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Supplementary Material Available: Detailed information con-
cerning the synthesis and variable temperature spectroscopic data
of compounds 1, 1a, and 1b (10 pages). Ordering information
is given on any current masthead page.
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Carbocations play a major role in modern chemistry, and in-
formation linking structure to relative ease of ionization in the
formation of these electrophilic species abounds.! Experiments
showing the relative ease of carbocation generation to be tertiary
> secondary > primary are detailed in all introductory texts.2 At
the next level, ditertiary diols are known to give rise to dications
when dissolved in superacidic media.* Comparable treatment
of 1-(2-hydroxyethyl)cyclohexanols, e.g., 1 (R = H, CH,), results
in kinetically controlled ionization to 2 and subsequent 1,2-hydride
or -alkyl shift, setting the stage for ultimate cyclization to the
perhydrobenzo[b]furan 3.4
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We herein report the discovery that acid-catalyzed dehydration
of the homologous 1,4-diols 4 and 5°6 can proceed under the proper
circumstances with high levels of stereochemical retention. Our
findings establish further that formation of the spirocyclic tet-
rahydrofurans 6 or 7, respectively, proceeds by selective dis-
placement of the primary hydroxyl functionality without
wholesale concurrent heterolysis of the tertiary C—0 bond. This
striking reversal in the reactivity norm surfaces because of the
large rate accelerations that can accompany the intramolecular
displacement of protonated primary hydroxyl by tertiary hy-
droxylic oxygen.” This previously unappreciated kinetic factor
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Table I. Stereochemical Consequences of Acid-Catalyzed Ring
Closure Involving Diols 4 and 5%

compd 6, % 71, % compd 6, % 7, %
4-OCH; 96 4 §-C4H; 55 45
5-OCH; 8 92 4-CH;, 40 60
4-C¢H; 67 33 $-CH;, 55 45

4 Cat. TsOH, toluene, reflux. ®Product analyses were determined by
capillary GC analysis.

Table II. Extent of Retention of *Q Following Acid-Promoted
Cyclization of Specifically Labeled 4 and §¢

extent of isotopic

combined

starting % 180 product _label present, %

diol at C-1 yield, % 6 7
4-OCH, 40 a7 40,39 1I°
§-OCH, 39 526 16° 38, 39
4-C H, 45 84 20, 25 0,0
§-C4H, 45 73 0,0 19, 22
4-CH; 39 68 9,11 0,0
§5-CH; 38 53 0,0 6, 10

@ Analyses performed by the '*C NMR method described in the text.
bYields in these cases refer to major product only. ¢High-resolution
mass spectral analysis made necessary because of limited quantities.
Percentages obtained by analysis of combined minor products from
duplicate runs.

can be attributed to the extensive operation of neighboring-group
participation® This cooperative pathway can become sufficiently
preferred to permit useful stereoselectivities to be implemented.’
Anionically driven intramolecular Sy’ processes have recently been
shown to hold substantial synthetic potential.!®

We have analyzed the response of six diols to acid-catalyzed
cyclization (Scheme I, Table I). The methoxyl derivatives 4-
OCH, and 5-OCHj, were examined first since (a) application of
the Taft equation to limiting Sy 1-type ionization of the proximate
tertiary carbinol predicts that a 1072 rate-retarding influence should
be operative!! and (b) the rate of ionization of trans-2-meth-
oxycyclohexyl p-toluenesulfonate is known to be slowed approx-
imately 100-fold.!? Thus, electron-withdrawing electrostatic
factors gain importance in these systems, while anchimeric as-
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1989, 54, 5205. (c) Paquette, L. A.; Shi, Y.-J. J. Am. Chem. Soc. 1990, 112,
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Streitwieser, A., Jr.: J. Am. Chem. Soc. 1956, 78, 4935,
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sistance is essentially ineffective, if operational at all. In fact,
this pair of diols proved to be exemplary, displaying levels of
stereochemical retention that exceed 90% in opposite directions.

When recourse was made to 4-C¢Hs and 5-C¢Hj, similar high
degrees of stereocontrol were no longer evident. However, as for
the methoxyl pair, greater stereochemical preservation occurred
with the axial alcohol 4-C¢Hs. Our results suggest that 5-C¢Hjs
may represent a crossover point where ionization to give the
tertiary carbocation begins to override the totally retentive
mechanism.

The 2-methyl substituent exerts little stereochemical influence.
Both 4-CH; and 5-CH, reproducibly provided a similar product
distribution, slightly richer in the inverted ethers. Control ex-
periments established that the product distribution in every in-
stance is entirely kinetic and not thermodynamic.!* The con-
figurations of tetrahydrofurans 6 and 7 were independently
corroborated by direct cyclization of 4 and § with p-toluenesulfonyl
chloride in triethylamine.

We next probed the source of the resident ethereal oxygen in
6 and 7 by '%0 labeling of the tertiary hydroxyl substituent in each
substrate. Incorporation of the isotope was achieved by hy-
drolysis'* of the cyclohexanone dimethyl ketals in water enriched
to the extent of 50% with 1#0. The levels of isotopic incorporation
in the three ketones were determined by relative integration of
the well-separated 1*C-10O and *C-'30 signals in their 75-MHz
natural-abundance carbon spectra.’> Comparable measurements
performed subsequently on the six diols revealed that no dilution
of the isotopic concentrations had occurred.!® 1In a series of
duplicate experiments, the specifically C-1/'30-labeled diols were
dehydrated under acidic conditions as before. The results are
compiled in Table II.

Although cyclization can occur through initial protonation and
loss of either hydroxyl group, the 100% retention of 120 observed
during the 4-OCH, — 6-OCH,; and 5-OCH, — 7-OCHj, trans-
formations establishes that the associative Sy processes depicted
in 8 and 9 are decidedly dominant. Although we have no in-
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formation regarding the reacting conformation(s) of these diols,
neighboring-group participation can operate from either chair
arrangement. The higher percent of stereochemical retention
achieved by 4-OCHj, (and 4-C¢H,) does suggest that an axial
tertiary OH is perhaps better disposed to implement the Sy
displacement than is its equatorial counterpart. The levels of
residual 180 that persist through the stereochemical inversion
manifold of the methoxyl series are quite respectable. These data
may reflect the tightness of the solvation shell in 10'7 which
prevents isotopically labeled water from escaping the vicinity of
the carbocation as a consequence of its appreciable destabilization
by electrostatic factors.

The gradual diminution in stereochemical control and isotopic
retention as one progresses through the phenyl to the methyl
analogues is best explained by a progressive attenuation of elec-
tron-withdrawing capacity at C-2, such that tertiary cyclohexyl

(13) Tetrahydrofurans are customarily stable to such acidic conditions:
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(b) Risley, J. M,; Van Etten, R. L.; Uncuta, C,; Balaban, A. T. J. Am. Chem.
Soc. 1984, 106, 7836. (c) Wilgis, F. P.; Neumann, T. E.; Shiner, V. J., Jr.
J. Am. Chem. Soc. 1990, 112, 4435.

(16) Signal resolution was routinely improved by use of a narrow sweep
width and adequate computer memory (128K).

(17) (a) Goering, H. L.; Josephson, R. R. J. Am. Chem. Soc. 1962, 84,
2779. (b) Finne, E. S.; Gunn, J. R.; Sorensen, T. S. J. Am. Chem. Soc. 1987,
109, 7816. (c) Kirchen, R. P.; Ranganayakulu, K.; Sorensen, T. S. J. Am.
Chem. Soc. 1987, 109, 7811. (d) Buffam, D. J.; Sorensen, T. S.; Whitworth,
S. M. Can. J. Chem. 1990, 68, 1889.

carbocation formation becomes increasingly more competitive with
operation of the associative Sy process. However, increased in-
cursion of the classical Sy1 process is not accompanied by full
equilibration of the cations prior to hydration. This phenomenon,
which is most evident in the matched methyl diastereomers, re-
quires that these intermediates be unsymmetrically hydrated or
captured at a rate faster than conformational ring inversion.

The remarkable departure from traditional chemical behavior
made clear in this study prompts the advocacy of a-heteroatomic
substitution as a useful tool for effecting highly stereocontrolled
intramolecular reactions under seemingly improbable circum-
stances. One of the many conceivable applications of this strategy
is illustrated in the ensuing report.’®
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Nonmacrocyclic host molecules exhibit weaker cation-binding
properties than coronands and cryptands unless their ligating
oxygens are suitably preorganized for effective coordination.?
These features can be found in select polyether antibiotics, e.g.,
monensin® and nonactin,* and in several totally synthetic tetra-
hydropyranoid podands.® Although interest in tetrahydrofuranyl
building blocks has been high,® no attention has yet been accorded
to poly(spiro ethers) of the type generalized by structures 1 and
2. The effective binding capabilities of such host molecules are
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expected to be linked to the limiting conformational restrictions
offered by the central belt and to the energy required to cluster
the oxygens properly about the guest ion during complexation.
Knowledge of the extent to which 2 and more extensively epim-

(1) Author to whom inquiries should be directed concerning the X-ray
crystallographic analyses.

(2) Reviews: (a) Cram, D.J. Angew. Chem., Int. Ed. Engl. 1988, 27, 1009.
(b) Weber, E.; Vogtle, F. Top. Curr. Chem. 1981, 98, 1.

(3) Pinkerton, M.; Steinrauf, L. K. J. Mol. Biol. 1970, 49, 533.

(4) (a) Corbaz, R.; Ettlinger, L.; Gaumann, E.; Keller-Schierlein, W.;
Fradolfer, F.; Neipp, 1.; Prelog, V.; Zahner, H. Helv. Chim. Acta 1958, 38,
1445. (b) Dominguez, J.; Dunitz, J. D.; Gerlach, H.; Prelog, V. Helv. Chim.
Acta 1962, 45, 129. (¢) Kilbourn, B. T.; Dunitz, J. D.; Pioda, L. A. R.; Simon,
W. J. Mol. Biol. 1967, 30, 559.

(5) Erickson, S. D.; Still, W. C. Tetrahedron Lett. 1990, 31, 4253 and
pertinent references cited therein.

(6) (a) Timko, J. M.; Moore, S. S.; Walba, D. M; Hiberty, P. C.; Cram,
D. J. J. Am. Chem. Soc. 1977, 99, 4207. (b) Kobuke, Y.; Hanji, K.; Hori-
guchi, K.; Asada, M.; Nakayama, Y.; Furukawa, J. J. 4m. Chem. Soc. 1976,
98, 7414. (c) Schultz, W. J,; Etter, M. C.; Pocius, A. V.; Smith, S. J. 4m.
Chem. Soc. 1980, 102, 7982. (d) Gange, D.; Magnus, P.; Bass, L.; Arnold,
E. V,; Clardy, J. J. Am. Chem. Soc. 1980, 102, 2134.

0002-7863/91/1513-5073802.50/0 © 1991 American Chemical Society



