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ABSTRACT

Porphyrin macrocycles composed of five and six units of m-gable imidazolylporphyrinatozinc (1-Zn) were synthesized by self-assembled
cyclization followed by ring-closing metathesis linkings. Each porphyrin macrocycle was isolated by GPC chromatography, and their molecular
weights were determined by MALDI-TOF mass spectroscopy. These structures represent mimics of light-harvesting complexes in photosynthetic
bacteria.

X-ray crystallography, electron microscopy, and other ana- without the use of covalent bonding. Construction of such
lytical methods have been used to determine the structuremolecular systems has long been a challenging synthetic
of light-harvesting (LH) complexes obtained from photo- target in view of their importance in biological energy
synthetic bacterid Although the structures of several other transformation events.Successfully mimicking natural
LH systems have been elucidated, perhaps the most fascinatsystems would be an important demonstration of the useful-
ing basic structure is that of the higher-ordered barrel of LH1 ness of supramolecular science. In LH complexes, trans-
and B850 in LH2. These naturally occurring complexes have membrane helices supply the matrix in which the chloro-
been constructed using only intermolecular forces, especially
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T Japan Science and Technology Corporation (JST). (b) Sanders, J. K. M. IThe Porphyrin HandbookiKadish, K. M., Smith,

*Nara Institute of Science and Technology. K. M., Guilard, R., Eds.; Academic Press: New York, 2000; Vol. 3, pp

(1) (@) McDermott, G.; Prince, S. M.; Freer, A. A.; Hawthornthwaite- 347—368. (c) Li, J.; Ambroise, A.; Yang, S. |.; Diers, J. R.; Seth, J.; Wack,
Lawless, A. M.; Papiz, M. Z.; Cogdell, R. J.; Isaacs, N. Mature 1995, C. R.; Bocian, D. F.; Holten, D.; Lindsey, J. $. Am. Chem. S0d.999,
374, 517-521. (b) Karrasch, S.; Bullough, P. A.; Ghosh,EMBO J.1995 121, 8927—8940. (d) Mongin, O.; Schuwey, A.; Vallot, M.-A.; Gossauer,

14, 631—-638. (c) Savage, H.; Cyrklaff, M.; Montoya, G.; Kuhlbrandt, W.; A. Tetrahedron Lett1999, 40, 83478350. Supramolecular apporaches:
Sinning, |. Structure1996,4, 243—252. (d) Koepke, J.; Hu, X.; Muenke, (e) Knapp, S.; Vasudevan, J.; Emge, T. J.; Arison, B. H.; Potenza, J. A.;

C.; Schulten, K.; Michel, HStructure1996, 4, 581—-597. (e) Walz, T.; Schugar, H. JAngew. Chem., Int. EA.998,37, 2368—2370. (f) Haycock,
Jamieson, S. J.; Bowers, C. M.; Bullough, P. A.; Hunter, C.JNMol. R. A.; Hunter, C. A.; James, D. A.; Michelsen, U.; Sutton L.GRg. Lett.
Biol. 1998,282, 833—845. (f) McLuskey, K.; Prince, S. M.; Cogdell, R. J.; 2000,2, 2435—2438. (g) lkeda, C.; Nagahara, N.; Yoshioka, N.; Inoue, H.
Isaacs, N. WBiochemistry2001,40, 8783—8789. New J. Chem2000,24, 897—902.

10.1021/0l0357191 CCC: $25.00  © 2003 American Chemical Society
Published on Web 11/25/2003



phylls are embedded. We have been interested in constructin
LH complexes in the simplest way without using any peptide Scheme 2. Synthesis of Gable Porphyrib-Fb
matrixes. A method of obtaining extremely stable complexes

has been established applying the complementary coordina-¢ * 33
tion of imidazolylporphyrin Zn complexésusing anm- fed sea
phenylene unit to bridge two porphyrins in a so-called gable S5o2% 5o
porphyrin arrangemeritSix gable porphyrins were expected

to coordinate into a hexagonal structure of six complemen-
tarily coordinated dimer3.

In this study, several methods of structural analysis were
used to support the proposed structure of the macrorings and
the hexamer. Even so, the smaller aggregate could not
conclusively be assigned as the pentamer, in part because

1.5 eq. + 0.5 eq. (with TFA
1 eq.); Et3N (6.5 eq);
p-chloranil (4eq)

of large experimental errors associated with the small R 8
scattering intensities arising from the small size ring. - o
However, the primary reason for the uncertainty was that TS
the mass spectrometry was insufficiently powerful to give

molecular ion peaks, even though the coordination interaction
itself was strong enough in solution to retain almost 100%
of the supramolecular structure. Mass spectrometry afforded
predominantly a monomeric peak of small intensity due to
the presence of the dimérn this report, we developed
another methodology finally to confirm the formation of
macrocyclic six- and five-membered rings. Here, each pair hydro|ysis afforded porphyrinﬁi in 85% y|e|d Second
of Complementarily coordinated dimers was connected to the cyclization to obtain a gable porphyrih;Fb, was improved
other by its own template. over the previous methddt was realized that the reactivity
Olefin metathesis reactions have recently been utilized asqf porphyrin-substituted benzaldehy@evas lower than that
a key reaction for C—C bond formation for a variety of of imidazole aldehyde2. When the three componenss 3,
synthetic target§This reaction has been applied to connect ande, were mixed at once, even though a significant amount
the complementary coordination pair, since all the meso of pisimidazolylporphyrin 8 was produced, porphyrin-
substituents were brought into close proximity to each other sypstituted benzaldehydewas left unreacted. Therefore,
in the corresponding positions in the coordination pdihe imidazole aldehyde2, was added portionwise by monitoring
substituents at the 10(0 and 20(20-meso positions of  the mixture’s mass spectrum. When only dipyrromethane,
5(5')-meta-phenylene-bridged 15(15")-imidazolyl porphyrin 3 and aldehydé& were mixed in the presence of TFA (5
were then converted to allyloxypropyl substituents. The route equiv), aldehyd® was gradually consumed and tetrapyrrole,
for synthesis ofm-bis(15-N-methylimidazolylporphynyl)- 7 formed.2 (1.2 equiv) was added once the aldehyélg,
phenylene (gable porphyrid)}Fb is illustrated in Schemes  had disappeared (normally after 1.5 h). If unreacted tetra-
1and 2. pyrrane7 was observed after 1 h, an additional aliquo®of
(0.5 equiv) was added along with TFA (1 equiv). After
disappearance of tetrapyrrang,the reaction mixture was

Scheme 1. Synthesis of Porphyri6 neutralized by the addition of 4, and then chloranil was
| A0 OHG added. The reaction mixture contained bisimidazolylpor-
[N,H;Ho Q\@ Qo phyrin, 8, mrgable porphyrinl-Fb (13—17%), and porphyrin
N NHHN 4 trimer, 9 (5—8%). A first purification by column chroma-
2 Ted 3 2o Teq. tography using Si@(10—40% (v/v) acetone in CHG) gave

a mixture ofm-gable porphyrirl-Fb and trimer9, eliminat-

o)
O 5 %—<o><

CF3CO,H (3 eq.) | CFACOM 2) 419 ((%)) éobuke,KY.;KMti)yall(ji, I;IA.J. Am.C(%hem. ISO%?Q%%C)%% 23%_
CHCl3 (5 mM}; 3L02 . gawa, K.; Kobuke, Yangew. em., Int. ,39, -
p-chl(frénil@)eq} EN' { > O COH?’COZH ) 4073
N = 5% H2804 aq (1) (4) (a) Tabushi, |.; Sasaki, Tetrahedron Lett1982,23, 1913—1916.
13% 70-80 °C (b) Tabushi, I.; Kugimiya, S.; Kinnaird, M. G.; Sasaki, J. Am. Chem.
o~ 6 R =CHO (85%) S0c.1985,107, 4192—4199.
(5) Takahashi, R.; Kobuke, YJ. Am. Chem. SoQ003, 125, 2372—
2373.
(6) All attempts to detect macroring formation by soft ionization mass
The reaction oN-methylimidazole aldehyd2 (1 equiv) spectrometries, which included FAB, ion spray, and cold electrospray mass
. . . ' spectrometries, were unsuccessful.
dipyrromethanes (2 equiv), and monoprotected isophthal- (7) Review: Trnka, T. M.; Grubbs, R. Hicc. Chem. Re001, 34,

aldehyde4, (1 equiv) in the presence of gGEO,H (TFA, 3 18&3%?:- | aoplication of olefin metathesi fons t

. P . : : or a more general application of olefin metathesis reactions to our
eql;"V) fOIIOV\_’ed by OX|dat'0r_1 with chloranil gave porphyrin, supramolecular systems by its own template assistance, see: Ohashi, A,;
5, in 13% yield. Deprotection of the acetal group iy Satake, A.; Kobuke, YBull. Chem. Soc. Jpr2004, in press.
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Scheme 3. Reorganization ofl.-Zn and Covalent Linkage

N
N4 1-Fb M =2H

Zn(OAc),
1-Zn M =2n )

reorganization
see text

Grubbs cat.
05+0.3eq

in CH2C|2

16.5% from 1-Fb

ing bisimidazolylporphyrin8 and any other polymeric
compounds. The mixture df-Fb and9 was purified by a
recycling GPC systerm (Japan Analytical Industry Co., Ltd.)
using a Tosoh GM2500i# column (exclusion limit 20 000
Da) with CHCK/MeOH 10/1 as an eluent to give the trimer
(5—8% based on aldehyd®) andm-gable porphyrin (13
17%). (Figure S1 in Supporting Infomation)

Introduction of Zn assembled imidazolylporphyrinatozinc
gable into a mixture of oligomers and macrocycles. The
coordination bond weakened in a CHEMeOH solution
(7:3 (v/v), 0.02 mM) and the complex reorganized according
to the procedure established in a previous communication.

meso-n-heptyl substituents, except that the two split peaks
coalesced to a single peak. However, this problem was
overcome by using a recycling GPC system. At this point,
the reaction mixture was subjected directly to the olefin
metathesis reaction by the addition of Grubbs catalyst.
Reaction of the reorganized components with Grubbs catalyst
(0.5 equiv based on 1 unit of gable porphyrin) was carried
out in CHCl,. This time, macrocyclic compounds could be
observed directly by MALDI-TOF mass spectra. In a typical
case, peaks at/z 6592 and 7909, corresponding to the
macrocyclic pentamer and hexamer, covalently linked by the
ring-closing metathesis substituents, were observed after 2

After this procedure, GPC analysis showed the disappearancén along with peaks am/z 6621, 6649, 7937, and 7961,
of almost all the oligomers and demonstrated a convergentcorresponding to macrocyclic pentamers and hexamers. This

peak at 11.79 min (Figure S2 in Supporting Information).

left two or four allylic moieties unreacted. These unreacted

The behavior and retention times of this peak were very allylic moieties were gradually consumed, but the rate of

similar to that observed previously in gable porphyrins with
Org. Lett., Vol. 5, No. 26, 2003

reaction became very slow at the last stage. To consume the
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unreacted olefins, an additional 0.3 equiv of Grubbs catalyst
was added. Finally, the convergent peaksnaiz 6592

(pentamer) and 7910 (hexamer) were obtained as dominant

peaks together with small peaks at 9228, 13 199, 14 524,

and 15 817, corresponding to seven, ten, eleven, and twelve

units of them-gable porphyrin, respectively. The relative

intensities of the peak maxima in a typical experiment were
100 (pentamer):62 (hexamer):1.8 (heptamer):7.0 (decamer)
5.8 (undecamer):4.0 (dodecamer) (Figure 1). Neither the
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Figure 1. Mass spectrum of covalently
prepared by ring-closing metathesis.

linked macrocycles

octamer nor the nonamer could be detected. Since two
porphyrin moieties were connected at the 1- and 3-positions
of benzene, the angle between the two porphyrins was nea
to 120°. Therefore, the thermodynamically stable structure
should be a hexamer. However, dynamic processes explai
the observed product distribution. Since oligomer units grow
from a smaller number of units as a result of a reorganization
process, the pentamer can be cyclized kinetically under thes
conditions, albeit at the expense of angle strain. This

hypothesis was supported by the presence of a small amoun

of the heptamer. The decamer, undecamer, and dodecam
were likely formed by intermolecular connection between
pentamer and hexamer moieties. The mixture was purified
by recycling GPC system with a Tosoh G30Q@Holumn
(exclusion limit 60 000 Da) with CHGIMeOH 10/1 as an

. Fr.2

Fr.1

"

—
recycled

| S— [ — ’ ITATT |
recycled recycled collection 1

Figure 2. Chromatograms of covalently linked macrorings using
recycling GPC systems. After three recycling processes, fractions
1-3 (Frs. 1-3) were collected. Mass spectra of Fr. 2 and Fr. 3 are
shown in Figure S4 and S5 in Supporting Information.
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interaction for N-macro-rings in CHGlchanged into a sharp
single peak in pyridine. The spectrum of C-macrorings after
metathesis did not show any difference in two solvents
(Figure S5). This was a remarkable feature considering that
the imidazole can compete favorably for coordination even
in the presence of Z0nolar excess of strongly coordinating
pyridine (log K = 3.8)1° This was brought about by the
intramolecular coordination of the imidazolyl moieties in
parallel alignment with slipped cofacial porphyrin groups.
In summary, efficient supramolecular macrocyclization of
anm-gable porphyrin was demonstrated. Intramolecular ring-
closing metathesis reactions between complementary coor-
dination pairs connected all of the ring components to ensure

"the observation of molecular ion peaks, finally proving the

macrocyclic structure of the gable porphryn. It was demon-
strated that a smaller ring formed in the process of re-
organization under highly dilute conditions was a pentameric
macroring. These substrates could afford excellent materials
For studying and understanding the mechanisms operating
in natural photosynthetic light-harvesting systems and further
developing highly efficient artificial photosynthesis systems.
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Supporting Information Available: Experimental details

These figures show a macrocyclic hexamer (C-hexamaer,for synthetic procedures, spectroscopic data, and gel perme-

16.5%) and a pentamer (C-pentamer, 27.5%). Fraction 1
contained the heptamer and larger macrocycles.

The stability constant of the complementary coordination
of imidazolyl-Zn in CHC} was very large, reaching 10
M~1, but the dimer can be dissociated into monomeric units
in coordinating solvents such as MeOH and pyridi&hus,
the characteristic split Soret band arising from an exciton
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