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Figure 3. Cyclic voltammogram of an array of poly(N-methylpyrrole)
microtubules (see Figure 2¢). Tubule diameter was 1.0 um. The sub-
strate electrode was a 0.5-cm? Pt disk. The supporting elecirolyle was
0.2 M E,NBF, in CH;CN. The scan rate was 10 mV s™'. Anodic
currents are down and cathodic currents are up in this figure.

complished by dissolving the membrane in CH,Cl, and collecting
the tubules by filtration.*$

Figure 2a shows an electron micrograph of typical template-
synthesized polypyrrole microtubules. Because the Nuclepore
membrane used was 8 um thick, these tubules are 8 um long. This
ability to produce tubules with monodisperse lengths is a unique
and important feature of the template method. Furthermore,
because Nuclepore membranes have monodisperse pore diame-
ters,** monodisperse tubule diameters are also obtained (Figure
2b). Finally, tubule diameter and length can be varied, at will,
by varying the characteristics of the template membrane.*

Figure 2¢ shows an electron micrograph of electrochemically
synthesized poly(/N-methylpyrrole) tubules. Note that while the
template membrane has been dissolved away, the tubules are still
arranged in an upright array. This is because electrochemically
synthesized tubules are connected at their bases to a thin conti-
guous film of the heterocyclic polymer. This ability to produce
an upright array of tubules, connected by a common base-layer
film, is another unique, and perhaps useful, feature of the template
method.

The polyheterocyclic tubules show redox reactions typical of
the parent polymer’ (Figure 3). Thus, like the parent polymer,
these tubules can be reversibly switched between electronically
insulating and electronically conductive states.” Furthermore, we
have recently shown that template synthesis dramatically enhances
the electronic conductivities of such polymers.* The redox
chemistry in Figure 3 also raises the interesting possibility of
making tubule-based electroreleasing systems.! We are currently
pursuing this possibility.

Finally, it is interesting to speculate on the mechanism re-
sponsible for tubule formation in the template process. The key
to this process is the adsorption of the nascent polyheterocyclic
chain to the pore wall. Heterocyclic polymers are synthesized
via oxidation of the monomer and subsequent coupling of the radial
cations obtained; a cationic polymer is produced. The pore walls
in Nuclepore membrane are anionic.” Thus, electrostatic at-
traction undoubtedly contributes to the adsorptive interaction
between the pore wall and the nascent polyheterocyclic chain. We

(6) Van Dyke, L. S.; Martin, C. R. Langmuir 1990, 6, 1118.

(7) Diaz, A. F.; Bargon, J. In Handbook of Conducting Polymers; Sko-
theim, T. A., Ed.; Marcel Dekker: New York, 1986.

(8) Miller, L. L. In Functional Polymers; Bergbreiter, D. E.; Martin, C.
R., Eds.; Plenum Press: New York, 1989.

(g) Martinez, L.; Hernandez, A.; Tejerina, A. F. Sep. Sci. Technol. 1987,
22, 85.
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are using this hypothesis to identify other polymers and membranes
which can be used for template syntheses of organic microtubules.
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A new class of host molecules whose optical properties are
markedly perturbed by the presence of cations are of current
interest.!  These “recognition and signaling” molecules may
stimulate the investigation of molecular sensors for biologically
important alkali-metal ions. Thus, numerous fluoroionophores?
and chromoionophores? have been synthesized.

We report herein the preliminary results obtained for spiro-
pyrans* bearing a monoaza-crown ring (1) as a recognition site,’
of which isomerization to the colored merocyanines (2) is induced
by recognition of alkali-metal cations (Scheme I). This new type
of chromoionophore is conceptually different from the crown ether
dyes so far synthesized, because in the latter cases, the absorption
bands of chromophores are merely shifted by the complexation
of cations.

The new spiropyrans 1 were prepared in three steps from
N-chloroacetyl monoaza-crown ethers 7¢ in 28-32% overall yields
(Scheme II).

The spiropyrans 1 thus prepared showed no absorption bands
above 450 nm in nonhydroxylic solvents (CH,CN, acetone, etc.).
However, addition of alkali-metal iodides to these solutions gave
rise to changes in their absorption spectra. When a S-fold molar

(1) For reviews: (a) Lohr, H.-G.; Vogile, F. Acc. Chem. Res. 1988, 18,
65-72. (b) Lehn, J.-M. Angew. Chem., Int. Ed. Engl. 1988, 27, 89-112.

(2) (a) Shinkai, S.; Ishikawa, Y.; Shinkai, H.; Tsuno, T.; Makishima, H.;
Ueda, K.; Manabe, O. J. Am. Chem. Soc. 1984, 106, 1801-1808. (b)
Bouas-Laureni, H.; Castellan, A.; Daney, M.; Desvergne, J.-P.; Guinand, G.;
Marsau, P.; Riffaud, M.-H. J. Am. Chem. Soc. 1986, 108, 315-317. (c) De
Silva, A. P.; De Silva, S. A. J. Chem. Soc., Chem. Commun. 1986, 1709-1710.
(d) Ghosh, S.; Petrin, M.; Maki, H.; Sousa, L. R. J. Chem. Phys. 1987, 87,
4315-4323. (e) Adams, S. R; Kao, J. P. Y.; Grynkiewicz, G.; Minta, A;
Tslen, R. Y. J. Am. Chem. Soc. 1988, 110, 3212-3220. (f) Hunson, M. E,;
Haider, K. W.; Czarnik, A. W. J. Am. Chem. Soc. 1988, |10, 4460-4462.
(g) Fery-Forgues, S.; Le Bris, M.-T.; Guet1¢, J.-P.; Valeur, B. J. Phys. Chem.
1988, 92, 6233-6237. (h) Fery-Forgues, S.; Le Bris, M.-T.; Guel1é, J.-P.;
Valeur, B. J. Chem. Soc., Chem. Commun. 1988, 384-385. (i) Huston, M.
E.; Akkaya, E. U.; Czarnik, A, W. J. Am. Chem. Soc. 1989, 111,8735-8737.
(j) Fages, F.; Desverge, J.-P.; Bouas-Laurent, H.; Marsau, P.; Lehn, J.-M ;
Kolzyba-Hiber1, F.; Albrechi-Gray, A.-M.; Al-Joubbeh, M. J. Am. Chem.
Soc. 1989, 111, 8672-8680 and references therein. (k) De Silva, A. P,;
Niemal Gunaratne, H. Q. J. Chem. Soc., Chem. Commun. 1990, 186-188.

(3) (a) Ogawa, S.; Narushima, R.; Arai, Y. J. Am. Chem. Soc. 1984, 106,
5760~5762. (b) Kaneda, T.; Umeda, S.; Tanigawa, H.; Misumi, S.; Kai, Y.;
Morii, H.; Miki, K.; Kasai, N. J. Am. Chem. Soc. 1988, 107, 4802-4803. (c)
Helgeson, R. C.; Czech, B. P.; Chapoteau, E.; Gebauer, C. R.; Kumar, A.;
Cram, D. J. J. Am. Chem. Soc. 1989, 111, 6339-6350 and references 1herein.

(4) (a) For a general review of 1he chemisiry of spiropyrans, see: Bertelson,
R. C. In Photochromism; Brown, G. H., Ed.; Wiley-Inierscience: New York,
1971. (b) Some spiropyrans have been ulilized as photoresponsive functional
molecules: Sunamoto, J.; Iwamoto, K.; Mohri, Y.; Kominato, T. J. Am.
Chem. Soc. 1982, 104, 5502-5504. Winkler, J. D.; Deshayes, K.; Shao, B.
Ibid. 1989, 111,769-770. Ciardelli, F.; Fabbi, D.; Pieroni, O.; Fissi, A. Ibid.
1989, /11, 3470-3472.

(5) Osa el al. synthesized spirobenzopyran derivatives bearing benzo-15-
crown-$ and examined their pholoresponsive calion binding ability: Sakai,
H.; Ueno, A.; Anzai, J.; Osa, T. Bull. Chem. Soc. Jpn. 1986, 59, 1953-1956.

(6) McLain, S. J. Inorg. Chem. 1986, 25, 3124-3127.
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Figure 1. The clectronic absorption specira of the acelonitrile solutions of (a) 1b and (b) 1c in the presence or absence of alkali-metal iodides.® The
spectrum of 1a was similar 10 1ha1 of 1b. In par1 a, 1he spectra with RbI and Csl were omitted for clarity.
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“(a) 2,3,3-Trimethylindolenine, Nal, CH,;CN, reflux, 12 h; (b)

NaOH or KOH, H,0, room temperature, 10 min; (c) 5-nitrosalicylal-
dehyde, E1OH, reflux, 5-6 h.

quantity of Lil was added to the acetonitrile solutions of 1a and
1b, new absorption bands appeared (1a, Ay, = 530 nm, e = 4700;
1b, A = 530 nm, e = 10000). However, only negligible changes
or no changes were observed upon addition of Nal, K1, Rbl, and
Csl (Figure 1a). While 1c¢ revealed a small but significant
selective absorption with Nal, cation-induced hypsochromic band
shifts of Li*, Na*, K*, Rb*, and Cs*, which decreased in that
order, were explained satisfactorily by the electrostatic interactions
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Figure 2. The '"H NMR spectra of 1b in CD,CN (a) almos! immediately
afier 1he addition of Lil and (b) afier 48 h.

between the complexed cations and the p-nitrophenolate dipole
of the merocyanine (Figure 1b).!2 Unfortunately, 1d showed no
changes in its absorption spectrum in the presence of any alka-
li-metal iodides.

The emerging absorption bands were shown to be due unam-
biguously to the merocyanine structures 2a and 2b on the basis
of the following NMR experiments. To a CD,CN solution (0.8
mL) of 1b (50 umol) was added Lil (250 umol), and 'H NMR
spectra were measured as a function of time in the dark. Almost
immediately after the addition of Lil, the signals of only 1b were
detected. With the elapse of time, however, new resonances began
to appear, and after 48 h, equilibrium was reached (Figure 2).
The new resonances were unambiguously assigned as those of a
merocyanine (2b) on the basis of chemical shifts, coupling con-
stants, and 'H-'H COSY. The determination of olefinic protons

of 2b (HY and H®: J = 15.3 Hz) was made by comparison of
its NMR spectrum with that of 2e.’

Subsequently, NOE experiments were carried out in order to
determine the conformation of 2b. Irradiation of geminal dimethyl
protons resulted in significant changes in the intensities of H
(+16.7%) and H® (-4.6%), but only a negligible change was
observed for H¥. Furthermore, irradiation of H resulted in a
+23.0% NOE for HY. These results suggest that the conformation
of 2b is that depicted in Scheme I and that neither the 3H-indolium
nor p-nitrophenolate units rotate around the olefinic double bond.

Although it may be difficult to determine all the factors con-
tributing to the coloration of the spiropyrans (i.e., isomerization

(7) Spiropyran le was prepared from the corresponding deuteraled pre-
cursor in E10D according 10 the procedure described for 1a—d.

(8) The absorption specira were measured for 0.2 mM acelonitrile solutions
of 2a and 2b in the presence or absence of alkali-melal iodides (1.0 mM) afler
the solutions had been allowed 10 stand in 1he dark for 12 h.
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to the merocyanines), it is anticipated that recognition of alka-
li-metal cations in the neighborhood of the spiropyran unit is
essential. Indeed, the absorption spectra of 3° and 4!° were not
at all affected by the alkali-metal iodides, and 5,'° the corre-
sponding acyclic analogue of 1a, showed much less Li* selectivity
than 1a. Furthermore, little change in the spectrum of 3 occurred
even in the presence of 1 equiv of /V-acetylmonoaza-18-crown-6
(6b) and the alkali-metal iodides.!! These results substantiate
the interpretation previously described.

In conclusion, the present work demonstrates that recognition
of lithium cations causes a spiropyran to isomerize to a mero-
cyanine, of which structural details have been obtained for the
first time.'? This result illustrates the concept of a new type of
artificial receptor in which guest recognition induces a change
in the molecular structure, which in turn causes development of
a spectral signal.

Supplementary Material Available: Preparations and physical
and spectral data for 1, 4, 5, and 8 (5 pages). Ordering infor-
mation is given on any current masthead page.

(9) Berman, E.; Fox, R. E.; Thomson, F. D. J. Am. Chem. Soc. 1959, 81,
5605-5608.

(10) Spiropyrans 4 and § were prepared from 1he corresponding chloro-
acelamides by a manner similar 10 thal described for 1.

(11) On 1he basis of picrale exiractions, i1 was found thai alkali-melal
cation complexing abilities of model compounds 6 decreased in 1he order Na*
> Li* > K* for 6b and K* > Li* > Na* for 6¢c. CPK molecular models
showed, however, 1hal the radius of the cavily of spiropyrans 1 was smaller
than 1hai of the corresponding model compounds 6.

(12) Toppe! et al. reporied an NMR study on merocyanines and suggested
the their trans struciure, bui details were not given: Toppel, S.; Quintens, W.;
Smets, G. Tetrahedron 1978, 31, 1957-1958.
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1t was recognized several years ago' that M,(O,CR), molecules
could serve as chromophores capable of manifesting the chirality
of organic molecules with donor functionalities as readily ob-
servable CD effects in the visible region of the spectrum. For this
purpose Mo,(O,CCH;), was first employed.'? Other studies have
provided a great deal of information about the assignment of the
spectrum? and the response of the Mo,** chromophore to chiral
surroundings.* Nevertheless, Mo,(O,CCH}), and related Mo,**
species are not entirely satisfactory because of their low acceptor
strength in the axial position, so that they form optically active
complexes only by ligand-exchange reactions with bidentate ligands
such as carboxylic acids, diols, aminoles, and others. The search
for a more effective compound then turned to the Rh,(O,CR),
molecules, which are stable, easily prepared and handled,® and

(1) Snatzke, G.; Wagner, U.; Wolff, H. P. Tetrahedron 1981, 37, 349.

(2) (a) Frelek, J.; Perkowska, A.; Snaizke, G.; Tima, M.; Wagner, U.;
Wolff, H. P. Spectrosc. Int. J. 1983, 2, 274. (b) Liplak, A.; Frelek, J;
Snaizke, G.; Vlahov, |. Carbohydr. Res. 1987, 164, 149.

(3) Cotton, F. A,; Zhong, B. J. Am. Chem. Soc. 1990, 112, 2256, and
earlier references cited therein.

(4) (a) Agaskar, P. A;; Cotton, F. A, Fraser, 1. F.; Manojlovic-Muir, L.;
Muir, K. W.: Peacock, R. D. Inorg. Chem. 1986, 25, 2511. (b) Chen, J.-D.:
Cotton, F. A. Inorg. Chem.. in press.
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Figure 1. Molecular struciure and atom-naming scheme for Rh,-

(CF;COO0),((-)-trans-caryophyllene),, with atoms of 1the core repre-
sented by their S0% probability ellipsoids. Selected distances (in A) and
angles (in degrees): Rh(1)-Rh(2), 2.461 (1); (Rh-0),,, 2.052 [4];
Rh(1)-C(9), 2.46 (1); Rh(1)-C(10), 2.63 (1); Rh(2)-C(24), 2.46 (1),
Rh(2)-C(25), 2.62 (1); (Rh-Rh-0},,, 87.2 [3]; Rh(2)-Rh(1)-C(9),
165.2 (3); Rh(2)-Rh(1)-C(10), 163.1 (3); Rh(1)-Rh(2)-C(24), 162.5
(3); Rh(1)-Rh(2)-C(25), 166.4 (3).

which also have well-understood electronic spectra

Recently it was shown’ that Rhy(O,CCF,), is broadly useful
because of its (already well-established®) ability to bond many
types of axial ligands. From spectral observations it even appeared
capable of binding unfunctionalized olefins,” presumably by direct
attachment of C=C bonds at one or both of the axial positions.
There has never before been structural evidence for the binding
of any olefin to any M,(0O,CR), species.'® Moreover, in order
to make the most intelligent interpretation of the induced CD
effects for Rhy(O,CCF;)4/olefin systems, it is necessary to know
the spatial relationship of the olefin molecule or molecules to the
Rh,(0,CCF;), molecule. For these two reasons we have deter-
mined for the first time the structure of a M,(O,CR),(olefin),-type
compound, namely, Rh,(O,CCF;),((-)trans-caryophyllene),.

The molecular structure is shown in Figure 1. The compound
crystallizes in chiral space group P2,2,2, (No. 19), and the
structure determination proceeded normally.!! The caryophyliene
molecules are bound through the endo double bonds and the
binding appears to be strong though unsymmetrical. The Rh-C
distances are longer to the more hindered carbon atoms (ca. 2.63
A). The shorter Rh—C distances (both 2.46 (1) A) are indicative
of genuine bonding. The strength of the axial interaction is
evidenced indirectly by the length of the Rh—Rh bond, 2.461 (1)
A, which is one of the longest known among all Rh,(O,CR),L,
molecules.'?

(5) (a) Cotton, F. A.; Walton, R. A. Mulliple Bonds Between Metal
Atoms; John Wiley & Sons: New York, 1982. (b) Felthouse, T. R. Prog.
Inorg. Chem. 1982, 29, 73. (c) Boyar, E. B; Robinson, S. D. Coord. Chem.
Rev. 1983, 50, 109.

(6) Trexler, J. W., Jr,; Schreiner, A. F.; Collon, F. A. Inorg. Chem. 1988,
27, 3265, and references cited therein.

(7) Gerards, M.; Snaizke, G. Tetrahedron. Asymmetry 1990, I, 221.

(8) Schurig, V.; Bear, J. L.; Zlalkis, A. Chromatographia 1972, 5, 301;
Mikes, F.; Schurig, V.; Gil-Av, E. J. Chromalogr. 1973, 83, 91; Inorg. Chem.
1986, 25, 945.

(9) Doyle, M. P,; Colsman, M. R.; Chinn, M. S. Inorg. Chem. 1984, 23,
3684. Doyle, M. P.; Mahapairo, S. N.; Caughey, A. C.; Chinn, M. S.;
Colsman, M. R.; Harn, N. K.; Redwine, A. E. Inorg. Chem. 1987, 26, 3070.

(10) Axial interaction of benzene molecules with the metal dr orbitals of
Cr,(O,CCPh;)4 has previously been reported: Cotlon, F. A.; Feng, X.; Kibala,
P. A.; Matusz, M. J. Am. Chem. Soc. 1988, 110, 2807.

(11) (a) Single crysials were obtained from hexane solutions of dirhodium
tetraperfluoroacetate and excess of (-)-trans-caryophyllene by slow evapo-
ralion under argon. haF]zOgC;sH“, fw 1066.6, crysiallizes in the ortho-
rhombic system, space group P }2 2, witha = 8.652 (1), b= 16.523 (3), ¢
= 31.240 (7) A; ¥ = 4466 (1) A% Z = 4. The structure was solved by direct
methods and refined (full matrix least squares) to residuals of R = 0.0456,
R, = 0.0579, quality of fi1 = 1.093, with 3069 observalions (F,2 > 3a(F, 2))
and 541 variables. The absolule configuralion was established a1 the 99%
confidence level''* and is in agreement with the previously established con-
figuration of (-)-trans-caryophyllene.!!® (b) Hamilton, W. C. Acta Crys-
tallogr. 1968, 18, 502. Program HamSig by L. M. Daniels. (c) Barion, D.
H. R.; Nickon, A. J. Chem. Soc. 1954, 4665. (d) Full delails of the crysial
struclure analysis will be reporied elsewhere.

(12) The greal majorily have Rh—-Rh distances beiween 2.37 and 2.45 A.
Only for Rhy(O,CCF3),L, with L = P(OPh); and P(Ph); have distances of
2.47 and 2.49 A been found. Cf. ref. Sa, p 314.
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