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J=8.8Hz), 6.74-6.82 (m, 2H), 6.22 (d, 1H, J=9.3 Hz), 524-535 (m,
1H), 4.32 (dd, 1H, J=11.7, 3.4 Hz), 3.97-4.15 (m, 2H), 4.10 (dd, 1H, /=
11.7,5.9 Hz), 2.05-2.16 (m, 2H), 2.05 (s, 6H). 4: 'H NMR (D,0, 300 MHz):
0=788 (d, 1H, /=92 Hz), 750 (d, 1H, J=8.5 Hz), 6.96-6.91 (m, 2H),
6.23 (d, 1H,J=9.2 Hz), 4.53 (m, 1 H), 4.20 (m, 2H), 4.00 (m, 2H), 2.12 (m,
2H); C NMR (D,0/CD;COCD;, 75 MHz): 6 =164.6, 163.2, 156.3, 146.8,
130.8, 114.6, 113.9, 112.9, 102.5, 66.0, 60.7, 58.2, 32.2; 'P NMR (D,O,
81 MHz): 6 =4.1 (d,/=16.2 Hz), 3.3 (d, J=16.2 Hz); FAB-MS: 410 [M"],
433 [M + Na']. All other new compounds gave satifsfactory spectral data.

All substrates and products prepared as 1 mM stock solutions in 50 % agq.
acetonitrile. All reagents and buffers were prepared in deionized milliQ
water. Enzymes were diluted from stock solutions (1 mgmL-!) in
phosphate buffer saline (PBS; 160 mm NaCl, 10 mm phosphate, pH 7.4),
BSA from a stock solution (40 mgmL~') in buffer (20 mm borate, pH 8.8)
or PBS. NalO, was diluted from a freshly prepared stock solution in water
(10 mm). Assays (0.1-0.2 mL) were followed in individual wells of round-
bottom polypropylene 96-well plates (Costar) using a Cytofluor II Fluo-
rescence Plate Reader (Perseptive Biosystems, filters 4., =360 & 20, A, =
460 +20 nm). Commercial enzyme preparations were purchased from
Fluka or Sigma.
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Formation of a Giant Supramolecular
Porphyrin Array by Self-Coordination**

Kazuya Ogawa and Yoshiaki Kobuke*

Methodologies for the preparation of multi-porphyrin
arrays!' have been exploited to successfully assemble arrays
of more than ten porphyrins.’! The formation of extremely
long porphyrin arrays by supramolecular coordination!” and
by covalently linking!®! porphyrins have recently been report-
ed. We have been trying to extend our previous methodology
of self-coordination and we report here a giant multi-
porphyrin array formed by the accumulation of dimeric
imidazolyl-substituted Zn porphyrins. These systems should
have the excellent photophysical properties of a chlorophyll
substitute and enable the transfer of excitation energy to be
studied.

Meso-(N-methyl)imidazolylporphyrinatozinc compounds
such as 1b afforded quantitatively a dimer of a slipped
cofacial orientation 2 by the complementary coordination of
an imidazolyl group to the Zn" center (Scheme 1).” The
coordination was very strong, but the pentacoordinating Zn™
ion prohibited further extension of the coordination structure.
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Scheme 1. Synthetic route and structures of self-assembled porphyrins. (Compounds 1b and 3b exist in CHCI; as 2 and 4, respectively.)

In order to extend this methodology to obtain higher supra-
molecules we have prepared mono(N-methylimidazolyl)-
bis(n-heptyl)porphyrin (1a) and its Zn complex (1b) having
one unsubstituted meso carbon atom. The coupling of 1b,
which exists as 2 in solution, at the meso position afforded the
interconnected porphyrinatozinc(i) compound 3b. Linear
multi-porphyrin array 4 was thus obtained by independent
complementary coordination at each imidazolylporphyrin
unit, with an orthogonal orientation of the m-orbital planes
of 3.1

Molecular weights of the resulting supramolecular porphy-
rin complexes were analyzed by using gel-permeation chro-
matography (GPC; Figure 1). The exclusion limit of the

10 H
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4 4 550000

Tg/ min ——

Figure 1. Gel-permeation chromatograms of 4 (bold line) and standard
polystyrene mixtures (dotted line, the numbers indicate molecular weights)
with a column of exclusion limit 5 x 10° daltons. The eluent is EtOH-free
CHCl;. Ty, =elution time.
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column was 5 x 103 daltons. Elution of 4 started at 8.4 min and
the peak maximum appeared at 11.6 min. The molecular
weights at these two points were determined as 5 x 10° and
1 x 10°, respectively, by using polystyrene standards to give a
rough estimate. These masses correspond to the link of about
400 and 80 bis(imidazolylporphyrin) units (M,=1298)
through imidazolyl-Zn coordination bonds. The molecular
length of the repeating unit has been estimated as 1.43 nm by
molecular mechanics calculation using the Cerius 2 program,
and hence the length of the porphyrin array reaches 550 nm
and 110 nm for the longest and the most abundant species,
respectively. It is noteworthy that multi-porphyrin arrays of
such huge molecular weights are soluble in chloroform.
Figure 2 compares the absorption spectrum of 4 (7.7 x
10~7m as 3b) with those of free base 3a and Zn complex 2
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Figure 2. Absorption and fluorescence (inset) spectra in chroloform of
imidazolylporphyrinatozinc 2 (dashed line), bis(imidazolylporphyrin) 3a
(thin line), and bis(imidazolylporphyrinatozinc) array 4 (bold line, 7.7 x
1077™ as 3b).
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in chloroform. The Soret band of the free base 1a appeared as
a single peak at 414 nm and those of the meso —meso-coupled
dimer species were split into twin peaks at 415 and 453 nm for
free base 3a and 410 and 492 nm for the Zn complex 4. Three
in-plane transition moments M,, M,, and M, in the monomeric
porphyrin are degenerate when the meso-substituent effect is
neglected, and show a single Soret band, which appears at
414 nm for 1a. Meso—meso coupling to the dimeric free base
3ainduces a red shift of M, through the interaction of parallel
excitons, while no interactions are expected for M, and M, as a
result of the orthogonality. As a result, the Soret band is split
into two: 415 nm for the M, and M, components and 453 nm
for the M, component. Coordination to form 4 then gives a
blue shift of the transition to 410 nm as a result of the face to
face orientation® in M, and M,. No MM, or M, M,
interaction is expected because of the presence of an
intervening orthogonal porphyrin plane, and therefore the
blue shift is small and independent of the degree of
organization. In contrast, the M, component could interact
successively with that of the neighboring porphyrin unit,
depending on the degree of coordination. These interactions
resulted in a splitting of the Soret band by 82 nm. The shift
behavior is compatible with the observation that the longer
Soret bands of the covalently linked di-, tri-, and tetramer of
zinc porphyrin are red-shifted from 410 nm for the monomer
in THF to 450, 480, and 490 nm, respectively.l'] The effect of
concentration on the degree of organization was examined in
the range 5.0 x 107°-2.2 x 10~*m. The Soret band at longer
wavelength, the most sensitive to the degree of organization,
remained constant at 492 nm. The complementary coordina-
tion is therefore concluded to be complete at concentrations
as low as 5.0 x 10~°M. The fluorescence emission bands of 4
(shown in the inset of Figure 2) were considerably red-shifted
(to 672 nm) by exciton interactions, while the band for the
smallest complex 2 is observed at 613 nm. The fluorescence
quantum yields of solutions of 2 and 4 in benzene were
estimated as 0.043 and 0.053, respectively. It is interesting
from a viewpoint of materials capable of light harvesting that
the fluorescence intensity of 4 with such a long array structure
is not lost at all, but is even higher than that of 2.

The above-mentioned multi-porphyrin array having such a
huge molecular weight was obtained in an EtOH-free chloro-
form solution. Addition of methanol to a solution of 4 in
chloroform (9.9 x 10-7m) reduced the splitting width of the
Soret band as a result of a blue shift of the longer Soret band
(M, transition), which passes through a clear isosbestic point
at 478 nm, and a smaller red shift of the shorter Soret band.
The addition of 30 vol % of MeOH resulted in the shift almost
reaching the saturation point, where the splitting of 41 nm was
similar to that of 3a and shows that the coordinate structure
was completely broken. The fluorescence spectra showed
similar solvent effects on both the intensity and the emission
maximum. These results show that MeOH competes with the
imidazolyl group for coordination to the Zn center and can
control the degree of organization.

A mixture of 2 and 4 in a 1:5 molar ratio in ethanol-free
chloroform was analyzed by GPC by using a column with an
exclusion limit of 7 x 10* daltons to separate smaller compo-
nents (Figure 3, thin line). Only two peaks, one starting at
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Figure 3. Gel-permeation chromatograms of a mixture of 4 and 2 in a
5:1 molar ratio (thin line) and the same sample mixture first dissolved in
CHCl;:MeOH (1:1), then evaporated, and re-dissolved in EtOH-free
CHCl; (bold line). The exclusion limit of the column is 7 x 10* daltons
(8 min). The eluent is EtOH-free CHCl;. T, =elution time.

8 min (exclusion limit, 4) and the other at 14 min (2), were
detected a few minutes after the mixing. The same sample
mixture was dissolved in a chloroform:methanol (1:1) solu-
tion, followed by evaporation. The sample was then dissolved
in chloroform and subjected to GPC analysis (Figure 3, bold
line). Many peaks of intermediate retention times then
appeared and a significant shift of the distribution maximum
to a lower molecular weight was evident. The peak at the
longest retention time (14 min) corresponds to 2, and peaks at
shorter retention times (marked by number n; n=1-6) were
assigned as a series of compounds in which #n units of 3b are
inserted between 1b terminals. The shift in the longer
wavelength part of the split Soret bands was dependent on
the intervening number of 3b units, which is in full accord with
progressing exciton interactions (see Supporting Informa-
tion). The results clearly demonstrate that the coordination-
organized supramolecules can scramble in a mixed solvent of
chloroform and methanol but cannot in ethanol-free chloro-
form, which is in accord with the UV titration data, and more
importantly that the organization can also be controlled by
the addition of an appropriate terminator such as 1b. The
molecular weights of porphyrin oligomers with n=1-6
(Figure 3) was compared with those calibrated from retention
times of polystyrene standards. The calculated molecular
weights of porphyrin oligomers were about 1.3 times larger
than the estimates and therefore the molecular weights of the
porphyrin arrays described as a rough estimate in the earlier
part of this paper were found to be even lower estimates.
The one-dimensional propagation of the multi-porphyrin
array up to a few hundred nanometers in length with close
inter-element distances and in which a reversible adjustment
of length equilibrium can be achieved by either changing the
media or the addition of a chain terminator are characteristics
most desirable for forming molecular photonics and elec-
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tronics devices.'2l Applications toward artificial photosyn-
thesis and nonlinear optics materials are under active inves-
tigation.
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Enantioselective Total Synthesis of
(+)-Gelsemine: Determination of
Its Absolute Configuration**

Satoshi Yokoshima, Hidetoshi Tokuyama, and
Tohru Fukuyama*

Since the structure of gelsemine (1) was determined in
1959, many efforts have been directed toward total synthesis
of this unique hexacyclic cage-like molecule.'! While three
groups independently accomplished the total synthesis of

[*] Prof. Dr. T. Fukuyama, S. Yokoshima, Dr. H. Tokuyama
Graduate School of Pharmaceutical Sciences
The University of Tokyo, CREST
The Japan Science and Technology Corporation (JST)
7-3-1 Hongo, Bunkyo-ku, Tokyo, 113-0033 (Japan)
Fax: (+81)3-5802-8694
E-mail: fukuyama@mol.f.u-tokyo.ac.jp

[**] This work was supported in part by the Ministry of Education, Sports,
and Culture, Japan. S.Y. thanks the JSPS for a predoctoral fellowship.

Angew. Chem. 2000, 112, Nr. 22

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

racemic gelsemine in 1994, none of them succeeded in
controlling the stereochemistry of the critical spiroindolinone
system.”l In 1996, our own approach culminated in the
completely stereocontrolled total synthesis of (+)-gelsemine
featuring a divinylcyclopropane rearrangement to control the
stereochemistry of the spiroindolinone system.B! Despite
these intensive studies, an enantioselective total synthesis of
gelsemine has not been reported to date.*l Herein, we disclose
the first enantioselective total synthesis of (+)-gelsemine.
Our retrosynthetic analysis of optically active gelsemine is
illustrated in Scheme 1. According to our racemic synthesis,
the stereochemistry of the spiroindolinone system could be

Scheme 1. Retrosynthesis of gelsemine.

controlled by thermal rearrangement of the key intermediate
3a, which should be prepared easily by condensation of
aldehyde 4 and 4-iodooxindole. The aldehyde 4 could in turn
be derived from norbornene epoxide § according to the
rearrangement reported by Meinwald et al.;! It seems quite
likely that 5 could be prepared from Diels— Alder adduct 6.

Our enantioselective total synthesis of gelsemine com-
menced with a chiral auxiliary controlled asymmetric Diels —
Alder reaction. In the presence of Et,AICl, the Diels— Alder
reaction between dienophile 9 and 5-dimethylsilylcyclopenta-
diene (10)! proceeded smoothly to give adduct 11 as a single
isomer (Scheme 2).I The relative and absolute configurations
of the adduct were determined by X-ray analysis, based on the
configuration of the Evans chiral auxiliary derived from L-
phenylalanine.® The chiral auxiliary was removed by treat-
ment with Sm(OTf); in MeOH to afford methyl ester 12.1
Oxidation of the dimethylsilyl group in 12 with H,O, in the
presence of KF to provide alcohol 13,119 followed by
epoxidation with fBuOOH and VO(acac),, gave epoxide
14.1") After protection of the alcohol as the TES ether,
dehydrochlorination by treatment with fBuOK furnished .-
unsaturated ester 15.

After extensive optimization of the acid-catalyzed rear-
rangement of 15, we found that the critical rearrangement
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