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Synthesis of [8]Cycloparaphenylene from a Square-Shaped

Tetranuclear Platinum Complex**

Shigeru Yamago,* Yoshiki Watanabe, and Takahiro Iwamoto

Hoop-shaped m-conjugated molecules have attracted the
attention of theoretical, synthetic, and supramolecular chem-
ists for more than a half century because of their unique
structures which have a distorted m system.? Among these
types of compounds, cycloparaphenylenes have gained much
interest recently because of their potential applications in
material science; they are the simplest structural unit of
armchair carbon nanotubes. Although they have a simple
structure, their synthesis has been a significant challenge.”!
Whereas the parent paraphenylenes adopt an extended linear
structure, the induced strain resulting from the cyclic and
curved structure of cycloparaphenylenes is the major syn-
thetic drawback. Recently, Bertozzi and co-workers have
reported the first, and elegant, synthesis of [9]-, [12]-, and
[18]cycloparaphenylenes.”! More recently, Itami and co-
workers have reported a selective synthesis of [12]cyclo-
paraphenylene.”! Both groups utilize the sp*-hybridized
carbon atom in either cyclohexa-2,5-diene-1,4-diol or cyclo-
hexane-1,4-diol derivatives to induce the curvature, and the
diol units are aromatized in the final step. We report herein
the synthesis of [8]cycloparaphenylene, which is the smallest
cycloparaphenylene synthesized thus far, based on a new
synthetic strategy.”

We envisioned that cis-coordinated, square-shaped tet-
ra(para-substituted oligoaryl)platinum complex 1 could be
used as a universal precursor for [4n]cycloparaphenylenes 2
(Scheme 1). Since the bond angles of the cis substituents in
platinum complexes are about 90°, formation of 1 should not
induce significant strain. Indeed, structurally related coordi-
nation complexes of palladium and platinum macrocycles
containing a 4,4'-bipyridyl unit have been already reported,”
and their analogues have been widely used in supramolecular
chemistry.“” However, to the best of our knowledge, there is
no report involving the synthesis of 1 with only covalent
platinum—carbon bonds."”’ If multiple reductive eliminations
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Scheme 1. Synthetic strategy for [4n]cycloparaphenylene.

of platinum from 1 occur, 2 could be formed despite of the
increase of molecular strain. We report herein the synthesis of
[8]cycloparaphenylene (n=2) from the corresponding pre-
cursor as a proof of principle for this strategy."”

We calculated the strain energies of several cyclopara-
phenylenes before attempting the synthesis. On the basis of
density functional theory calculations at the B3LYP/6-31G*
level of theory, the strain energy of [8]cycloparaphenylene
was 74 kcalmol ™!, whereas those of [9]-, [12]-, and [18]cyclo-
paraphenylenes were 69, 50, and 33 kcal mol !, respectively.!"

To synthesize [8]cycloparaphenylene (5), 4,4'-bis(trime-
thylstannyl)biphenyl 3" was first treated with one equivalent
of [PtCl,(cod)] (cod =1,5-cyclooctadiene) in refluxing THF
for 35 hours (Scheme 2).® The reaction gave the square-
shaped platinum complex 4a in 57 % yield, which was treated
with 1,1"-bis(diphenylphosphino)ferrocene (dppf) to give 4b
in 91 % yield. Bromine-induced reductive elimination from
4b at 95°C for 17 hours in toluene afforded 5 in 49 % yield
upon isolation. Addition of iodine™ or triphenylphos-
phine,'®! instead of bromide, did not improve the efficiency
of the reductive elimination.

In the '"H NMR spectrum of 5, a single peak was observed
at 0 =7.48 ppm, and in the "C NMR spectrum, peaks were
observed at 0=137.8 and 127.6 ppm. These spectra are
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Scheme 2. Synthesis of 5. Reaction conditions and reagents: a) [PtCl,(cod)]

(1 equiv), THF, reflux, 35 h, 57%. b) dppf (4.0 equiv), CH,Cl,, RT, 20 h, 91 %.

c) Br, (7 equiv), toluene, 95°C, 17 h, 49%.
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similar to those of the larger cycloparaphenylenes. In the
MALDI TOF mass spectrum, a molecular ion peak was
observed at m/z 608.25. All of the results are consistent with
the structure of 5.

Compound 5 absorbs UV/Vis light at 4., of 340 nm with
an absorption coefficient ¢ =34200m'cm™'. (Figure 1). The
absorption wavelength is similar to [9]-, [12]-, and [18]cyclo-
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Figure 1. a) UV (dashed line) and fluorescence (solid line) spectra and
b) fluorescent emission of 5 in chloroform.

paraphenylenes,”*! and the fluorescence spectra of 5 showed a
maximum emission at around 540 nm. The observed Stokes
shift is approximately 200 nm, the value of which is much
larger than those reported for the larger cycloparaphenylenes.
The observed trend of the Stokes shifts is also consistent with
the results reported by Bertozzi and co-workers,* but the
origin of the larger shift in [8]cycloparaphenylene requires
additional studies.

In summary, for the first time, we have synthesized
[8]cycloparaphenylene, which is the smallest cycloparaphe-
nylene derivative synthesized to date, in 25% overall yield
starting from 3. The current synthetic strategy would be
applicable to the syntheses of other [4n]cycloparaphenylenes.
In addition, since all of the reaction steps proceed under mild
and neutral reaction conditions, it should be possible to
introduce various functional groups on the aryl rings to
prepare a variety of substituted cycloparaphenylenes. We are
now actively investigating these possibilities and will report
our results in due course.

Experimental Section

Compound 4a: 3 (221 mg, 0.461 mmol) and [PtCl,(cod)] (172 mg,
0.461 mmol) were dissolved in THF (115 mL), and the mixture was
refluxed for 35h under a nitrogen atmosphere. An off-white
precipitate was formed and subsequently collected by filtration. The
solid residue was washed with hexanes and then by a small amount of
CH,Cl, to give 4a (119 mg) in 57 % yield as a off-white solid. 'H NMR
(400 MHz, CD,Cl,): 6 =2.52 (bs, 32H), 5.10 (bs, 16H), 7.12 (d, J =
6.8 Hz, 16 H), 7.19 ppm (d, J=8.0 Hz, 16H); *C NMR (100 MHz,
CD,Cl,): 6 =30.1, 104.8, 125.6, 135.0, 136.1, 154.3 ppm. IR (KBr): v =
3049, 3001, 2943, 2922, 2883, 2833, 1582, 1472, 1427, 1341, 1314, 1072,
1016, 997, 874,799, 760 cm™'. MS (FAB) m/z calcd for CgHg,Pt, [M]"
1820.5, found 1820.4.

Compound 4b: A suspension of 4a (31.1 mg, 17.0 ymol) and 1,1'-
bis(diphenylphosphino)ferrocene (39.5 mg, 71.2 umol) in CH,Cl,
(10 mL) was stirred at room temperature under a nitrogen atmos-
phere for 6 h. The solvent was removed under reduced pressure, and
the residue was washed with ethyl acetate to give 4b (55.8 mg, 91 %)
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as a pale orange solid. Due to the low solubility of 4b in common
deuterated solvents, a sufficient signal-to-noise ratio could not be
obtained to perform "C NMR spectroscopy. 'H NMR (400 MHz,
CD,Cl,): 6 =4.20 (bs, 16 H), 4.29 (bs, 16 H), 6.37 (d, J=7.6 Hz, 16H),
6.69 (m, 16H), 7.21 (t, 32H), 7.31 (t, 16H), 7.48 ppm (t, 32H).
P NMR (162 MHz, CDCLy): 6 =15.47 ppm (s, Jpp=1776 Hz). IR
(KBr): »=3051, 3003, 1674, 1639, 1582, 1475, 1435, 1389, 1308, 1099,
1072, 1037, 999, 802, 746, 694, 638, 569, 516, 492, 473 cm™".

Compound 5: Br, (3puL, 49 pmol) was added to a stirred
suspension of 4b (24.2 mg, 6.71 umol) in toluene (5 mL) which was
maintained under a nitrogen atmosphere. The reaction mixture was
stirred at 95°C for 17 h, and then the insoluble materials were filtered
off. Volatile materials in the filtrate were removed under reduced
pressure. The residue was purified using preparative gel permeation
chromatography with chloroform as the eluent, and subsequent
column chromatography on silica gel using chloroform/hexanes
mixtures with ratios (v/v) ranging from from 1:4 to 1:1 as the eluent
to give 5 (2.0mg, 49%) as a yellow solid: '"H NMR (400 MHz,
CDCLy): 6=7.48ppm (s, 32H); "CNMR (100 MHz): 6 =127.6,
137.8. IR (KBr): v=2922, 2853, 1458, 820 cm™'. MS (MALDI-TOF)
mlz caled for CygHs, [M]* 608.2505, found 608.2504.17)

Received: October 9, 2009
Revised: November 14, 2009
Published online: December 14, 2009

Keywords: conjugation - cyclophanes - nanotubes - platinum -
polycycles

[1] a) A. Schroder, H.-B. Mekelburger, F. Vogtle, Top. Curr. Chem.
1994, 172, 179; b) T. Kawase, H. Kurata, Chem. Rev. 2006, 106,
5250; ¢) K. Tahara, Y. Tobe, Chem. Rev. 2006, 106, 5274; d) L. T.
Scott, Angew. Chem. 2003, 115, 4265; Angew. Chem. Int. Ed.
2003, 42, 4133.

[2] The synthesis of hoop-shaped (formal) m-conjugated macro-

cycles has been reported: a) R.L. Viavattene, F. D. Greene,

L. D. Cheung, R. Majeste, L. M. Trefonas, J. Am. Chem. Soc.

1974, 96, 4342; b) S. Kammermeier, R. Herges, Angew. Chem.

1996, 108, 470; Angew. Chem. Int. Ed. Engl. 1996, 35, 417; c) S.

Kammermeier, P. G. Jones, R. Herges, Angew. Chem. 1996, 108,

2834; Angew. Chem. Int. Ed. Engl. 1996, 35, 2669; d)S.

Kammermeier, P. G. Jones, R. Herges, Angew. Chem. 1997,

109, 2317, Angew. Chem. Int. Ed. Engl. 1997, 36, 2200; ¢) T.

Kawase, H. R. Darabi, M. Oda, Angew. Chem. 1996, 108, 2803;

Angew. Chem. Int. Ed. Engl. 1996, 35, 2664; f) M. Ohkita, K.

Ando, T. Tsuji, Chem. Commun. 2001, 2570; g) E. Nakamura, K.

Tahara, Y. Matsuo, M. Sawamura, J. Am. Chem. Soc. 2003, 125,

2834.

a) B. D. Steinberg, L. T. Scott, Angew. Chem. 2009, 121, 5504;

Angew. Chem. Int. Ed. 2009, 48, 5400; b) R. Friederich, M.

Nieger, F. Vogtle, Chem. Ber. 1993, 126, 1723.

[4] R. Jasti, J. Bhattacharjee, J. B. Neaton, C. R. Bertozzi, J. Am.
Chem. Soc. 2008, 130, 17646.

[5] H. Takaba, H. Omachi, Y. Yamamoto, J. Bouffard, K. Itami,
Angew. Chem. 2009, 121, 6228; Angew. Chem. Int. Ed. 2009, 48,
6112.

[6] Our previous interests in hoop-shaped m-conjugated molecules:
a) E. Nakamura, S. Yamago, Acc. Chem. Res. 2002, 35, 867;b) E.
Nakamura, H. Tokuyama, S. Yamago, T. Shiraki, Y. Sugiura,
Bull. Chem. Soc. Jpn. 1996, 69, 2143.

[7] a) M. Fujita, J. Yazaki, K. Ogura, J. Am. Chem. Soc. 1990, 112,
5645; b) M. Fujita, J. Yazaki, K. Ogura, Chem. Lett. 1991, 1031,
c) P J. Stang, D. H. Cao, J. Am. Chem. Soc. 1994, 116, 4981,
d) D. C. Caskey, R. K. Shoemaker, J. Michl, Org. Lett. 2004, 6,
2093.

[3

—

Angew. Chem. Int. Ed. 2010, 49, 757759


http://dx.doi.org/10.1007/BFb0025270
http://dx.doi.org/10.1007/BFb0025270
http://dx.doi.org/10.1021/cr0509657
http://dx.doi.org/10.1021/cr0509657
http://dx.doi.org/10.1021/cr050556a
http://dx.doi.org/10.1002/ange.200301671
http://dx.doi.org/10.1002/anie.200301671
http://dx.doi.org/10.1002/anie.200301671
http://dx.doi.org/10.1021/ja00820a058
http://dx.doi.org/10.1021/ja00820a058
http://dx.doi.org/10.1002/ange.19961080416
http://dx.doi.org/10.1002/ange.19961080416
http://dx.doi.org/10.1002/anie.199604171
http://dx.doi.org/10.1002/ange.19961082227
http://dx.doi.org/10.1002/ange.19961082227
http://dx.doi.org/10.1002/anie.199626691
http://dx.doi.org/10.1002/ange.19971092021
http://dx.doi.org/10.1002/ange.19971092021
http://dx.doi.org/10.1002/anie.199722001
http://dx.doi.org/10.1002/ange.19961082214
http://dx.doi.org/10.1002/anie.199626641
http://dx.doi.org/10.1039/b108253c
http://dx.doi.org/10.1021/ja029915z
http://dx.doi.org/10.1021/ja029915z
http://dx.doi.org/10.1002/ange.200901025
http://dx.doi.org/10.1002/anie.200901025
http://dx.doi.org/10.1002/cber.19931260732
http://dx.doi.org/10.1021/ja807126u
http://dx.doi.org/10.1021/ja807126u
http://dx.doi.org/10.1002/ange.200902617
http://dx.doi.org/10.1002/anie.200902617
http://dx.doi.org/10.1002/anie.200902617
http://dx.doi.org/10.1021/ar0100935
http://dx.doi.org/10.1246/bcsj.69.2143
http://dx.doi.org/10.1021/ja00170a042
http://dx.doi.org/10.1021/ja00170a042
http://dx.doi.org/10.1246/cl.1991.1031
http://dx.doi.org/10.1021/ja00090a051
http://dx.doi.org/10.1021/ol049539i
http://dx.doi.org/10.1021/ol049539i
http://www.angewandte.org

(8]

]

(10]

(1]

Angew. Chem. Int. Ed. 2010, 49, 757-759

a) M. Fujita, M. Tominaga, A. Hori, B. Therrien, Acc. Chem. Res.
2005, 38,369; b) S. Leininger, B. Olenyuk, P. J. Stang, Chem. Rev.
2000, 700, 853.

A square shaped tetranuclear platinum-butadiyne complex has
been reported. S. M. ALQuaisi, K. J. Galat, M. Chai, D. G. Ray,
II1, P. L. Rinaldi, C. A. Tessier, W. J. Youngs, J. Am. Chem. Soc.
1998, 120, 12149.

The random synthesis of [n]cyclothiophenes mediated by
oligometallic platinum complexes has been reported: a)G.
Fuhrmann, T. Debaerdemaeker, P. Biuerle, Chem. Commun.
2003, 948; b) F. Zhang, G. Goétz, H. D. F. Winkler, C. A. Schalley,
P. Bauerle, Angew. Chem. 2009, 121, 6758; Angew. Chem. Int.
Ed. 2009, 48, 6632.

Strain energy is estimated from the difference of total energies
between [n]paraphenylene [H(C¢H,),H] and [n]cycloparaphe-

Angewandte

nylene [(C¢H,),] and hydrogen by the DFT calculation. No zero-
point energy correlation was included. Our calculated values are
very close to those obtained by Itami and co-workers (refer-
ence [5]) but considerably different from those reported by
Bertozzi and co-workers (see reference [4]).

[12] M. D. Curtis, A. L. Allred, J. Am. Chem. Soc. 1965, 87, 2554.

[13] C. Eaborn, K. J. Odell, A. Pidcock, J. Chem. Soc. Dalton 1978,
357.

[14] A.Yahav-Levi, I. Goldberg, A. Vigalok, J. Am. Chem. Soc. 2006,
128, 8710.

[15] A. Yahav-Levi, I. Goldberg, A. Vigalok, A.N. Vedemikov, J.
Am. Chem. Soc. 2008, 130, 724.

[16] S. Shekhar, J. F. Hartwig, J. Am. Chem. Soc. 2004, 126, 13016.

[17] We could not observe a melting point below 300°C.

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

Chemie

759


http://dx.doi.org/10.1021/ar040153h
http://dx.doi.org/10.1021/ar040153h
http://dx.doi.org/10.1021/cr9601324
http://dx.doi.org/10.1021/cr9601324
http://dx.doi.org/10.1021/ja981040u
http://dx.doi.org/10.1021/ja981040u
http://dx.doi.org/10.1039/b300542a
http://dx.doi.org/10.1039/b300542a
http://dx.doi.org/10.1002/ange.200900101
http://dx.doi.org/10.1002/anie.200900101
http://dx.doi.org/10.1002/anie.200900101
http://dx.doi.org/10.1021/ja01090a006
http://dx.doi.org/10.1039/dt9780000357
http://dx.doi.org/10.1039/dt9780000357
http://dx.doi.org/10.1021/ja062166r
http://dx.doi.org/10.1021/ja062166r
http://dx.doi.org/10.1021/ja077258a
http://dx.doi.org/10.1021/ja077258a
http://dx.doi.org/10.1021/ja0480365
http://www.angewandte.org

