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to form the very acid-sensitive chiral carbinol 5 in 95%
isolated yield.

OTbs .o
mCyHy” N=C=CH, n-CgHy” N=C=CH,

4 5

The reactivity of Tbs ethers toward DIBAL-H at room
temperature should be kept in mind when reductions are
carried out with this reagent on O-silylated substrates.’

Experimental Section

The following experimental procedure is representative.

Desilylation of trans-4-tert-Butylcyclohexyl tert-Bu-
tyldimethylsilyl Ether by Diisobutylaluminum Hydride. A
solution of 17 mg (0.063 mmol) of the Ths ether of trans-4-
tert-butylcyclohexanol in methylene chloride (3 mL) was treated
at 0 °C with a 1.0 M solution of diisobutylaluminum hydride in
toluene (0.18 mL, 0.18 mmol) under nitrogen with stirring. After
2h at 23 °C, 0.5 g of crushed ice was added, and the mixture was
washed with 1 mL of 0.5 M hydrochloric acid. The organic layer
was dried (K,COy), filtered through a small plug of silica gel, and
concentrated under reduced pressure to give 9 mg of trans-4-
tert-butylcyclohexanol (87%) which was identified and shown
to be pure by 500-MHz !H NMR and TLC analyses and com-
parison with an authentic sample.5’

Registry No. 1 (R = hexyl), 80033-60-9; 1 (R = benzyl),
21862-63-5; 1 (R = Ph), 18052-27-2; 1 (R = 4-tert-butylcyclohexyl),
71009-16-0; 2, 29681-57-0; 4, 137656-10-8; 5, 124563-11-7; hexanol,
111-27-3; phenol, 108-95-2; benzyl alcohol, 100-51-6; diisobutyl-
aluminum hydride, 1191-15-7.

(6) Corey, E. J.; Yu, C. M,; Lee, D. H. J. Am. Chem. Soc. 1990, 112,
878-879.

(7) Support of this research by the National Science Foundation is
gratefully acknowledged.
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Reactions between epoxides and biogenic thiols are
biologically important in several respects.! Potentially
toxic xenobiotic epoxides? and endogenous epoxides® form
adducts with glutathione. Epoxides alkylate active-site
cysteine residues of certain enzymes.! Potent enzyme
inhibitors, known to alkylate cysteine residues, include

(1) (a) Friedman, M. The Chemistry and Biochemistry of the Sul-
phydryl Group in Amino Acids, Peptides, and Proteins; Pergamon Press:
Oxford, 1973. (b) Jocelyn, P. C. Biochemistry of the SH Group; Aca-
demic Press: New York, 1972.

(2) (a) Meister, A.; Andersen, M. E. Ann. Rev. Biochem. 1983, 52, 711.
Jerina, D. M. In Glutathione: Metabolism and Function; Arias, I. M.,
Jakoby, W. B,, Eds.; Raven Press: New York, 1976; p 267. (b) Hernan-
dez, O.; Bend, J. R. In Metabolic Basis of Detoxication; Jakoby, W. B.,
Bend, J. R., Caldwell, J., Eds.; Academic Press: New York, 1982; pp
207-233. (c) Rietveld, E. C.; van Gastel, F. J. C.; Seutter-Berlage, F.;
Zwanenberg, B. Arch. Toxicol. 1988, 61, 366. (d) Langvardt, P. W;
Putzig, C. L.; Braun, W. H.; Young, J. D. J. Toxicol. Environ. Health
1980, 6, 273.

(3) Clark, D. A.; Marfat, A. Ann. Rep. Med. Chem. 1982, 17, 291-300.

(4) Vitamin K epoxide reductase: Suttie, J. W.; Preusch, P. C. Hae-
mostasis 1986, 16, 193.

Table I. Pseudo-First-Order Rates and Regioselectivities in
Reactions of CH,;S™ with Epoxides (1) at pD 9.84°

epoxide R k (min?) 23 &, (min™) k&, (min™)
la  COCH, 145° >95:5 145°
1b COCH, 044 5743 025 0.19
le CONH, 0.166 22:78  0.037 0.13
1d CH,CH, 0.086 <5:95 0.086
le CO,~ 0.010 36:64 0.0036 0.0064

%Reactions of 1 (0.097 M) with CH,S™ (0.0145 M) were conduct-
ed in D,0 at 19.4 °C. ®Extrapolated from rate at pD 9.21.

structurally diverse a,8-epoxy carbonyl and related com-
pounds.®

Under physiological conditions, the thiolate of cysteine
(pK, 8.2) is actually the significant nucleophile.! As a
nonpeptidic model, we were therefore interested in the
reactivity of «,8-epoxy carbonyl compounds (i.e. la—¢,e)
toward simple thiolate anions to afford 8-hydroxy-a-thio
carbonyl compounds (2) and a-hydroxy-g-thio carbonyl
compounds (3). A primary question was whether the

SCHgy OH

~

o) CH3SNa
m——————

carbonyl would increase the reactivity of these epoxides.
Although reactions of epoxides® including «,8-epoxy ke-
tones,” a,8-epoxy esters,?? a,8-epoxy carboxylic acids,? and
a,B-epoxy amides'® with thiols and (occasionally) thiolates
have been reported, reaction rates have not been measured
and a comprehensive understanding of regioselectivity and
relative reactivity does not emerge from the literature due
to differences in the reagents, solvents, and temperatures
employed. Retro-aldol reactions of the 8-hydroxy-a-thio
carbonyl regioisomers (i.e. 2) also complicate comparisons.
Catalysis by Lewis acids and mineral acids provides dif-

(5) (a) Cerulenin: Funabashi, H.; Iwasaki, S.; Okuda, S. Tetrahedron
Lett. 1983, 24, 2673. (b) Pentalenolactone: Cane, D. E.; Sohng, J. K.
Arch. Biochem. Biophys. 1989, 270, 50. (c) Terreic acid and monorden:
Sturdik, E.; Drobnica, L.; Sladkova, V.; Krchnava, E. Biologia 1983, 38,
1229. (d) E-64: Yabe, Y.; Guillaume, D.; Rich, D. H. J. Am. Chem. Soc.
1988, 110, 4043. (e) Palmoxirate: Tutwiler, G. F.; Brentzel, H. J.; Kiorpes,
T. C. Proc. Soc. Exp. Biol. Med. 1985, 178, 288. (f) Fosfomycm Kahan,
F. M,; Kahan, J. 8.; Cassidy, P. J.; Kropp,H Ann.N. Y, Acad. Sci. 1974,
235, 364,

(6) Reviews: (a) Parker, N. E.; Isaacs, N. S. Chem. Rev. 1959, 59, 737.
(b) Buchanan, J. G.; Sable, H. Z. In Selective Organic Transformations;
Thyagarajan, B. S., Ed.; Wiley: New York, 1972; Vol. 2, p 1. (c)Winstein,
S.; Henderson, R. B. In Heterocyclic Compounds; Wiley: New York,
1950; Vol. 1, pp 1-59.

(7) (a) Tishchenko, L. G.; Malashko, P. M. Chem. Heterocycl. Compds.
1966, 2, 357. (b) Schultz, A. G.; Fu, W. Y,; Lucci, R. D.; Kurr, B. G.; Lo,
K. M.; Boxer, M. J. Am. Chem. Soc. 1978, 100, 2140. (c) Tishchenko, I.
G.; Malashko, P. M.; Markovskaya, V. S. Vesti Akad. Nauk BSSR, Ser.
Khim. Navuk 1977, 81; Chem. Abstr. 1978, 88, 22294t.

(8) (a) Culvenor, C. C. J.; Davies, W.; Heath, N. 8, J. Chem. Soc. 1949,
278. (b) Aberhart, D. J.; Lin, L. J.; Chu, J. Y.-R. J. Chem. Soc., Perkin
Trans. 1 1975, 2517. (c) Gleason, J. G.; Hall, R. F.; Perchonock, C. D.;
Erhard, K. F.; Frazee, J. S.; Ku, T. W,; Kondrad, K.; McCarthy, M. E.;
Mong, S.; Crooke, S. T.; Chi-Rosso, G.; Wasserman, M. A.; Torphy, T
J.; Muccitelli, R. M.; Hay, D. W.; Tucker, S. S.; Vickery-Clark, L. JJ. Med.
Chem. 1987, 30, 959.

(9) (a) Hashiyama, T.; Inoue, H.; Konda, M.; Takeda, M. Chem.
Pharm. Bull. 1985, 33, 1256 and referenced cited therein. (b) Hirschbein,
Bc.l L.; Whitesides, G. M. J. Am. Chem. Soc. 1982, 104, 4458. {(c) See ref
5

(10) (a) Chong, M. J.; Sharpless, K. B. J. Org. Chem. 1988, 50, 1563.
(b) Behrens, C. H.; Sharpless, K. B. J. Org. Chem. 1985, 50, 5696. (c)
Tucker, H.; Crook, J. W.; Chesterson, G. J. J. Med. Chem. 1988, 31, 954.
(d) See also refs 5a and 5d.
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ferent regioselectivity than attack by thiolates,'%sb1!

Results and Discussion

In order to determine the relative importance of the
opposing steric® and electronic'? factors under biologically
relevant conditions, we have studied the rate and regio-
selectivity of reactions between methanethiolate and a
series of comparable, sterically unincumbered, water-sol-
uble a,8-epoxy carbonyl compounds (1). Reactions were
followed by NMR spectroscopy in D,O at pD 9.84. The
logarithms of the reaction rates of la increase linearly with
pD between pD 7.3 and 9.2, suggesting that methane-
thiolate (pK, 10.3'%) is the active nucleophile.

1,2-Epoxybutane (1d) was used as a standard to dem-
onstrate the effect of steric hindrance alone. As shown in
Table I, methanethiolate exclusively attacks the less sub-
stituted® B-carbon of 1d, affording 3d.'* In contrast,
methanethiolate attacks the a-carbon of all of the «,8-
epoxy carbonyl substrates significantly (1b,c,e) or exclu-
gively (1a), despite steric hindrance. Evidently the car-
bonyl groups activate the a-carbon toward nucleophilic
substitution. The analogous high reactivity of a-halo
carbonyl compounds has been attributed to bridging of the
incoming nucleophile between the a-carbon and the car-
bonyl carbon, or alternatively to resonance delocalization
of partial bonds from the nucleophile and nucleofuge into
the carbonyl group.!?

An improved analysis results when each rate constant
is multiplied by the mole fractions of products 2 and 3.
Rates of attack on the a- and §-carbons, k&, and kg, re-
spectively, are obtained (Table I). The rates of a-sub-
stitution, k,, decrease in the order COCH; > CO,CH; >
H > CONH, > CO,~ > CH,CH,. This order of reactivity
is similar to that observed for Sy2 reactions of a-chloro
carbonyl compounds.!? The low rate of substitution « to
the carboxylate of le is probably due to unfavorable de-
velopment of additional negative charge in the transition
state. As expected, the rates of S-substitution, kg4, are
similar for 1b—d, indicating that ester or amide groups have
little influence on the 8-carbon. However, attack on le
is slowed B to the carboxylate anion, again indicating
charge development in the transition state.

These results may aid the understanding of epoxide
reactivity, toxicity, and metabolism and may be applicable
to the design of improved enzyme inhibitors.

Experimental Section

Epoxides 1a,15 1b,1% and 1¢,!5 were prepared according to
literature procedures. Hydrolysis of 1b with KOH in methanol
afforded the potassium salt of le.®* NaDCO; was prepared from
NaHCO, by exchange with D,0, followed by lyophilization.

Kinetics. A freshly prepared solution (1.00 mL) of NaSCH;,
(0.0145 M), NaDCO, (0.618 M), Na,CO; (0.132 M), and sodium
3-(trimethylsilyl)propanoate-d, (TSP, 0.005 M) in D;O was mixed
with the epoxide (0.097 % 0.002 mmol) in a capped NMR tube
which was placed in an NMR spectrometer (300 MHz) at 19.4
%+ 0.1 °C. The observed pH (9.43), measured with a combination
electrode, was constant throughout reaction. Therefore pD =
9.84.1% The reaction of 1a at pD 9.84, which was too fast to

(11) Riego, J.; Costa, A.; Manuel, J. Chem. Lett. 1986, 15665.

(12) (a) Conant, J. B,; Kirner, W. R.; Hussey, R. E. J. Am. Chem. Soc.
1925, 47, 488. (b) Bartlett, P. D.; Trachtenberg, E. N. J. Am. Chem. Soc.
1958, 80, 5808. (c) Bordwell, F. G.; Brannen, W. T. J. Am. Chem. Soc.
1964, 86, 4645. (d) Proes, A.; Aviram, K.; Klix, R. C.; Kost, D.; Bach, R.
D. Noveau J. Chim. 1984, 8, 711 and references cited therein.

(13) Kreevoy, M. M,; Eichinger, B. E,; Stary, F. E.; Katz, E. A;
Sellstedt, J. H. J. Org. Chem. 1964, 29, 1641.

(14) Brown, H. C.; Lynch, G. L. J. Org. Chem. 1981, 46, 930.

(15) (a) Wellman, G. R.; Lam, B.; Anderson, E. L.; White, E. Synthesis
1976, 547. (b) Séquin, U. Tetrahedron Lett. 1979, 1833. (c) Payne, G.
B.; Williams, P. H. J. Org. Chem. 1961, 26, 651.

Notes

measure accurately, was extrapolated from the following data at
lower pD: pD 7.28 phosphate buffer, k = 0.0479 min™!; pD 8.27
phosphate buffer, & = 0.165 mint; pD 9.21 carbonate buffer, 2
= 0.614 min™, log k increases linearly with pD. Reactions were
generally followed by integration of the CH;S NMR signals vs
the TSP standard. Kinetics were pseudo-first-order over >3
half-lives. Product distributions (2:3) were determined by inte-
gration after >4 half-lives.

Preparative Reactions. In a typical procedure, the epoxide
(3 mmol) was added to a solution of NaHCO, (660 mg, 7.86 mmol)
in water (7 mL) at 0 °C. NaSCHj (300 mg, 4.29 mmol, 143 mol
%) was added in portions over 2 min, and the capped mixture
was stirred at 0 °C for 0.5 h (8 h in the case of 1e). In the reactions
of 1a, 1b, and 1d, the products were extracted into EtOAc. The
extract was dried over MgSO,, and the solvent was evaporated
in vacuo to afford crude product. In the reactions of le¢ and le,
HCI was added to pH 2. The water was removed by lyophilization
or evaporation. The residue was extracted with ethanol, and the
filtrate was evaporated to afforded the crude product.

4-Hydroxy-3-(methylthio)-2-butanone (2a) was purified by
Kugelrohr distillation (155-165 °C, 30 Torr) to afford a pale yellow
oil (91% yield): 'H NMR (D,0) 4 2.04 (3 H, s), 2.42 (3 H, 5), 3.72
(1H,t),3.84 (1 H,dd), 3.94 (1 H, dd); 'H NMR (D,0, Na,CO,)
52.04 (3H,s),242 (3H,s),3.84 (1 H,d), 3.94 (1 H, d); IR (neat)
3417, 2024, 1703, 1427, 1358, 1038 cm™™. Anal. Caled for CsH;40,S:
C, 44.75; H, 7.51; S, 23.89. Found: C, 44.37; H, 7.48; S, 23.89.

Methyl 3-hydroxy-2-(methylthio)propancate (2b) and
methyl 2-hydroxy-3-(methylthio)propanoate (3b) (71% yield)
were separated by chromatography on silica gel with ethyl eth-
er—hexanes (2:1).

2b:” 'H NMR (CDCl,) 5 2.15 (8 H, 8), 2.52 (1 H, t, OH), 3.39
(1 H, dd), 3.77 (8 H, 8), 3.82 (1 H, m), 3.90 (1 H, m); IR (neat)
3446, 1734 cm™. Anal. Caled for C;H,,05S: C, 39.98; H, 6.71;
S, 21.35. Found: C, 39.33; H, 6.52; S, 21.45.

3b:'" 'H NMR (CDCl,) 6 2.18 (3 H, s), 2.85 (1 H, dd), 2.96 (1
H, dd), 3.11 (1 H, 4, OH), 3.81 (3 H, s), 4.44 (1 H, dd); IR (neat)
3447, 1741 cml. Anal. Caled for 051{10038-0.25H20: C, 38.82;
H, 6.84. Found: C, 38.85; H, 6.66.

3-Hydroxy-2-(methylthio)propanamide (2¢) and 2-
Hydroxy-3-(methylthio)propanamide (3¢) (91% crude yield).
Chromatography on silica gel with EtOAc-EtOH (90:10) afforded
2¢: mp 73-74 °C. Recrystallization from EtOAc afforded 3¢: mp
76-78 °C.

2¢: 'H NMR (D,0) 6 2.18 (3 H, 8), 3.51 (1 H, t), 3.84 (1 H, dd),
3.93 (1 H, dd); IR (neat) 3333, 3187, 2909, 1667, 1590, 1418, 1306,
1051 cm™, Anal. Caled for CHyNO,S: C, 85.54; H, 6.71; N, 10.36.
Found: C, 35.01; H, 6.12; N, 10.06.

3c: 'H NMR (D;0) 6 2.16 (3 H, s), 2.84 (1 H, dd), 2.97 (1 H,
dd), 4.36 (1 H, dd); IR (neat) 3392, 3312, 2919, 1651, 1412, 1328,
1108, 1089 cm™, Anal. Caled for CH,NO,S: C, 35.54; H, 6.71;
N, 10.36; S, 23.70. Found: C, 35.40; H, 6.36; N, 10.24; S, 23.34.

1-(Methylthio)-2-butanol (3d)* (100 % yield) did not require
purification. Colorless oil: tH NMR (D,0) 5 0.95 (3 H, t), 1.58
(2)H, m), 2.15 (3 H, s), 2.60 (1 H, dd), 2.74 (1 H, dd), 3.76 (1 H,
m).
3-Hydroxy-2-(methylthio)propanoic acid (2¢) and 2-
hydroxy-3-(methylthio)propanoic acid (3e) (121% crude yield)
were separated by chromatography on silica gel with chloro-
form-methanol-AcOH (87:10:3). Treatment with diazomethane
(methanol-ethyl ether) afforded methyl esters 2b and 3b.

2e: colorless oil; tH NMR (D;0) 6 2.17 (3 H, s), 3.63 (1 H, t),
3.84 (1 H, dd), 3.92 (1 H, dd); IR (neat) 3412, 2927, 1714 cm™..
Anal. Caled for C;HgO,S-0.1CHCly: C, 33.25; H, 5.51. Found:
C, 33.03; H, 5.87.

8e: amorphous solid, mp 66-72 °C; 'H NMR (D,0) 5 2.16 (3
H,s), 2.84 (1 H, dd), 2.97 (1 H, dd), 4.35 (1 H, dd); IR (neat) 3392,
3210, 1719, 1584, 1426 cm™. Anal. Caled for C,H;0,8-0.1CHCl;:
C, 33.25; H, 5.51. Found: C, 33.00, H, 5.51.
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Introduction

In 1983, Kivelson and Chapman! proposed the possi-
bility of cyclic polyacenes in their computational study of
infinite linear polyacenes as potential one-dimensional
conductors. Although we find these cyclic polyacenes to
be inherently interesting, they have apparently not been
studied since this original report.?

The smallest and simplest possible cyclic polyacene
contains three fused hexagonal rings, 1. Drawn as 1, the
molecule does not contain any aromatic sextets® and is, in
fact, a Hickel 4n system with 12 = electrons.

N

1

If the presence of an aromatic sextet is of greatest im-
portance to the stability of this cyclic triacene (cyclo-
anthracene), 1 could be envisioned as containing one (but
only one) lateral aromatic ring. Such a structure, 2, must
be a diradical with the unpaired electrons conjugated with
both the aromatic system and the two alkene moieties, as
in 2a and 2b. Other possibilities, 2¢ and 2d, place the
radicals in adjacent rings. (There are two additional sets
of four equivalent structures in which the aromatic system
is permuted into the other two lateral hexagonal rings.)
A total of 12 “resonance structures” for such a small
molecule, albeit all diradicaloid, might allow the molecule
some stability. However, the extremely distorted non-
planar nature of the central carbon atoms and the subse-
quent unfavorable orbital overlaps may make the conju-
gation effects unlikely and, therefore, somewhat less im-
portant.

o0

There is yet a third possible representation of 1. The
molecule could be described as a “1,3,5-face-fused”-

(1) Kivelson, S.; Chapman, O. L. Phys. Rev. B 1983, 28, 7236.

(2) Some partially hydrogenated, nonconjugated relatives of the cyclic
polyacenes have been studied using the MM2 method. Alder, R. W,;
Sessions, R. B. J. Chem. Soc., Perkin Trans. 2 1985, 1849,

(3) Clar, E. The Aromatic Sextet; Wiley: London, 1972.

cyclophane, as in 3a. If cyclo-anthracene were constructed
in this manner, 3 would contain two probably extremely
distorted aromatic systems, but delocalized bonds might
be expected on the molecular “top” and “bottom”, as in
3b. The delocalized systems would be connected by iso-
lated single bonds.

We have developed an interest in moderately strained
systems composed of benzene-like hexagons.* The cyclic
polyacenes certainly meet this strain criterion, and 1 would
probably be expected to exceed the term “moderately”.
Herein we report our computational investigation of 1
using otéxg MNDO (modified neglect of diatomic overlap)
method.

Methods

The MOPAC Version 5.0 package® of semiempirical
molecular calculational programs, which incorporates
MNDO, was used. All minimization calculations were
carried out on an Apollo/Hewlett-Packard DN4600
workstation under the Domain O/S operating system. For
calculations involving force constant determinations, an
Apollo/Hewlett-Packard DN10000 computer was em-
ployed due to the long times involved for these calcula-
tions.

For the successful” initial trial geometries (ITGs), and
the Z matrices, all carbon—carbon distances were set at
either 1.3, 1.4, or 1.5 A, while carbon-hydrogen distances
were set at either 1.1 or 1.0 A. All hexagons were consid-
ered to be regular, with angles of 120°. Each hexagon was
considered to be individually planar, and the plane torsion
angle between two adjacent hexagons was set to 60° 80 as
to produce an overall system with a triangular cross-sec-
tion. All 3n—6 degrees of freedom were allowed to minimize
fully under the MNDO conditions. The keyword PRE-
CISE was used to automatically increase the gradient norm
and self consistent field criteria by a factor of 100. This
increase resulted in individual distance, angle, and torsion
gradients of less than 0.01 kcal/A or kcal/radian,

Results and Discussion

The simplest cyclic polyacene, cyclo-anthracene, is
formally constructed from three cyclically fused hexagons.
This molecule minimizes on the MNDO potential energy

(4) Krebs, J. F.; Zoellner, R. W. Proc. Nat. Conf. Undergrad. Res.,
Fifth 1991, 2, in press.

(5) Dewar, M. J. S.; Thiel, W. J. Am. Chem. Soc. 1977, 99, 4899.

(6) Quantum Chemistry Program Exchange (QCPE), Indiana Univ-
ersity, Department of Chemistry, Bloomington, IN 47405. QCPE Pro-
%ranl: number 456 (version 5.0), “MOPAC: A General Molecular Orbital

ackage”.

(7) Only ITGs in which all hexagons were regular and planar, pro-
ducing a molecule with a triangular cross-section, resulted in an output
optimized molecule which exhibited real vibrational, rotational, and
translational frequencies after a force constant calculation. Other I'TGs,
in which the input geometry appeared to be a better approximation of
the successfully minimized geometry, resulted in molecules with imagi-
nary translational frequencies after force constant calculations, and were,
therefore, not considered further. The input geometry with carbon-
carbon distances of 1.4 A and carbon-hydrogen distances of 1.0 A resulted
én the optimized molecule with the least positive (most stable) heat of

ormation.
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