyrins and Dendrons

absorptiorf, Amax, NM emissiorf,
(loge, M~ cm™?) Amax NM (, NS) Per®

3-TMS 262 (4.30) 354

5-TMS 264 (4.76) 360

2000 4000 6000 8000 6-TMS 270 (4.77) 370
m/z H.P3 256 (4.90), 424 (5.38) 652, 719 (8.2) 0.66
i H.P4 262 (5.36), 424 (5.38) 651, 717 (8.3) 0.98
Figure 1. MALDI-TOF mass spectra of (a) 73, (b) H.P4, (c) H.P6, H,P6 270 (5.37), 424 (5.38) 650, 717 (8.2) 0.74
(d) H.P7, and (e) defect products after cross coupling betwkand H.P7 256 (5.24), 424 (5.38) 652, 718 (8.3) 0.42

5—B(OH),.
(OH). an CH,CI, solution.® In degassed Ci€l, solution. ¢ Quantum yield

Examinations of SEC showed that the observed molecular of energy transferger) in dendritic porphyrins estimated by comparing
weight rose with each generation and that all products have shargh€ absorption spectrum and excitation spectrum by monitoring the
and symmetrical elution patterns with polydispersitids /(M) emission of the porphyrin moiety in degassed:Chi
less than 1.02. With HPLC, it was possible to resolve fully
substituted and partially substituted dendritic porphyrins, provid-
ing confirmation that dendron substitution inf3, H,P4, H,P6,
and HP7 is complete. Figure 2 showkl NMR spectra of HP3,
H.P4, and HP6 in CDCl; at 25°C, which provides the structural
information. As shown in Figure 2, proton resonances in the
aromatic region of all dendritic porphyrins are distinguishable
and assignable. The proton resonances of benzene units nearer
the p_orphyrin core s_hift _dov_vnfi_eld compared vv_ith those of_ the 200 360 4'00 500 600 700
exterior benzene units, indicating the successive generation of
a highly symmetric layered structure.

Light-Harvesting Properties of 1,3,5-Phenylene-Based  Figure 3. UV—vis absorption spectra of 3, HoP4, H,P6, and HP7
Dendrons. The absorption spectra of the dendritic porphyrins N CHzClz. The spectra were normalized to M1 concentration.
HoP3, H.P4, H,P5, and HP6, along with trimethylsilyl-
terminated dendrons, were measured inClpl The absorption 650 nm) and 1,3,5-phenylene-based dendron units<280
maxima {may and molar extinction coefficiente] of the nm). The Soret bands and Q-bands of the porphyrin core
porphyrins are summarized in Table 1. Figure 3 illustrates the remained unaltered in ##3, H.P4, H,P6, and HP7 with
absorption spectra of the dendritic porphyrins in CH. These different structures of the dendron units, suggesting that the
absorption spectra are the sum of a porphyrin moiety {400 electronic conditions in all dendritic porphyrins are similar to

Absorbance

Wavelength /nm



Regulated Nanospace around a Porphyrin Core J. Am. Chem. Soc., Vol. 123, No. 24,58391

dendron units was very weak (Figure 4B). A mixture of the
porphyrin corel and5-TMS showed no emission peaks from
the porphyrin moiety with excitation at 262 nm. This result
indicated the efficient intramolecular singtetinglet energy
transfer from the phenylene-based dendron units to the porphyrin
core.

The efficiency of energy transfepgr) can be estimated by
comparing the UV-vis spectrum and excitation spectrum of
the dendron units (Table 1). When the absorption and excitation
Wavelength / nm spectra are normalized at the Soret band of the porphyrin core,
the ratio of the normalized excitation and absorption spectrum
at Amax Of the dendron unit represents the total energy transfer
efficiency (per). The similarity of the band shape and intensity
of these two spectra for4R4 indicates a high transfer efficiency.
The ¢er values in HP3 and HP4 were estimated to be 66 and
98%, respectively. With increasing branching layers, more

/\/\ photons can be harvested by the phenylene-based dendron units,

z

Fluorescence intensity (a. u.)
W
o
o
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(=]
~
o
o

C

Fluorescence intensity (a. u.)

vi H.P4 and the absorbed photons are transduced to the fluorescence
S &, emission from the porphyrin core through the highly efficient
300 500 700 energy transfer. The other dendritic porphyring®6land HP7
Wavelength / nm exhibited a residual fluorescence in the range of-3%00 nm
Figure 4. (A) Steady-state fluorescence spectr&6afMS and HP4 from the phenylene dendron units together with the fluorescence

upon excitation at the absorption maximumssTMS (262 nm) and from the porphyrin core as shown in Figure 4B. ClearlyP6i
the Soret band of #P4 (424 nm), respectively. (B) Fluorescence spectra and HP7 have lower energy transfer efficiencies thapP#
of HP4, HoP6, and HP7 upon excitation at the absorption maximum Recently, chromophore-containing dendrimers have attracted
of the each dendron components. The measurements were carried ousjgnificant attention as artificial light-harvesting antennae due
in degassed CiTl, at room temperature. All spectra are normalized o their morphological similarities to architectures of natural
to a constant absorbance at the excitation wavelength. light-harvesting complexe€. The uniform three-dimensional
) ) structures of dendrimers allow the precise placement of chro-

each other. In contrast, the absorption ban_ds corr_espondln_g tomophores by the introduction of chromophores at the core,
the dendron units around 260 nm dramatically differed with 4nching, and peripheral positions of the dendritic structure.
the different structures of the dendron units. As the dendrimer Tere has been much work on the light-harvesting properties
generation increased, thevalue of the dendron units in the 4t the gesigned chromophore-containing dendrimers as dendritic
second-.generatlon A4 nearly dpubled from that of the first- polynuclear Ru and Os polypyridine complex&santhanide-
generation BP3. The cross-conjugated structures of the 1,3,5- qreq dendrimer¥ rigid acceptor-terminated phenylacetylene
phenylene-based dendron units igPd exhibited a strong UV qendrimerds dendritic porphyrind® and acceptor/donor dye-
absorption characteristic. The absorption intensity corresponding|gpeled dendrimer’. Among them, Jiang and Aida found that
to the dendron units in the larger dendrimesP8, in which @ e gendritic porphyrins having a continuous array of flexible
benzene spacer was inserted between the porphyrin core andyy| ether dendron units exhibit highly efficient intramolecular
th_e outer branching units, did not S|gn|f|cant_ly change compared energy transfer, and the energy transfer efficiency depends on
with that for HP4. However, the absorption band was red he generation number and morphology of the dendritic por-
shifted and broadened, sinceR8 contained linear triphenylene .y ring16 The intramolecular energy transfer within dendritic
units in addition to the cross conjugation of the 1,3,5-phenylene 4 hitectures has been explained by thesfes mechanisr?
branching system. Despite the number of benzene rings beingaccording to this, the energy transfer efficiency depends on
the same in KP4 and HP7, the absorption intensity of the ¢ gistance between donor and acceptor molecules and the
dendron units for bP7 was two-thirds of that for BP4. The  gpeciral overlap between donor emission and acceptor absorption
ether linkage in HP7 led to a decrease in the electronic gnectra With increasing dendrimer size, ¢ value increases.
interaction among benzene components in the dendron units.tpq spectral overlap is better fopP6 than for HP4. However,

Figure 4A shows steady-state fluorescence spectra4 H the ger value in HP6 is lower than that in bP4. Our attempt

and trimethylsilyl-terminated dendr@TMS in degassed CH to apply the Fester mechanism fails to explain the highly
Cl, upon excitation at the Soret band of the porphyrin core and
Amax Of 5-TMS, respectively. The fluorescence parameters for < (12)t(623AC'3;0n€V7 AN;I F;ejle’& J. ’\éhJCh%md %ggﬂTyéﬂa%%f?%- |_(|b)

i+ i H H ewart, G. ., FOX, M. . AM. em. S0 . (C u,
all of the dendritic p.o.rphyrlns apd dendrons are summarized in 0.-S.: Pugh, V. Sabat, M.- Pu, Il Org. Chem1999 64, 7528. (d) Sato,
Table 1. The dendritic porphyrins emitted fluorescence at 650 T .. jiang, D.-L.; Aida, TJ. Am. Chem. S0d999 121, 10658. () Li, J.;
and 717 nm and exhibited nearly the same intensities in different Diers, J. R.; Yang, S. |.; Bocian, D. F.; Holten, D.; Lindsey, JJSOrg.

i iti ing Chem.1999 64, 9090.

gﬁneraélons' Thelﬂ(lj'lorescemﬁ of a"dOL:heﬂdendrlth por[l).P);.rlnS (13) Balzani, V.; Campagna, S.; Denti, G.; Juris, A.; Serroni, S.; Venturi,
showed a normg ecay pro IQ, an € Tluorescence lItetime \; “acc. chem. Res1998 31, 26 and related references therein.
of the porphyrin core was independent of the structural (14) (a) Kawa, M.; Ffehet, J. M. JThin Solid Films199§ 331 259.
differences of the dendron units. These results suggested thatb) Kawa, M-O;I Frehet, J-hM- JHCher_n- Mater1998 10, 2§6-
the 1,3,5-phenylene-based dendritic structure hardly affected thellélg)egg"a oss, C.; Bharathi, P.; Moore, JJSAm. Chem. S0d996
fluorescence properties of the porphyrin core. The dendron  (16) Jiang, D.-L.; Aida, TJ. Am. Chem. Sod.998 120, 10895.
5-TMS emitted strong fluorescence at 360 nm with excitation  (17) (a) Gilat, S. L.; Adronov, A.; Fehet, J. M. JAngew. Chem., Int.

ikt ; _ Ed.1999 38, 1422. (b) Chrisstoffels, L. A. J.; Adronov, A.; Fieet, J. M.
at 264 nm. By the excitation at the absorption band of 1,3,5- 7700 “crd0™ L 2 0500°39 2163, (c) Adronov, A Gilat. S. L

phenylene dendron units in,P4, the emission was mostly from  grecher, J. M. J.: Ohta, K.: Neuwahl, E. V. R.: Fleming, G.JRAm. Chem.
the porphyrin core, and the residual fluorescence from the Soc.200Q 122 1175.
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efficient energy transfer phenomena in these 1,3,5-phenylene- 3.0
based dendritic porphyrins. Moreover, the decrease ipthe
value in HP7 compared with that in BHP4 provided clear
evidence of the presence of a through-bond pathway of energy
transfer within the cross-conjugated dendritic porphyrins. A
similar observation was noted in the perylene-terminated
phenylacetylene dendrimers reported by Moore ét @here-

fore, we concluded that the high efficiency of the energy transfer
from the phenylene-based dendron units to the porphyrin core
can be ascribed to the efficient energy flow through the cross
conjugation of the 1,3,5-phenylene dendron units (through-bond)
as well as the larger overlap between the emission of the dendron
units and the absorption of the porphyrin core (through_space)' Figure 5. Effect of G concentration on the absorption spectrum of

g
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Absorbance
5

0

300

400
Wavelength /nm

500

Complexation of Cso with Rigid Dendritic Porphyrins. The
inclusion of fullerenes into organic hosts through noncovalent

bonds has attracted considerable interest due to the modification

of fullerene functionalities as well as their purificatirSeveral

organic hosts for fullerenes have been designed and synthe

sized!® Atwood et al. and Shinkai et al. discovered tpaert-
buthylcalix[8]arene selectively includes in organic solvents
and forms a precipitate with 1:1 stoichiometfWery recently,

porphyrin dimers have also shown a selective fullerene binding

with a high binding constant(10° M~1).21 In these supramo-
lecular hosts for fullerenes, the conformity of theyGize with

the host cavity enables stable complexation between the organi

hosts and &.

C

H,P4 in toluene at room temperature: JP#] = 3.0 uM; [Ceql/[H 2P4]
=0, 0.33,0.67, 1.0, 2.0, 3.3, 5.0, 6.0, 7.0, 8.3, 10.0, 16.7.

The absorption spectrum of;P4 in toluene solution changed
upon the addition of €, and the Soret band was red shifted

from 424 to 428 nm with decreasing absorption intensity,
indicating electronic interaction between the porphyrin core
within H,P4 and G (Figure 5). A similar spectral change was
observed in the porphyrin dimetsHowever, the other dendritic
porphyrins, HP3, H,P6, and HP7, showed no spectral changes
in the absorption spectra after the addition of a large excess of
Ceo. We could not measure tiel and'3C NMR spectra of the
complex of HP4 with Cgo because of the formation of
precipitate. When the equimolar toluene solution g @as

The synthesized 1,3,5-phenylene-based dendritic porphyrinSadmixed with the HP4 solution, a red-brown precipitate was
possess a regulated nanospace with different sizes. These welliormed. Filtration of the precipitate recovered above 85% yield
defined nanospaces within the 1,3,5-phenylene-based dendrimergs the initial amount of KP4 and Gy. Elemental analysis of

can provide cavities for inclusion of ¢g& Furthermore, the
porphyrin core in the dendritic porphyrins can interact strongly
with Cgg vVia azr-donor—sr-acceptor interaction. In this context,
we expect stable complexation ogwith 1,3,5-phenylene-
based dendritic porphyrins.
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R. R.; Khan, A. U.; Schuster, D. I.; Wilson, S. R.Am. Chem. S0d997,
119 8363. Carbonera, D.; Di Valentin, M.; Corvaja, C.; Agostini, G.;
Giacometti, G.; Liddell, P. A.; Kuciauskas, D.; Moore, A. L.; Moore, T.
A.; Gust, D.J. Am. Chem. Sod.998 120, 4398. Dietel, E.; Hirsch, A.;
Zhou, J.; Riker, AJ. Chem. Soc., Perkin Trans.1®98 1357. Cheng, P.;
Wilson, S. R.; Schuster, D. Chem. Commuril999 89.

(20) (a) Atwood, J. L.; Koutsantonis, G. A.; Raston, CNature1994
368 229. (b) Suzuki, T.; Nakashima, K.; Shinkai, Shem. Lett.1994
699. (c) lkada, A.; Shinaki, SChem. Re. 1997, 97, 1713.

(21) (a) Tashiro, K.; Aida, T.; Zheng, J.-Y.; Kinbara, K.; Saigo, K;
Sakamoto, S.; Yamaguchi, K. Am. Chem. Sod999 121, 9477. (b) Sun,
D.; Tham, F. S.; Reed, C. A.; Chaker, L.; Burgess, M.; Boyd, P. DJW.
Am. Chem. So00Q 122 10704.

the precipitate indicated a 1:1 complex off4 and G. (Anal.
Calcd for GiHosN4: C, 92.31; H, 6.31; N, 1.38. Found: C,
92.02; H, 6.38; N, 1.37.) Furthermore, the MALDI-TOF mass
spectrum of the precipitate clearly shows the mass ion peak at
m/z 4059 corresponding to the 1:1 complex betweeR4-ind

Cso- The precipitate dissociated into each component after the
addition of CHC4. In contrast, no precipitation was observed
in the other dendritic porphyrins after the addition gh.CThe
mixing of Cso with the dendritic porphyrins #P3, H.P6, or H,P7
showed no spectral changes in thH¢ NMR spectra of the
dendritic porphyrins and th®C NMR spectra of G. Accord-
ingly, we judged that only kP4 possessing the second genera-
tion of 1,3,5-phenylene-based dendron units can form a stable
complex with Go. The regulated nanospace constructed from
the regulated branching system of 27 benzene rings around the
porphyrin core is exactly fitted to thesgsize, and the multipoint
interaction among the curved surface of G, the planarz
surface of the porphyrin core, and the benzene rings of the
branching units work to stabilize the complex betweeiPH

and Gy in toluene.

Shape-Selective Oxidation of Olefins within the Regulated
NanospaceA number of synthetic metalloporphyrins have been
employed to catalyze olefin epoxidation and alkane hydroxy-
lation with a view toward mimicking the enzymatic activity of
cytochrome P-456% The shape-selectivities, regioselectivities,
and enantioselectivities in these catalytic reactions have also
been investigated using a variety of metalloporphyrins possess-
ing substrate recognition sites or sterically bulky substituents.
The encapsulation of a metalloporphyrin core with bulky

(22) (a) Cook, B. R.; Reinert, T. J.; Suslick, K. & Am. Chem. Soc.
1986 108 7281 and related references therein. (b) Groves, J. T.; Nemo, T.
E. J. Am. Chem. Sod.987 109 5045. (c) Ostovic, D.; Bruice, T. Cl.

Am. Chem. Socl1989 111, 6511. (d) Collman, J. P.; Brauman, J. |;
Fitzgerald, J. P.; Hampton, P. D.; Naruta, Y.; MichidaBTll. Chem. Soc.
Jpn.1988 61, 47. (e) Collman, J. P.; Wang, Z.; Straumanis, A.; Quelquejeu,
M.; Rose, EJ. Am. Chem. Sod.999 121, 460.
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Figure 6. Epoxidation results forcis-cyclohexene, 1-octene, and
4-vinyl-1-cyclohexene using Fe(TPP)(Cl), F8JfCI), Fe(R)(CI), Fe-
(P6)(CI), and Fe(F)(CI) in the presence of iodosylbenzene at°s

The ratios of the epoxides are normalized with respect to the
corresponding Fe(TPP)(CI) values.
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of 4-vinyl-1-hexene decreases as the generation of dendrimers
increases. While Fe@XCl), Fe(R5)(Cl), and Fe(F)(Cl) show

little selectivity ([4-epoxyethyl-1-cyclohexene]/[4-vinyl-1-cy-
clohexene 1,2-epoxide} ca. 1.9, Fe(R})(Cl) exhibits regio-
selectivity for the epoxidation of 4-vinyl-1-cyclohexene at the
least hindered double bond ([4-epoxyethyl-1-cyclohexene]/
[4-vinyl-1-cyclohexene 1,2- epoxide} 1.4%%). The substrate
selectivity was examined using the epoxidation of a 1:1 mixture
of 1-octene andcis-cyclooctene. The high intermolecular
selectivity in the epoxidation of 1-octene over that @$-
cyclooctene was also observed in F§(BI) ([1,2-epoxyoctane]/
[cyclooctene oxide} 2.8%9). This observation agreed with the
result reported by Suslick et al. for flexible dendritic manganese
porphyrins® The size and shape of the nanospace around the
reaction center were found to affect the selectivity of the
substrate in catalytic reactions.

Conclusion

In summary, novel rigid 1,3,5-phenylene-based dendrimers
containing porphyrin and iron porphyrin complexes have been

polyester dendritic wedges has been found to induce regio- synthesized.and c.haracterized. Absorption and fluorescence
selectivity and shape-selectivity in the catalytic reaction of olefin SPectroscopic studies demonstrated that the energy harvested
epoxidatior? The regulated nanospace around the metallopor- Py the cross-conjugated dendron units can be efficiently
phyrin core constructed from 1,3,5-phenylene-based dendrimersiransferred to the porphyrin core through space and through

may also affect the shape selectivity in olefin epoxidafon.
For the preparation of dendritic iron(lll) complexes, free-
base HP3, H.P4, H,P6, and HP7 were reacted with Fegin
THF. After purification, the complete metalations in F8P
(Cl), Fe(R)(CI), Fe(R)(CI), and Fe(P)(CI) were confirmed
by UV—vis and MALDI-TOF mass spectra. It is well known
that iron(lll) tetraphenylporphyrin (Fe(TPP)(Cl)) forms an
unreactiveu-oxo-dimer?* When CHCI, solutions of dendritic

porphyrins were mixed with basic aqueous solutions at pH 12.0,

the MALDI-TOF mass spectra showed only a monomeric
molecular ion peak, indicating no formation @foxo dimers.
The steric hindrance of dendritic wedges in all of the dendritic
iron porphyrins was enough to prevent the formatiom-@fxo
dimers.

The epoxidation of olefins with the dendritic iron porphyrins
was performed in degassed &E, in the presence of iodosyl-

bond. In addition, the rigid dendritic porphyrins were examined
as hosts for gy and shape-selective epoxidation catalysts. We
found that the sizes and structures of the dendron units strongly
affected the efficiency of the intramolecular energy transfer,
interaction with Go, and shape selectivity in the catalytic
reactions of olefin epoxidation. The construction of a 1,3,5-
phenylene-based regular branching array around the porphyrin
core allowed the creation of a regulated nanospace within the
dendrimers. The design of the nanospace could control the
functionalities of the functional core. These attempts can, in
principle, be applied to many nanoscopic functional materials,
in which functionalities are developed by the combination of
functional molecules and the designed nanospace within a single
molecule.

Experimental Section
General. NMR spectra were recorded on a Bruker AVANCE 400

benzene as the oxygen donor. Figure 6 shows results for theFT-NMR spectrometer operating at 399.65 MHz fét in CDCls

epoxidation of 1-octenejs-cyclooctene, and 4-vinyl-1-hexene

with different shapes and sizes. We can see that the rigid

dendritic iron porphyrins exhibit remarkable selectivities com-

solution. Chemical shifts are reported relative to internal TMS. IR
spectra were obtained on a JASCO FS-420 spectrometer as KBr pellets.
UV —vis spectra and fluorescence spectra were measured on a JASCO
V-570 and a JASCO FP-750. MALDI-TOF mass spectra were obtained

pared with unsubstituted Fe(TPP)(CI) and the catalytic activity o 5 perseptive Biosystems Voyager-DE-Pro spectrometer with dithra-
strongly depends on the structures of the dendron units andno| as matrix. GPC analyses were carried out with a JASCO HPLC

substrated® The catalytic activity for the epoxidation of cyclic
cis-cyclooctene is comparable for all dendritic iron porphyrins.
On the other hand, the second-generation dendrimersife(P
(Cl) and Fe(R)(Cl) show ca. 3-fold higher catalytic activity in
linear 1-octene relative to Fe(TPP)(CI) and the other dendritic
iron porphyrins.

The diene 4-vinyl-1-hexene was oxidized into two products
(4-vinyl-1-cyclohexene 1,2-epoxide and 4-epoxyethyl-1 cyclo-
hexene) through the epoxidation of two different intramolecular
double bonds. The total catalytic activity for the epoxidation

(23) (a) Knapen, J. W. J.; van der Made, A. W.; de Wilde, J. C.; van,
Leeuwen, P. W. N. M.; Wijkens, P.; Grove, D. M.; van Koten, X&ature
1994 372, 659. (b) Miedaner, A.; Curtis, C. J.; Barkley, R. M.; DuBois,
D. L. Inorg. Chem.1994 33, 5482. (c) Brunner, HJ. Organomet. Chem.
1995 500, 39. (d) Chow, H.-F.; Mak, C. Cl. Org. Chem1997, 62, 5116.

(e) Kimura, M.; Sugihara, Y.; Muto, T.; Hanabusa, K.; Shirai, H.; Kobayashi,
N. Chem. Eur. J1999 5, 3495.

(24) Cheng, B.; Hobbs, J. D.; Debrunner, P. G.; Erlebacher, J.; Shelnutt,
H. A.; Scheidt, W. RInorg. Chem.1995 34, 102.

(25) During catalytic reaction, less than 10% degradation of dendritic
porphyrins had occurred as analyzed by -tWs spectral change.

system (pump 1580, UV detector 1575, refractive index detector 930)
and a Showa Denko GPC KF-804L column (& @00 mm, polystyrene
standardsM = 900-400 000 g/mol) in THF as an eluent at 36

(1.0 mL mirr1). Melting points were recorded using a Shibata MEL-
270 melting point apparatus and are corrected.

Materials. All chemicals were purchased from commercial suppliers
and used without purification. Solvents, such as toluene, THF, and CH
Cl,, were freshly distilled. Column chromatography was performed with
activated alumina (Wako, 200 mesh) or Wakogel C-200. Analytical
thin-layer chromatography was performed with commercial Merck
plates coated with silica gel 604z or aluminum oxide 60 k..

Porphyrin Core 1. A mixture of pyrrole (2.0 mL, 1.5% 1072 mol)
and 3,5-dibromobenzaldehyde (4.2 g, 1:690°2 mol) in 25 mL of
propionic acid was refluxed for 48 h. The residue resulting from
evaporation was purified using column chromatography on activated
alumina by eluting with CHGI Yield: 11%. MALDI-TOF-MS
(Dithranol): m/z = 1238 ([M + H]*, 100), calcd for GuH2JN4Brg
1237.5.

(26) The distribution of epoxide products for 4-vinyl-1-hexene and the

ratio of the epoxide products for 1-octene amcyclooctene are normalized
with respect to the value for nondendritic Fe(TPP)(CI).
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3-TMS. Yield: 93%.H NMR (CDCl;, 400 MHz): 6 = 7.76 (2H,
s, Ph), 7.67 (1H, s, Ph), 7.57 (4H, 8i= 8.1 Hz, Ph), 7.47 (4H, dJ
= 8.3 Hz, Ph), 1.37 (18H, s;C(CHg)3), 0.33-0.34 (9H, s;—Si(CHy)s).

4-TMS. Synthesized fron3-B(OH), and 4-bromo-1-(trimethylsilyl)-
benzene. Yield: 8294H NMR (CDCls, 400 MHz): 6 = 7.77 (1H, s,
Ph), 7.75(2H, s, Ph), 7.67 (2H, d,= 8.1 Hz, Ph), 7.63 (2H, d] =
8.3 Hz, Ph), 7.59 (4H, d) = 8.3 Hz, Ph), 7.49 (4H, d) = 8.3 Hz,
Ph), 1.38 (18H, s;-C(CHg)s), 0.31 (9H, s~Si(CHs)s). MALDI-TOF-
MS (Dithranol): m/z= 489 ([M + H]*, 100), calcd for GsH42Si 490.

5-TMS. Synthesized fron8-B(OH), and 3,5-dibromo-1-(trimeth-
ylsilyl)benzene. Yield: 74%H NMR (CDCl;, 400 MHz): 6 = 7.92
(1H, s, Ph), 7.79 (8H, m, Ph), 7.63 (8H,3= 8.1 Hz, Ph), 7.49 (8H,
d,J= 8.4 Hz, Ph), 1.48 (36H, s;C(CHs)3), 0.33-0.34 (9H, s,—Si-
(CHs)3). MALDI-TOF-MS (Dithranol): m/z = 830 ([M + H]*, 100),
calcd for GiH70Si 831.

1,3,5-Phenylene-Based Dendritic Porphyrin HP3. A Schlenk flask
was charged witi (0.18 g, 4.32x 104 mol) and Pd(PPj\ (0.03 g,
2.60x 107°mol) under an Ar atmosphere. Solutions2eB(OH), (1.35
g, 1.44x 10°2 mol) in THF (6 mL) and NaCO; (2.0 M, 7 mL) in

Kimura et al.

mixture was filtered, and the filtrate was evaporated to dryness. The
crude product was purified by column chromatography (silica gel,
eluting with n-hexane gradually increasing to @E,/n-hexane (9:1
vIVv)). Yield: 95%. FT-IR (KBr): disappearance of peak at 1720tm
H NMR (CDCls, 400 MHz): = 7.72 (1H, s, Ph), 7.53 (6H, m, Ph),
7.45 (4H, d,J = 8.3 Hz, Ph), 4.73 (2H, s, I&;0OH), 1.52 (18H, s,
—C(CHs)3).

7-Br. To a solution of7-OH (1.00 g, 2.68x 10-2 mol) in 5.0 mL
dry THF were added CBr(2.22 g, 6.70x 1072 mol) and tri-
phenylphosphine (1.75 g, 6.%0 102 mol) with stirring for 15 min at
room temperature. The reaction mixture was poured into a mixture of
H.O and CHCI,. The aqueous phase was washed with,ClJ and
the organic phases were combined and evaporated to dryness. The crude
product was purified using column chromatography (silica gel, eluting
with n-hexane gradually increasing to @El./n-hexane (1:2 viv)).
Yield: 78%.'H NMR (CDCl, 400 MHz): 6 = 7.71 (1H, s, Ph), 7.55
(6H, m, Ph), 7.46 (4H, dJ = 8.3 Hz, Ph), 4.53 (2H, s, {&;Br), 1.52
(18H, s,—C(CHj3)3).

H,P7. 5,10,15,20-Tetrakis(®'-dihydroxyphenyl)porphyrin (32.8

H.O were prepared and deoxygenated with a stream of Ar. These mg, 4.59x 10-°mol) and7-Br (0.20 g, 4.59x 10 * mol) were dissolved
solutions and deoxygenated toluene were added to the reaction vesseln acetone (10 mL) containingKO; (0.10 g) and 18-crown-6 (catalytic
and the mixture was refluxed under Ar for 72 h. The reaction mixture amount), and the reaction mixture was refluxed for 5 days with stirring.
was poured into a mixture of @ and diethyl ether. The aqueous phase The mixture was filtered, and the filtrate was evaporated to dryness.
was washed with ether, and the organic phases were combined andrhe crude product was purified by column chromatography (activated
washed wi 1 M NaOH aqueous solution and brine. The crude product alumina, eluting withn-hexane gradually increasing to GEl,).

was purified using column chromatography on activated alumina by Yield: 32%.*H NMR (CDCls;, 400 MHz): 6 = 8.91 (8H, s, pyrrole),
eluting with CH.Clz/n-hexane (1:9 v/v), and the resulting material was 7.73 (8H, s, Ph), 7.66 (16H, s, Ph), 7.56 (32H,Jd+ 8.4 Hz, Ph),
recrystallized from 2-methoxyethanol. Yield: 57%t NMR (CDCls, 7.36 (32H, dJ = 8.1 Hz, Ph), 5.31 (16H, m;CH,O—), 1.48 (144H,

400 MHz): 6 = 9.04 (8H, s, pyrrole), 8.48 (8H, s, Ph), 8.25 (4H, s, s,—C(CHz3)3), —2.53 (2H, s,~NH). MALDI-TOF-MS (Dithranol): m/z

Ph), 7.86 (16H, dJ = 8.2 Hz, Ph), 7.54 (16H, d] = 8.3 Hz, Ph),
1.37 (36H, s,—C(CHs)3), —2.58 (2H, s,—NH). MALDI-TOF-MS
(Dithranol): miz= 1672 ([M+ H]*, 100), calcd for GaH12dN4 1670.9.

The synthetic procedure for,F4 and HP5 is similar to that for
H,P3.

H.P4. Prepared froml and 3-B(OH), and purified by column
chromatography (activated alumina, &Hy/n-hexane (1:9 v/v)) and
recrystallization from 2-methoxyethanol. Yield: 24%.NMR (CDCls,

400 MHz): 6 = 9.11 (8H, s, pyrrole), 8.62 (8H, s, Ph), 8.42 (4H, s,

Ph), 8.03 (16H, s, Ph), 7.80 (8H, s, Ph), 7.61 (32H] &,8.3 Hz, Ph),
7.40 (32H, dJ = 8.3 Hz, Ph), 1.37 (144H, s;C(CH3)3), —2.58 (2H,

s, —NH). **C NMR (CDCk): 6 = 150.5, 142.7, 142.4, 142.0, 141.7,

= 3579 ([M + H]*, 100), calcd for GsgH7dN4Cl 3578.

Dendritic Iron Porphyrin Fe(H ,P3)(Cl). FeCk (10.0 mg, 7.89x
1075 mol) and HP3 (30.0 mg, 1.79x 107> mol) were dissolved in 20
mL of THF, and the reaction mixture was refluxed under Ar. During
the reaction, the UVWvis spectrum of the reaction mixture was
monitored. The mixture was refluxed until no change in the Soret band
was observed. The resulting iron complex was purified by column
chromatography (activated alumina, &Hb) and treatment with
methanoic HCI. Yield: 59%. UVvis (CHCL): Amax (lOg €) = 424
(5.04), 258 (5.16). MALDI-TOF-MS (Dithranol)m/z= 1725 (IM —
Cl]), calcd for GaHi24NsFeCl 1761.

The synthetic procedure for FefP#)(Cl), Fe(HP5)(Cl), and Fe-

140.6, 138.3,132.5, 129.1, 127.1, 126.9, 125.7, 125.4, 125.2, 34.5, 31.3(H,P6)(Cl) is similar to that for Fe(kP3)(Cl).

MALDI-TOF-MS (Dithranol): mvVz = 3337 ([M + H]*, 100). Anal.

Calcd for GsHzsdN4: C, 90.65; H, 7.67; N, 1.68. Found: C, 90.70;

H, 7.65; N, 1.66.

H2P5. Prepared froml and 4-B(OH), and purified by column
chromatography (activated alumina, &Hb/n-hexane (1:9 v/v)) and
recrystallization from 2-methoxyethanol. Yield: 11%.NMR (CDCl,

400 MHz): 6 = 9.15 (8H, s, pyrrole), 8.60 (8H, s, Ph), 8.40 (4H, s,

Ph), 8.05 (16H, m, Ph), 7.767.86 (40H, m, Ph), 7.64 (32H, d,=
8.3 Hz, Ph), 7.45 (32H, dl = 8.3 Hz, Ph), 1.48 (144H, s;C(CHz3)3),
—2.57 (2H, s,—NH). MALDI-TOF-MS (Dithranol): m/z= 3947 ([M
-+ H]*, 100), calcd for GooH2ssN4 3947.

Partially Flexible Dendritic Porphyrin H >,P7. The dendritic

bromide7-Br was synthesized from 3,5-dibromobenzoic acid methyl
ester and 4ert-butylphenylboronic acid. Cross coupling between 3,5-

dibromobenzoic acid methyl ester andett-butylphenylboronic acid
in the presence of Pd(PPh(7-COOCH;), reduction of methyl ester

(7-OH), and bromination with CBrand triphenylphosphine gave the

dendritic bromide7-Br.1t
7-COOCHs. The synthetic procedure faFCOOCH; is similar to
that for 3-TMS. Yield: 95%. FT-IR (KBr): 1720 cm. 'H NMR

(CDCls, 400 MHz): 6 = 8.22 (2H, s, Ph), 7.98 (1H, s, Ph), 7.60 (4H,

d,J= 8.4 Hz, Ph), 7.48 (4H, dl = 8.3 Hz, Ph), 3.96 (3H, s, COQ),
1.41 (18H, 5,~C(CHa)y).

7-OH. To a stirred suspension of lithium aluminum hydride (0.25
g, 6.20 x 1073 mol) in dry THF (30 mL) was added a solution of

7-COOCH; (1.24 g, 3.1x 102 mol) in dry THF (10 mL) dropwise

Fe(H.P4)(Cl). Yield: 76%. UV—vis (CHCly): Amax (log €) = 424
(5.04), 260 (5.37). MALDI-TOF-MS (Dithranol)mv/z = 3391 (M —

Cl]), calcd for GsaHzsaN4FeCl 3427.

Fe(H:P5)(CI). Yield: 68%. UV—vis (CHCly): Amax(lOg €) = 424
(5.04), 270 (5.37). MALDI-TOF-MS (Dithranol)m/z = 4000 ([M —

Cl]), calcd for GooHzsaN4FeCl 4036.

Fe(H,P6)(CI). Yield: 88%. UV—vis (CH,Cl,): Amax(l0g €) = 424
(5.04), 258 (5.24). MALDI-TOF-MS (Dithranol)m/z = 3634 ([M —

Cl]), calcd for GedH2680sN4FeCl 3668.

Catalytic Reactions. Epoxidations of alkenes were performed in
degassed C¥€l, using iodosylbenzene as an oxygen atom transfer
reagent. A solution of iodosylbenzene (1@1@ol) in CH,Cl, was added
to the mixed solution of alkene (500:nol) and iron complex (1.0
umol). After addition, the mixture was stirred at 26 under Ar for
30 min. After 30 min, the internal standard-decane) was added to
the reaction mixture, and all oxidation products were identified by GC,
GC—MS, and'H NMR. Standard epoxides were purchased from
commercial chemical suppliers. The yields of the oxidation products
were determined by GC using the internal standard method. No reaction
occurred in the absence of the catalysts in the reaction examined under
the same experimental conditions.
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