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interpreted by using a variety of schemes involving Ni(I111) /Ni-
(I11), 5148 Ni(111)/Ni(11)/Ni(1),** and Ni(111)/Ni(11)/Ni(1)/
Ni(0)? formal oxidation states. In all these schemes, the as-
signment of Ni(I11) to the oxidized forms of the enzymes is based
on the observation of hyperfine in ®'Ni-labeled enzymes, the
similarity of the EPR spectra to EPR spectra of tetragonal Ni(III)
coordination compounds, and the association of the signal with
oxidized forms of the enzymes. The studies outlined here suggest
that Ni(11l) has no real existence in systems with simple alkyl
thiolate ligation. From the viewpoint of ligand oxidation, the
“Ni(I111)” EPR signal could be interpreted as arising from a
tetragonal S = 1, Ni(11) center with the spin in the d,2_,2 orbital
antiferromagnetically coupled to a thiyl radical. The resulting
S =1/, system (with an unpaired spin in the d,: orbital) is con-
sistent with the observed EPR spectrum and with the small Ni
K-edge shifts observed in XAS spectra,?® is more consistent with
known Ni thiolate redox chemistry, and suggests that nature may
have selected a non-redox-active metal (Ni) for these roles in order
to stabilize ligand-based redox chemistry.

Acknowledgment. We gratefully acknowledge funding in
support of this research from NIH Grant GM-38829.

Supplementary Material Available: Tables of positional and
thermal parameters for 2 (2 pages). Ordering information is given
on any current masthead page.

(22) van der Zwaan, J. W.; Albracht, S. P. J.; Fontijn, R. D.; Slater, E.
C. FEBS Lett. 1985, 179, 271-277.

Self- Assembling lonophores

Alanna Schepartz* and Jason P. McDevitt

Sterling Chemistry Laboratory

Yale University, 225 Prospect Street
New Haven, Connecticut 06511-8118
Received March 22, 1989

One of the mechanisms by which enzyme active sites are
formulated is through the assembly of subunits, which alone are
incapable of substrate recognition.! Enzymes such as phospho-
fructokinase? and aspartate transcarbamoylase® exhibit this
property, as do organelles such as the ribosome. In each case,
the association and dissociation of a subunit regulates the biological
event, whether that event is phosphorylation of fructose 6-phos-
phate or the biosynthesis of a polypeptide. The systems designed
by Rebek,* Shinkai,* and Irie® have demonstrated the ability to
tailor a conformational change in a single molecule to induce a
chemical event. However, the assembly of a functioning binding
unit from two discrete molecules has remained a phenomenon
reserved exclusively for high molecular weight systems.™® In this

(1) Hammes, G. G. Enzyme Catalysts and Regulation; Academic: New
York, 1982; Chapter 8. Huang, C. Y.; Rhee, S. G.; Chock, P. B. Ann. Rev.
Biochem. 1982, 51, 935-971.

(2) Lau, F. T.-K.; Fersht, A. R. Nature 1987, 326, 811-812. Evans, P.
R.; Hudson, P. J. Nature 1979, 279, 500-504.

(3) Wente, S. R.; Schachman, H. K. Proc. Natl. Acad. Sci. U.S.A. 1987,
84, 31-35.

(4) Rebek, J., Jr; Costello, T.; Marshall, L.; Wattley, R.; Gadwood, R.
C.; Onan, K. J. Am. Chem. Soc. 1985, 107, 7481-7487, and references cited
therein.

(5) Shinkai, S.; Miyazaki, K.; Manabe, O. J. Chem. Soc., Perkin Trans.
11 1987, 449-456, and references cited therein.

(6) Irie, M.; Kato, M. J. Am. Chem. Soc. 1985, 107, 1024-1028.

(7) Self-assembly as a strategy is not new; some recent examples follow.
Cytotoxins; Rideout, D. Science 1986, 233, 361-363. Porphyrins: Traylor,
T. G.; Mitchell, M. J.; Ciccone, J. P.; Nelson, S. J.. Am. Chem. Soc. 1982,
101, 4986-4989. Tabushi, 1. Pure Appl. Chem. 1988, 60, 581-586. Surfaces:
Bain, C. D.; Troughton, E. B.; Tao, Y. T.; Evall, J.; Whitesides, G. M.; Nuzzo,
R.G.J Am. Chem. Soc. 1989, 111, 321-325. Inorganic helices: Lehn, J-M.;
Rigault, A., Siegel, J.; Harrowfield, J.; Chevrier, B.; Moras, D. Proc. Natl.
Acad. Sci. US.A. 1987, 84, 2565-2569. Paramagnetic shift reagents: Gupta,
R. K.; Gupta, P. J. Magn. Reson. 1982, 47, 344-350.

(8) An example of assemblage of a binding site for ammonium ions using
hydrogen bonds has been reported: Kim, M.; Gokel, G. W. J. Chem. Soc.,
Chem Commun. 1987, 1686-1688.
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Figure 2. Extent of alkali metal ion extraction by complexes 4, ®; 5, @:
and 6,3 at 25 = 5 °C. Aqueous phase: [MTPicrate”] = 7.5 mM.
Chloroform phase: [host] = 2 mM. Values are averages of at least two
independent determinations. All values are reproducible to within 5%.

communication we demonstrate that this phenomenon may be
reproduced using small molecules.

Simple, linear polyethers with fewer than four oxygen atoms
do not bind alkali metal ions tightly and are unable to transport
those ions across membranes with high efficiency.® Binding is
enthalpically disfavored by the lack of suitable ligand sites.
Dimerization of two polyethers would generate the requisite
number of binding sites; however, the concomitant loss in entropy
is so great that it overrides any enthalpic gain.® We report herein
that Ni(lI) can act as a template to permit the assembly of
dimeric, cation-selective inclusion complexes from imines 1, 2,
and 3.9 The resulting complexes 4, 5, and 6!' are able to extract
alkali metal ions efficiently from aqueous solution with selectivities

(9) Tummler, B.; Maass, G.; Végtle, F.; Sieger, H.; Heimann, U.; Weber,
E. J. Am. Chem. Soc. 1979, 101, 2588-2598.

(10) Prepared by monoalkylation of 2,3-dihydroxybenzaldehyde with the
appropriate bromide and condensation with methylamine. van Stavaren, C.
J.; van Eerden, J.; van Veggel, F. C. J. M.; Harkema, S.; Reinhoudt, D. N.
J. Am. Chem. Soc. 1988, 110, 4994-4508.

(11) Prepared by reaction with NiSO, as described by Holm: Holm, R.
H.; O'Connor, M. J. Prog. Inorg. Chem. 1971, 14, 241-401. The green,
paramagnetic complexes were purified by recrystallization from cyclohexane

" and characterized by elemental analysis and UV-vis spectroscopy. All com-

plexes are monomeric in chloroform solution, as judged by vapor pressure
osmometric studies at 25 °C. Osmometry was performed by Schwarzkopf
Microanalytical Laboratory, Woodside, NY 11377. Since the three-dimen-
sional structures of these complexes are not yet available, Figures | and 3
illustrate only hypothetical structures.
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that are dependent on both the structure of the polyether chain
and on the structure of the Ni(Il) chelate. Most importantly,
complex 4 extracts metal ions effectively even when generated
in situ.

The ability of Ni(II) complex 4 to transport alkali metal ions
selectively into chloroform solution was tested with the picrate
extraction technique.!? As expected, imine 1 is unable to transport
any alkali metal ion examined into chloroform solution.!?
However, nickel complex 4 functions as an ionophore and is able
to transport almost 50% of the sodium ion present into chloroform.

lonophores are typically characterized by their ability to select
one metal ion over another. Cyclic ionophores exhibit significant
preferences in their binding, whereas simple podands do not.™*  As
can be seen in Figure 2, complex 4 displays substantial cation
selectivity. Thus, the ability of complex 4 to extract Na* (44%)
may be compared with its ability to extract Li* (30%), K* (14%),
Rb* (13%), or Cs* (15%). Therefore, the rigid geometry of the
transition-metal chelate has partially preorganized!® the flexible
ligand 1 and has generated a cation-selective ionophore.

We wondered if the selectivity of this ionophore would be
sensitive to the structure of the polyethers on each salicylaldimine
unit. It was anticipated that as the length of the polyether chain
was shortened, the selectivity of the complex would shift toward
smaller cations. Indeed, this is precisely what is observed.
Complex §, with four oxygens available to bind an alkali metal
ion, preferentially extracts Li* (63%), in comparison to Na* (40%),
K* (16%), Rb* (15%), or Cs* (16%). It is interesting that this
selectivity does not parallel the selectivity of 12-C-4, which prefers
Nat in organic solvents.'® This interesting result is presumably

(12) Pedersen, C. J. Fed. Proc. 1968, 27, 1305-1309. Typical procedure:
A 50 mM chloroform solution of imine 1 or a 25 mM solution of 4 was
prepared, and 0.4 mL of the respective solution was layered below 0.5 mL of
the specified picrate salt solution ([M*]) = 7.5 mM). The two-phase system
was stirred with a VWR Brand Vortexer, set at speed 7, for 3 min, and the
layers were separated by centrifugation. The extent of alkali metal ion
transport was determined quantitatively by spectrophotometrically measuring
the loss of picrate absorbance at 356 nm in the aqueous layer. The percent
of cation extracted was calculated with the formula 100 X {1 — {4;55(host)/
A;s6(CHCy)}}. Control experiments indicated that stirring for 9 min did not
increase the amount of metal jon extracted.

(13) An additional control experiment excluded the possibility that picrate
ion itself was the complexing agent. Twenty-five mM NiSO, was added to
the basic, aqueous NaPicrate solution, and the extraction experiment was
repeated in the presence and absence of 50 mM 1. In neither case was any
picrate anion transported into the chloroform solution.

(14) See ref 9. For a signficant exception, see: limori, T.; Still, W. C,;
Rheingold, A. L; Staley, D. L. J. Am. Chem. Soc. 1989, 111, 3439-344].

(15) Cram, D. J.; Trueblood, K. N. Top. Curr. Chem. 1981, 98, 45-111.

(16) Massaux, J.; Desreux, J. F.; Duyckaerts, G. J. Chem. Soc., Dalton
Trans. 1980, 865-868.

a reflection of the geometric constraints imposed by tetrahedral
Ni(IT).

The result of increasing the length of the polyether chain is more
difficult to predict. A shift in selectivity toward larger cations
might be anticipated, owing to the presence of eight potential
ligand sites and the concomitant larger size of the receptor.
Alternatively, a decrease in selectivity, caused by the increased
flexibility of the ligand, might be observed. The latter of these
two possibilities is realized. Although 6 does show some preference
for Na*, extraction of K* by this complex is almost as efficient.

To test whether these non-natural ionophores would self-as-
semble in situ, the following experiment was performed. A
chloroform solution containing 25 mM Ni(lI) bis(2-ethyl-
hexanoate) and 50 mM imine 1 was prepared and layered below
an aqueous solution of sodium picrate ([M*] = 7.5 mM). After
the solution was stirred rapidly!? for 3 min, 40% of the sodium
ion in the aqueous phase had been extracted into the chloroform
layer, whereas in the absence of imine 1, 8% was extracted.!”
Importantly, even correcting for this 8%, the value of 40% is only
slightly less than the value obtained when 4 is preformed in
ethanol. This indicates that the ionophore has self-assembled
in situ.

In this communication we have demonstrated that the pre-
dictable, organized geometries of transition-metal chelates can
be utilized to control the orientation of two flexible polyether
chains. In this way, a selective alkali metal ion binding site is
generated. As is true for enzymes regulated by subunit dimer-
ization, this binding site may be generated in situ. Because of
the sensitivity of Ni(II) salicylaldimine complex geometry to the
size of the substituent on nitrogen, it may be possible to fine-tune
the selectivities of these molecules by simply altering the identity
of this group. This strategy can in principle be used to control
the assembly of receptors other than crown ethers, with impli-
cations for the regulation of artificial enzymes and as an approach
toward protein design. The extension of this work toward the
design of oriented, peptide-based receptors is in progress.

Supplementary Material Available: 'H NMR and high-reso-
lution MS data on compounds 1, 2, 3, 7, and 9 and combustion
and UV-vis analysis of compounds 4, 5, and 6 (1 page). Ordering
information is given on any current masthead page.

(17) This value of 10% is likely due to the formation of Nil/(picrate),.
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Transition-metal alkylidene complexes of the nucleophilic
(“Schrock”) type have developed as an important class of com-
pounds, displaying many interesting types of (catalytic) reactivity
such as olefin metathesis! and ring-opening metathesis polym-
erization (ROMP).2  These complexes have been intensively
studied for the 4d/5d transition metals Nb, Ta, Mo, W, and Re?
but are practically unknown for the 3d transition metals
(Cp,Ti(CH,)PMe; has been described?). For vanadium, only

(1) Grubbs, R. H. Comprehensive Organometallic Chemistry, Wilkinson,
G., Ed.; Pergamon Press: Oxford, 1982; Vol. 9, Chapter 54, pp 499-553.

(2) (a) Gilliom, L. R.; Grubbs, R. H. J. Am. Chem. Soc. 1986, 108, 733.
(b) Wallace, K. C.; Liu, A. H.; Dewan, J. C.; Schrock, R. R. J. Am. Chem.
Soc. 1988, 110, 4964.

(3) For some recent developments, see: (a) Horton, A. D.; Schrock, R. R.;
Freudenberger, J. H. Organometrallics 1987, 6, 893. (b) Schrock, R. R.;
DePue, R.; Feldman, J.; Schaverien, C. J.; Dewan, J. C.; Liu, A. H. J. Am.
Chem. Soc. 1988, 110, 1432, (¢) Wallace, K. G.; Liu, A. H.; Davis, W. M.;
Schrock, R. R. Organometallics 1989, 8, 644.
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