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Filtration and removal of solvents under vacuum followed by
separation on column (CH,Cl,) gave (-)-4 and (+)-5 (oils; 90-95%
yield).

A reaction using 25 mmol of 4 (5.9 g), vinyl acetate (50 mL),
and lipase PS (0.5 g) gave, after 13 d, 2.78 g (94%) of (-)-4 and
3.16 g (91%) of (+)-5 (both oils; for [a]yy see Table IT). IR and
NMR spectra of (~)-4 and (+)-5 were identical with those of
racemic 4 and 5.

General Procedure for Direct Conversion of Chiral 4 or
6 to Chiral Propranolol (1). A mixture of chirzal 4 or 5 (1 mmol),
excess isopropylamine (2.5 mL), and 10% aqueous NaOH (0.44
mL, 1.1 mmol) was stirred at ambient temperature for 16 h. After
excess isopropylamine was removed, water (2 mL) was added and
the mixture was extracted with ether (2 X 10 mL). After the ether
layer was dried over Na,SO,, dry HC] was bubbled into the
solution for ca. 15 min to give colorless chiral propranolol hy-
drochloride in quantitative yields.

For example, (-)-4 obtained from the vinyl acetate reaction as
described earlier ([a]®p, -8.7°; 0.95 g, 4 mmol) after reaction with
isopropylamine (10 mL) and 10%. aqueous NaOH (1.76 mL) gave
1.2 g (100%) of crude (S)-(~)-propranolol hydrochloride, [«]%p
-22.9° (1.15, EtOH); mp 188-190 °C. A single crystallization in
MeOH-Et,0 provided optically pure (S)-1 HCI, mp 194-196 °C;
[@)®p -26.5° (1.05, EtOH) (lit.* [a]?p -25.9° (1.08, EtOH)).

General Procedure for Conversion of Chiral 4 or 5 to
Chiral Glycidyl 1-Naphthyl Ether (3). To a solution of chiral
4 or 5 (1 mmol) in isopropy! alcohol (5 mL) was added 20%
aqueous NaOH (0.24 mL, 1.2 mmol for 4 or 0.5 mL, 2.5 mmol for
B), and the mixture was stirred at ambient temperature until TLC
{CH,Cl,) showed complete conversion to 3 (ca. 1-2 h). Removal
of solvent followed by CH,Cl, (10 mL) extraction, water (2 mL)
wash, drying, and removal of solvent afforded chiral 3 (77-85%
yield) as an oil.

(+)-4 ([a]®p +9.0° (1.9, EtOH), obtained from BuOH-DIPE
reaction, see Table II) gave (-)-3, [a]®p -33.9° (1.55, MeOH) (lit.2

for S-(+)-3, [a]?p +31.4° (1.5, MeOH)).

(-)-8 ({«]®p -19.9 (2.4, EtOH), obtained from BuOH-DIPE
reaction, see Table II) gave (+)-3, [«]®p +32.9° (1, MeOH) (lit.®
[a]®p + 31.4° (1.5, MeOH)).

I NMR (CDCI;) data for 3: 4 2.8 (m, 2 H, epoxide CH,),
3.1-4.6 (m, 3 H, ArOCH,CH), 6.75-8.5 (m, 7 H, aromatic).

Chiral Propranolol (1) from Chiral 3. A solution of chiral
3 (1 mmol) in excess isopropylamine (2.5 mL) and two drops of
water was stirred at ambient temperature until TLC (CH,Cl,-
MeOH) showed completion (16-20 h). Removal of solvent yielded
crude propranolol (free base), which could be either purified by
recrystallization in hexane or, more conventiently, converted
directly to its hydrochloride as described earlier (85-90%).

(-)-8 ([«]®p -38.9° (1.55, MeOH) as obtained previously) gave
R-(+)-1, [«]®D +9.82° (1.6, EtOH) (lit.%* [«)?'p +10.6° (1.02,
EtOH), mp 70 °C (lit.% 73 °C).

(+)-3 ([}®p +32.9 (1, MeOH) as obtained previously) gave
S-(-)-1, [a]®p -9.7° (1.5, EtOH) (lit.*# [«]?'p -10.2° (1.02, EtOH),
mp 71 °C (lit.% 73 °C).

Spectral data for 1: IR (KBr) » (cm™) 3425 (OH), 3280 (NH);
H NMR (CDCly) 6 1.1 (6 H, J = 6.2 Hz), 1.9 (2 H, br s) 2.9 (3
H, m), 6.8-8.3 (7 H, m).
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Pig liver esterase (PLE) and porcine pancreatic lipase (PPL) catalyzed hydrolyses of 2,5-bis(methoxycarbonyl)
and 2,5-bis(acetoxymethyl) meso-diester derivatives of 3,4-(isopropylidenedioxy)tetrahydrofuran proceed with
enantiotopic selectivity to give monoester products of up to 72% ee. Transesterification of the 2,5-bis(hy-
droxymethyl) derivative with trifluoroethyl laurate promoted by PPL in ether also proceeds stereoselectively
but in the opposite stereochemical sense from the hydrolysis of the corresponding diacetate. The data provide
further examples of heteroatom and ester moiety induced reversals of stereoselectivity for the two enzymes.

Introduction
The use of enzymes as catalysts for the production of
a broad structural range of chiral synthons is well-docu-
mented.? Hydrolytic enzymes such as pig liver esterase
(PLE, E.C. 3.1.1.1)*5 and porcine pancreatic lipase (PPL,

(1) Part 47: Toone, E. J.; Werth, M. J.; Jones, J. B. J. Am. Chem. Soc.
1990, 112, 4946.

(2) Abstracted largely from the Ph.D. thesis of Philip G. Hultin,
University of Toronto, 1988,

(3) (a) Davies, H. G.; Green, R. H.; Kelly, D. R.; Roberts, S. M. Bio-
transforations in Preparative QOrganic Chemistry; Academic Press:
Lon@on, 1990. (b) Klibanov, A. M. Acc. Chem. Res. 1990, 23, 114. (c)
Servi, 8. Synthesis 1990, 1. (d) Toone, E. J.; Simon, E. S.; Bednarski, M.
B.; Whitesides, G. M. Tetrahedron 1989, 45, 5365. (e) Wong, C.-H.
Science 1989, 244, 1145. (f) Crout, D. H. G.; Christen, M. In Modern
Synthetic Methods; Scheffold, R., Ed.; Springer-Verlag: Berlin, 1989;
Vol. §, pp 1-114. (g) Akiyama, A.; Bednarski, M.; Kim, M. J.; Simon, E.
S.; Waldmann, H.; Whitesides, G. M. Chem. Brit. 1987, 23, 645. (h) Jones,
g54B Tetrahedron 1986, 42, 3351. (i) Klibanov, A. M. Chem. Tech. 1986,

E.C. 3.1.1.3)¢ have proven particularly valuable in this
regard, particularly with respect to their abilities to dis-

(4) (a) Ohno, M.; Otsuka, M. Org. React. 1989, 37, 1. (b) Zhu, L.-M.;
Tedford, C. Tetrahedron 1990, 46, 6587.

(5) Some recent references are: (a) Naemura, K.; Matsumura, T.;
Komatsu, M.; Hirose, Y.; Chikamatsu, H. Bull. Chem. Soc. Jpn. 1989, 62,
3523, (b) Ganey, M. V.; Padykula, R. E.; Berchtold, G. A. J. Org. Chem.
1989, 54, 2787. (c) Fouque, E.; Rousseau, G. Synthesis 1989, 661. (d)
Santaniello, E.; Ferraboschi, P.; Grisenti, P.; Manzocchi, A.; Trave, S.
Gazz. Chim. Ital. 1989, 119, 581, (e) Luyten, M.; Muller, S.; Herzog, B.;
Keese, R. Helv. Chim. Acta 1987, 70, 1250. (f) Sabbioni, G.; Jones, J. B.
dJ. Org. Chem. 1987, 52, 4665. (g) Tschamber, T.; Waespe-Sarcevic, N.;
Tamm, C. Helv. Chim. Acta 1986, 69, 621. (h) Lam, L. K. P.,; Hy, R. A,
H. F.; Jones, J. B. J. Org. Chem. 1986, 51, 2047. (i) Jones, J. B.; Hinks,
R. S.; Hultin, P. G. Can. J. Chem. 19885, 63, 452. (j) Sabbioni, G.; Shea,
M. L,; Jones, J. B. J. Chem. Soc., Chem. Commun. 1984, 238. (k)
Schneider, M.; Engel, N.; Hoenicke, P.; Heinemann, G.; Goerisch, H.
Angew. Chem., Int. Ed. Engl. 1984, 23, 67. (1) Mohr, P.; Waespe-Sarcevic,
gls.; Tsaénm, C.; Gawronska, K.; Gawronski, J. K. Helv. Chim. Acta 1988,

, 2601.
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criminate between enantiotopic ester groups of symmetric
diester substrates.®¢

The stereoselectivities reported for PLE- and PPL-
catalyzed hydrolyses of meso-2,5-disubstituted tetra-
hydrofuranyl diesters®® producing chiral acid-ester
products encouraged us to explore the preparations of more
complex, carbohydrate-like, synthons via PLE- and PPL-
mediated hydrolyses of diesters such as 3 and 5 and es-
terification of the diol 4.

Results

The substrates 3-5 were prepared as outlined in Scheme
I. The diesters 3 and 5 were subjected to PLE- and
PPL-catalyzed hydrolyses. The results are summarized
in Scheme IL

(6) Some recent references are: (a) Estermann, H.; Prasad, K.; Sha-
iro, M. J.; Repic, O.; Hardtmann, G. E.; Bolsterli, J. J.; Walkinshaw, M.
. Tetrahedron Lett. 1990, 31, 445. (b) Kanerva, L. T.; Vihanto, J.;
Pajunen, E.; Euranato, E. K. Acta Chem. Scand. 1990, 44, 489. (c)
Babiak, K. A.; Ng, J. S.; Dygos, J. H.; Weyker, C. L.; Wang, Y.-F.; Wong,
C.-H. J. Org. Chem. 1990, 55, 3377. (d) Ramaswamy, S.; Morgan, B.;
Oehlschlager, A. C. Tetrahedron Lett. 1990, 31, 3405. (e) Chenevert, R.;
Desjardins, M.; Gagnon, R. Chem. Lett. 1990, 33. (f) Gutman, A. L.;
Zuobi, K.; Guibe-Jampel, E. Tetrahedron Lett. 1990, 31, 2037. (g) Ehrler,
d.; Seebach, D. Liebigs Ann. Chem. 1990, 379. (h) Ciuffreda, P.; Colombeo,
D.; Ronchetti, F.; Toma, L. J. Org. Chem. 1990, 55, 4187. (i) Wallace, J.
S.; Reda, K. B.; Williams, M. E.; Morrow, C. J. J. Org. Chem. 1990, 55,
3544. g) Geresh, S.; Gilboa, Y. Biotechnol. Bioeng. 1990, 36, 270. (k)
Liang, S.; Paquette, L. A, Tetrahedron Asymm. 1990, 1, 445. (1) Ped-
erson, R. L.; Liy, K. K.-C;; Rutan, J. F.; Chen, L.; Wong, C.-H. J. Org.
Chem. 1990, 55, 4897.

(7) (a) Kuhn, T.; Tamm, C.; Riesen, A.; Zehnder, M. Tetrahedron Lett.
1989, 30, 693. (b) Ohno, M.; Otsuka, M. Org. React., in press. (c) Gais,
H.-J.; Bulow, G.; Zatorski, A.; Jentsch, M.; Maidonis, P.; Hemmerle, H.
J. Org. Chem. 1989, 54, 5115. (d) Zemlicka, J.; Craine, L. E.; Heeg, M.-J.;
Oliver, J. P. J. Org. Chem. 1988, 53, 937. (e) Klunder, A. J. H.; van Gastel,
F.J. C.; Zwanenburg, B. Tetrahedron Lett. 1988, 29, 2697. (f) Naemura,
K.; Takahashi, N.; Chikamatsu, H. Chem. Lett. 1988, 1717. (g) Siksic,
S.; Ikbal, M.; le Goffic, F. Tetrahedron Lett. 1987, 28, 1887.

(8) Hemmerle, H.; Gais, H.-J. Tetrahedron Lett. 1987, 28, 3471.
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Scheme IV®

The absolute configurations of the acid-ester 6 as 2R,5S
and of (+)-7 as 28,5R were determined by their conversion
(Scheme III) to (-)-(2S,5S8)-anhydroallonic acid 8, the
(+)-2R,5R enantiomer of which has been described.? The
2R,58 configuration of (~)-7 was then assigned from the
sign of its optical rotation.

PPL-promoted transesterification of diol 4 with tri-
fluoroethyl laurate in ether afforded the hydroxy ester 9
with modest enantiotopic selectivity (Scheme IV). Sur-
prisingly, however, the acylation occurred preferentially
adjacent to the 2R center of 4, rather than on the 5(S)-
CH,0H as would have been forecast by analogy with the
stereoselectivity of PPL-catalyzed hydrolysis of 5. The

o4 7(9) Bobek, M,; Farkas, J. Collect. Czech. Chem. Commun. 1969, 34,



Enzymes in Organic Synthesis

Scheme V*
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Figure 1. Details of the specification of the active site model,
shown here from its top perspective, are given in ref 1. Analysis
of the PLE-catalyzed 14 — 15 hydrolysis reported by Zemlicka
et al.™ is shown. That of the less stereoselective 3 — 6 hydrolysis
is completely analogous. (a) This is a preferred binding mode,
with S-center ester located in the serine nucleophile region (dotted
sphere) as required for hydrolysis. The remainder of the substrate
can then locate in the allowed space, with the bicyclic portion
accommodated in the large hydrophobic pocket (Hy), the R-center
ester in the front polar pocket (Py), and the hydroxyl group in
the empty region above Pg. It is this favored ES complex that
leads to the observed product 15. (b) In order for the enantiomer
of 15 to be formed, the R-center ester would have to locate in the
serine nucleophile zone. Such ES-complex orientations would
place the polar hydroxyl group in the small hydrophobic pocket
(Hg), which is a strongly disfavored situation, and thus hydrolysis
via this ES complex does not take place. In the corresponding
active site binding analysis of the diester 12, which lacks the C-2
OH group, the converse is true because fitting the nonpolar C-2
methylene group into Hg, in a binding mode analogous to that
depicted in (b), becomes the favored situation, giving rise to 13
as the predominant product.

2R,58 configuration of the monolaurate (+)-9 followed
from the (+)-9 — (+)-11 and (-)-7 — (-)-11 correlations
summarized in Scheme V.

The enantiomeric excess of 6 was determined from its
'H NMR spectrum in the presence of (+)-a-methyl-
benzylamine.* The ee of (+)-7 was determined similarly
after its conversion to 10. The ee of (-)-7 was then esti-
mated from the magnitude of its optical rotation. The ee
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of the monolaurate ester 9 was measured by the Mosher
ester procedure.® In all cases, the 'H NMR spectrum of
the corresponding racemates were used as reference
standards.

Discussion

The synthesis of the substrates was straightforward.
Reduction of furan-2,5-dicarbexylic acid 1 to the dihydro
derivative 2 had been achieved with mercury amalgam.!!
However, the problems of handling large amounts of
mercury in this step were avoided by applying Birch re-
duction conditions. Although alkylfurans fragment under
dissolving metal conditions,!? and other 2-furanoic acid
have afforded ca. 1:1 mixtures of cis and trans products,
the desired acid 2 predominated in the 95:5 cis/trans
product mixture. To our knowledge, this represents the
first time such a high degree of stereoselection has been
observed in such reductions. Attempted determination of
the relative stereochemistry of the diester 3 by 'H NMR
gave ambiguous results. The structure was therefore
confirmed by X-ray crystallographic analysis.¥ Chiral
synthons such as 6, 7, and 9 are useful precursors for the
sugar moieties of C-nucleosides,!® but the ee levels of the
enzymically derived products are presently too low to be
of asymmetric synthetic value. However, it should be
possible to raise the ee’s to acceptable levels using the
reaction conditions control approach.3dh.16

(10) Dale, J. A.; Dull, D. L.; Mosher, H. 8. J. Org. Chem. 1969, 34,
2543

(11) (a) Moore, J. A,; Kelly, J. E. Org. Prep. Proc. Int. 1974, 6, 255. (b)
Hill, H.; Wheeler, A. S. Am. Chem. J. 1901, 25, 463.

(12) Bedenbaugh, A. O.; Bedenbaugh, J. H.; Adkins, J. D.; Bergin, W.
A. J. Org. Chem. 1970, 35, 543.

(13) Masamune, T.; Ono, M.; Matsue, H. Bull. Chem. Soc. Jpn. 1975,
48, 491.

c (14) Hultin, P. G.; Jones, J. B.; Sawyer, J. F. Acta Crystallogr. 1987,
43, 964.

(15) Buchanan, J. G. In Progress in the Chemistry of Organic Natural
Products; Herz, W., Grisebach, H., Kirby, G. W., Eds.; Springer-Verlag:
New York, 1983; Vol. 44, p 243.

(16) (a) Bjoerkling, F.; Boutelje, J.; Gatenbeck, S.; Hult, K.; Norin, T.;
Szmulik, P. Bioorg. Chem. 1988, 14, 176. (b) Boutelje, J.; Hjalmarsson,
M.; Szmulik, P.; Norin, T. In Biocatalysis in Organic Media; Laane, C.,
Tramper, J., Lilly, M. D., Eds.; Elsevier: Amsterdam, 1987; p 361. (c)
Nakamura, K.; Inoue, K,; Ushio, K.; Oka, S.; Ohno, A. Chem. Lett. 1987,
679. (d) Boutelje, J.; Hjalmarsson, M.; Hult, K.; Lindbaeck, M.; Norin,
T. Bioarg. Chem. 1988, 16, 364. (e) Chenevert, R.; D'Astous, L. Can. J.
Chem. 1988, 66, 1219. (f) Willaert, J. J.; Lemiere, G. L.; Joris, L. A.;
Lepoivre, J. A.; Alderweireldt, F. C. Bioorg. Chem. 1988, 16, 223. (g)
Nakamura, K.; Kawali, Y.; Oka, S.; Ohno, A. Bull. Chem. Soc. Jpn. 1989,
62, 875. (h) Nakamura, K.; Kawai, Y.; Ohno, A. Tetrahedron Lett. 1990,
31, 267. (i) Ohta, H.; Miyamae, Y.; Kimura, Y. Chem. Lett. 1989, 379.
() Guanti, G.; Banfi, L.; Narisano, E.; Riva, R.; Thea, S. Tetrahedron
Lett. 1986, 38, 4639.
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Among the interesting questions raised by this study are
the stereoselectivity reverals observed within structurally
related series of substrates. For example, the S-center ester
enantiotopic selectivity in the PLE-catalyzed hydrolysis
of 3 — 6 is opposite to that observed by Ohno and co-
workers!? for PLE-mediated hydrolysis of the analogous
carbocyclic diester 12, in which the product 13 results from
preferential R-center ester cleavage (Scheme VI). This
stereoselectivity-reversing influence of heteroatoms has
been noted previously for monocyclic substrates.® The
generality of this effect is further substantiated by the
behavior of the 14 — 15 process,’d for which a hydroxyl
substituent on the carbocyclic ring once again induces 3-
rather than 12-like behavior with PLE (Scheme VI).

This heteroatom effect on stereoselectivity is inter-
pretable in terms of the PLE active site model for methy!
ester hydrolyses proposed recently.! The analysis for the
most highly stereoselective case, that of the 14 — 15 re-
action, is shown in Figure 1. The stereoselectivity analysis
for the 3 — 6 conversion is completely analogous.

Although the stereoselectivites of the PPL-catalyzed
reactions were lower than for PLE, novel reversals of
stereoselectivities are also manifest, with the stereoselec-
tivity of the 4 — 9 transesterification reaction being
unexpectedly opposite to that forecast from the 5 — (-)-7
hydrolysis. In this case, the size of the acyl group appears
to be the determining factor, an effect that has been
documented previously for tetrahydrofuranyl diacetate and
dibutanoate substrates.’® It has also been suggested that
another enzyme fraction in the crude PPL preparations
used may be responsible for catalysis of transesterification
in organic solvents.!?

Experimental Section

General Methods. Chemicals were purchased from Aldrich
Chemical Co., Milwaukee, WI, of Caledon Laboratories Ltd.,
Georgetown, Ont., and were used as received unless otherwise
noted. THF and diethyl ether were distilled from sodium/
benzophenone before use. PLE (Esterase Type I, Lot no. 50F-
8045) and PPL (Type II, Lot no. 82F-0636) were purchased from
Sigma Corp., St. Louis, MO, and were used as received. Prepa-
rative-scale enzyme-mediated hydrolyses were performed with
the aid of a pH-stat. High-performance liquid chromatography
(HPLC) was performed using a Waters uBondapak C18 re-
versed-phase column, 30 X 0.39 cm. Melting points are uncor-
rected. Boiling points are given as uncorrected Kugelrohr-oven
temperatures.

Preparation of Substrates. 2,5-Bis(methoxycarbonyl)-
3,4-(isopropylidenedioxy)tetrahydrofuran (3). In a modifi-
cation of the procedure of Kinoshita et al.,® furan-2,5-dicarboxylic
acid (1; 50 g, 0.32 mol) and 2-propanol (200 mL) were placed in
a 5-L three-necked flask fitted with a dry-ice condenser and a
stopcock gas inlet. Ammonia (3 L) was distilled into the flask.
To this was added, with stirring, Na metal (16.2 g, 0.704 mol) in
several portions over 0.5 h. The mixture was stirred for 0.5 h more
before being quenched with solid NH,Cl (45.2 g). The flask was
then opened and the ammonia was allowed to evaporate under
a stream of air overnight. The solid residue was taken up in
distilled H,O (200 mL) and washed with Et,0 (3 X 100 mL), and
the aqueous layer was adjusted to pH 2 with HC] gas. It was then
continuously extracted with EtOAc for 2 days. The dried (MgSO,)
organic extracts yielded on evaporation cis-2H,5 H-dihydro-
furan-2,5-dicarboxylic acid (2;18110 21,51 g, 43%), mp 144-148

(17) Arita, M.; Adachi, K.; Ito, Y.; Sawai, H.; Ohno, M. J. Am. Chem.
Soc. 1988, 105, 4049,

(18) Hinks, R. S. Ph.D. Thesis, University of Toronto, 1985.

(19) Lutz, D.; Gueldner, A.; Thums, R.; Schreier, P, Tetrahedron
Asymm. 1990, 1, 783 and references therein.
" (fg()s g(inoshita, T.; Miyano, K.; Miwa, T. Bull. Chem. Soc. Jpn. 1975,
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°C (lit.'* mp 147-148 °C): 'H NMR (DMSO0-dg) 6 543 (2 H, 8),
6.20 (2 H, s).

The diacid 2 (21.5 g, 0.14 mol) in MeOH (250 mL) containing
concentrated HC] (5 drops) and trimethylorthoformate (10 mL)
was stirred overnight at 20 °C. Evaporation of the solvent and
Kugelrohr distillation of the residue gave cis-2,5-bis(methoxy-
carbonyl)-2H,5H-dihydrofuran!®? (22.55 g, 89%), bp 76 °C
(0.05 Torr) [lit.® bp 70 °C (0.2 Torr)]: *H NMR (CDCl,) 6 3.83
(6 H, s), 5.36 (2 H, 8), 6.25 (2 H, s); 1*C NMR (CDCl;) 4 169.55,
126.94, 85.05, 51.90.

Following the method of VanRheenan et al.,2 a solution of OsO,
in t-BuOH (30 mL, 150 mg, 0.59 mmol) was added to N-
methylmorpholine N-oxide (9.04 g, 59 mmol) in acetone (200 mL)
and water (30 mL) at 0 °C. To this mixture was added the above
dihydrofuran diester (10.1 g, 53 mmol) in acetone (100 mL), and
the reaction was stirred overnight at 20 °C. A mixture of Florisil
(5 g) and NaHSO; (3 g) was added, and the slurry was stirred for
10 min before being filtered. The filtrate was acidified with 3
M HCI (20 mL), and the solution was concentrated by 75%. This
was saturated with NaCl and extracted with EtOAc (12 X 75 mL).
The combined organic layers were dried (MgSO,) and evaporated
to give anti,syn,anti-2,5-bis(methoxycarbonyl)-3,4-di-
hydroxytetrahydrofuran (9.6 g, 82%): IR (film) » 3700-3064,
1754-1731, 1288, 1221 cm™; 'H NMR (CDCl) 6 3.83 (6 H, 5), 3.9
(2 H, s), 4.4-4.73 (4 H, m).

According to the methed of Singh et al.,? the above diester—diol
{9.6 g, 43.6 mmol) in freshly dried acetone (250 mL) was treated
with anhydrous FeCl; (2 g). The mixture was stirred overnight
under N,. The solvent was then evaporated, and the residue was
dissolved in 10% aqueous K,;CO; (50 mL) and extracted with Et,0
(11 x 75 mL). The dried (MgSO,) extracts afforded on evapo-
ration 2,5-bis(methoxycarbonyl)-3,4-(isopropylidenedioxy)-
tetrahydrofuran (3; 6.6 g, 58%). Recrystallization from water
gave an analytical sample, mp 85-86 °C: IR (KBr) » 1759, 1731,
1226, 1210 em™'; 'H NMR (CDCl;, 200 MHz) 6 1.363 3 H, q, J
= (0.7 Hz), 1.5637 (3 H, q, J = 0.6 Hz), 3.767 (6 H, s), 4.681 (2H,
d, J = 0.58 Hz), 5.084 (2 H, d, J = 0.73 Hz); *C NMR (CDCl,,
20 MHz) 5 169.88, 113.73, 84.47, 83.12, 52.39, 26.65 25.09. Anal.
Caled for C,,H,;40+ C, 50.77; H, 6.20. Found: C, 50.18; H, 6.12.

2,5-Bis(hydroxymethyl)-3,4-(isopropylidenedioxy)tetra-
hydrofuran (4). To a suspension of LiAlH, (265 mg, 7 mmol)
in dry THF (25 mL) at 0 °C was slowly added a solution of the
diester 3 (1.22 g, 4.7 mmol) in THF (20 mL). The ice bath was
removed, and the solution was stirred for 1.5 h. The reaction was
quenched with 2 M NaOH (1 mL) followed by the addition of
water with rapid stirring to break up the pasty precipitate. The
suspension was filtered through Celite, and the filter pad was
washed with THF (4 X 10 mL). The combined organic filtrate
was dried (MgS0O,) and evaporated to give 4, (960 mg, quanti-
tative), bp 70-80 °C (0.05 Torr); IR (film) » 3708-3037, 1213 cm™;
!H NMR (CDCl;) 6 1.33 (3 H, s), 1.53 (3 H, s), 3.67-3.87 (4 H,
m), 4.06 (2 H, br 8), 4.6-4.73 (2 H, m); *C NMR (CDCl,, 20 MHz)
6 113.71, 84.97, 81.23, 62.68, 27.30, 25.30.

2,5-Bis(acetoxymethyl)-3,4-(isopropylidenedioxy)tetra-
hydrofuran (5). Diol 4 (960 mg, 4.7 mmol) in CH,Cl, (50 mL)
at 0 °C containing Et;N (2 mL) and DMAP (30 mg) was slowly
treated with Ac,O (1.1 mL, 11.75 mmol). The cooling bath was
removed and stirring continued overnight. The solution was then
diluted with Et,O (50 mL) and washed with 1 M HC1 (3 X 10 mL),
saturated aqueous Na,CO; (8 X 10 mL), and brine (10 mL). The
organic layer was dried (MgSO,) and evaporated. Flash column
chromatography (4:1 hexanes/EtOAc) of the residue gave 5 (815
mg, 60%), bp 85-90 °C (0.025 Torr): IR (film) » 1746, 1239 cm™;
H NMR (CDCly) § 1.37 (3 H, 8), 1.56 (3 H, s), 2.1 (6 H, 8), 4.2
(6 H, s), 4.5-4.6 (2 H, m).

PLE-Catalyzed Hydrolyses. General Procedure.
(2R ,58)-2-(Methoxycarbonyl)-5-carboxy-3,4-(iso-
propylidenedioxy)tetrahydrofuran (6). The following basic
method was used for all enzyme-promoted hydrolyses. The diester
3 (400 mg, 1.54 mmol) was suspended in water (20 mL) and treated

(21) Gagnaire, D.; Monzeglio, P. Bull. Soc. Chim. Fr. 1968, 474.
23 (fg;avanRheenan, V.; Kelly, R. C;; Cha, D. Y, Tetrahedron Lett. 1976,
'(23) Singh, P. P.; Gharia, M. M.; Dasgupta, F.; Srivastava, H. C.
Tetrahedron Lett. 1977, 24, 439.
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with PLE (200 uL, 1200 units). The pH was held at 7.00 by the
pH-stat controlled addition of 0.5 M NaOH. The reaction was
stopped after 1 equiv of base had been added (50 min). The
filtered solution was adjusted to pH 8 with solid NaHCO,, and
the solution was washed with EtOAc (3 X 15 mL). Concentrated
HC! was added to adjust the pH to 2, and the solution was
extracted with EtOAc (7 X 20 mL). These extracts were dried
(MgS0,) and evaporated, and the residue was purified by Ku-
gelrohr distillation (90-110 °C (0.05 Torr)) to afford the acid-ester
6 (325 mg, 86%, 12% ee): [a]®p 19.15° (¢ 5.5, CHCly); IR (film)
v 3600-2400, 1760~1730, 1376, 1212, 864 cm™}; 'H NMR (CDCl,)
6133(3H,s),1.55(3H,s),3.8(3H,s),475(2H, brs),49 (2
H, m), 10.1 (1 H, br s); ¥C NMR (CDCl,, 20 MHz) § 172.44, 171.32,
114.32, 85.14, 84.90, 83.92, 83.14, 53.25, 26.71, 25.04. Anal. Caled
for CoH;,O7: C, 48.78, H, 5.73. Found: C, 48.52, H, 5.84.

(28,5R)-2-(Acetoxymethyl)-5-(hydroxymethyl)-3,4-(iso-
propylidenedioxy)tetrahydrofuran ((+)-7). The diacetate 5
(400 mg, 1.39 mmol) in water (20 mL) was treated with PLE (200
uL,, 1200 units). The reaction was complete in 2.5 h. Workup
by extraction with EtOAc (5 X 50 mL) at pH 7 yielded a mixture
of starting diacetate 5, monoacetate (+)-7, and diol 4, which was
separated by Chromatotron chromatography (2:1 hexanes/EtOAc
+ 1% v/v methanol) to give (+)-7 (207 mg, 60%, 14% ee): [a]®p
1.17° (¢ 5.29, CHCly); IR (film) » 3701-3137, 1744, 1241, 12186, 865
cm'; 'H NMR (CDCl,) 4 1.36 (3 H, 8), 1.57 (3 H, s), 2.13 (3 H,
s),283 (1 H,t,J =6 Hz),3.75(2H, d, J = 6 Hz), 4.0-4.33 (4
H, m), 4.5-4.83 (2 H, m); 1*C NMR (CDCl,, 20 MHz) 5 170.82,
114.17, 85,04, 82.46, 81.77, 81.56, 64.33, 62.67, 27.28, 25.34, 20.67.
Anal. Caled for Cy;H,04 C, 53.65, H, 7.37. Found: C, 53.20,
H, 7.65.

PPL-Catalyzed Hydrolyses. (2R,5S)-2-(Methoxy-
carbonyl)-5-carboxy-3,4-(isopropylidenedioxy)tetrahydro-
furan (6). The diester 3 (260 mg, 1 mmol) was treated with PPL
(27 mg, 324 units) in water (20 mL). The reaction was stopped
after 31 h, at 89% conversion. Workup as described above for
PLE-derived 6 gave, from the pH 8 extracts, recovered 3 (55.2
mg, 21%). Acidification of the same extracts to pH 2 followed
by reextraction gave 6, (169.6 mg, 86%, ~3% ee): [a]®p 0.925°
(c 4, CHCly). The sample was spectroscopically identical with
PLE-derived 6.

(2R ,55)-2-(Acetoxymethyl)-5-(hydroxymethyl)-3,4-(iso-
propylidenedioxy)tetrahydrofuran ((-)-7). Diacetate 5 (405
mg, 1.4 mmol) was treated with PPL (100 mg, 1200 units) in water
(20 mL). After 3 h, it was noted that the enzyme was being
inhibited. Therefore, more PPL (100 mg) was added. A third
portion (100 mg) was added after 25 h. The reaction was stopped
at 96% conversion, after 31 h. Extraction of the solution with
EtOAc (8 X 25 mL) and evaporation of the dried (MgSO,) extracts
gave a clear oil (344 mg, quantitative). Chromatotron chroma-
tography (2:1 hexanes/EtOAc + 1% v/v methanol) afforded (-)-7
(184 mg, 56%, ~18% ee): [a]®p ~0.96° (¢ 4.7, CHCl;). The
sample was spectroscopically identical with the (+)-7 obtained
with PLE,

PPL-Catalyzed Transesterification. (2R,55)-2-[(La-
uroyloxy)methyl]-5-(hydroxymethyl)-3,4-(isopropylidene-
dioxy)tetrahydrofuran (9). According to the method of Stokes
and Oehlschlager, a sample of P (of activity 12 units/mg) was
washed with several portions of acetone at —20 °C under a blanket
of No. It was then stored in a desiccator over P,0; at 0.2 Torr
for 1 week.

The diol 4 (371 mg, 1.82 mmol) in dry Et,0 (10 mL) was mixed
with dried PPL (600 mg), with vigorous stirring. Trifluoroethyl
laurate (571 mg, 1.87 mmol) in dry Et,0 (2 mL) was added. The
reaction was halted after 2 days. The mixture was filtered, and
the solvent was evaporated. Column chromatography on silica
{hexane/Et,0/EtOH 6:3:1) afforded dilaurate ester (129 mg,
12%), the monolaurate 9 (182 mg, 26%, 48% ee), and starting
diol (80 mg, 21%). The monolaurate crystallized on standing for
several days, mp 40-44 °C: [a]®p 2.03° (¢ 2.2, CHCly); IR (film)
v 3701-3617, 2925, 2854, 1739, 1212, 1159, 1077 cm™!; 'H NMR
(CDCly, 400 MHz) 5 0.851 (3 H, t, J = 6.9 Hz), 1.227 (14 H, br
8), 1.257 (2 H, m), 1.323 (3 H, s), 1.518 (3 H, s), 1.577-1.613 (2
H, m), 2.297-2.335 (3 H, m, incl OH), 3.626 (1 H, m, J,¢,, = 12

o 09(124) Stokes, T. M.; Oehlschlager, A. C. Tetrahedron Lett. 1987, 28,
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Hz), 3.782 (1 H, m, Jg,p, = 12 Hz), 4.099 (1 H, m, J; = 3.7 Hz,
Jy = 6.8 Hz), 4.159-4.198 (2 H, m), 4.249-4.296 (1 H, m), 4.490
(1 H, dd, J; = 6.8 Hz, J, = 4.2 Hz), 4.673 (1 H, dd, J, = 6.6 Hz,
Jy =3.7Hz). Anal. Caled for CyHgOg: C 65.52, H9.91. Found:
C, 65.47, H 9.81.

Determination of Absolute Configurations. (a) Of (+)-7.
Following the method of Carlsen et al.,?® alcohol-acetate (+)-7
(114 mg, 0.46 mmol) in a mixture of CCl; (1.5 mL), CH,CN (1.5
mL), and Hy0 (2.2 mL) was vigorously stirred with RuO, (5 mg)
and NalO, (400 mg) for 1.75 h. It was then diluted with CH,Cl,
(10 mL), the phases were separated, and the aqueous layer was
extracted with CH,Cl, (4 X 10 mL). The combined organic layers
were dried (MgSO,) and swirled with solid NaHSO; (100 mg)
before being filtered and evaporated. The residue was taken up
in Et,0 (20 mL), decolorized with Norit, and reevaporated to
afford (28,58 )-2-carboxy-5-(acetoxymethyl)-3,4-(iso-
propylidenedioxy)tetrahydrofuran (10; 109 mg, 91%): [a]®p
-1.31° (¢ 6.64, CHCly); IR (film) » 3695-2300, 1749-1716, 1236,
1116, 1074, 866 cm™ 'H NMR (CDCl,, 200 MHz) é 1.370 (3 H,
s), 1.559 (3 H, s), 2.070 (3 H, s), 4.140-4.302 (2 H, ABX, J, g =
12 Hz, J, x = 4.5 Hz, Jp x = 3.8 Hz), 4.444-4.497 (1 H, ABXX/,
Jxx = 2.2 Hz), 4.629 (1 H, d, J = 2.6 Hz), 4.664 (1 H, dd, J =
6.1 Hz, Jy_x = 2.2 Hz), 5.039 (1 H, dd, J, = 6.2 Hz, J, = 2.6 Hz),
9.008 (1 H, br s).

The acid-acetate 10 (109 mg, 0.42 mmol) was treated at 20 °C
with 9:1 trifluoroacetic acid/water (10 mL) for 15 min and the
solvent then evaporated. Trituration of the residue with CH,Cl,
(10 mL) produced (28,38 ,4S,58)-2-carboxy-3,4-dihydroxy-
5-(acetoxymethyl)tetrahydrofuran (91 mg, 99%): IR (film)
v 3715-2200, 1782-1650 cm™; 'H NMR (acetone-dg) 4 2.03 (3 H,
s), 4.0-4.45 (6 H, m), 5.94 (8 H, br s). The acetate group was
hydrolyzed with 0.1 M NaOH (13.7 mL, 3.3 equiv) at 20 °C for
3.5 h. The solution was acidified by the addition of Dowex-50(H*)
resin, filtered, and evaporated. The residue was purified by HPLC
(uBondapak C18 column, 30 X 0.39 cm, 1:1 methanol/water at
0.25 mL min™) to give (2R,58)-2,5-anhydroallonic acid (8; 45.1
mg, 61%): {a]®p—0.24° (c 4.51, water) (lit. for 28,5R enantiomer®
[a]%p 9.9° (¢ 0.5, Hy0)); IR (film) » 3754-2100, 1748-1560 cm™;
H NMR (D,0, 400 MHz, ext dioxane as reference) 6 3.668 (1 H,
ABX, JB—X =5.0 HZ), 3.803 (1 H, ABX, JA—B =124 HZ, JA_x =
3.2 Hz), 4.007 (1 H, ABX), 4.071 (1 H, dd, J, = 4.9, J;, = 6.3 Hz),
4282 (1H,dd,J, =4.3,J,=49Hz),4.355 (1 H, d, J = 4.3 Hz);
18C NMR (D,0, 100 MHz, ext dioxane as reference) & 176.355,
84.416, 82.367, 75.071, 71.502, 62.023. This result showed that
(+)-7 had the 2S,5R configuration, while (-)-7 had the 2R,58
configuration.

(b) Of 6. In a modification of the method of Cornforth et al.,8
the acid-ester 6a (95 mg, 0.39 mmol, from PLE method) in EtOH
containing 3 drops of phenolphthalein solution was titrated to
neutrality with 0.1 M aqueous LiOH. The solvent was then
evaporated. The residue was dried at 50 °C (0.25 Torr) for 1 h
before being dissolved in dry THF (20 mL), and brought to reflux
under N, A solution of LiBH, in THF (2.0 M, 0.12 mL) was
added via syringe, and refluxing was continued for 1.75 h. MeOH
(10 mL) was added and refluxing continued for 10 min before
distilling away 10 mL of the solution. More MeOH (10 mL) was
added, and the process was repeated. A third addition of MeOH
was followed by Dowex 50 H* (250 mg), and the mixture was
stirred while it cooled to room temperature. Filtration and
evaporation of the solvent afforded a yellow oil. Trituration with
Et,0 (10 mL) and storage at 0 °C for 2 days precipitated a solid,
which was removed by filtration. The filtrate was evaporated to
yield (28,58)-2-carboxy-5-(hydroxymethyl)-3,4-(iso-
propylidenedioxy)tetrahydrofuran (83.5 mg, 98%): IR (film)
v 3700-2300, 1735-1710 em™; 'H NMR (CDCly) 6 1.40 (3 H, s),
1.65 (3 H, ), 3.7-3.9 (2 H, m), 5.1-4.2 (4 H, m), 6.2 (2 H, br s).
This alcohol-acid (83.5 mg, 0.38 mmol) in 9:1 trifluoroacetic
acid/water was stirred at 20 °C for 15 min. Evaporation of the
solvent gave an oil, which was purified by HPLC (uBondapak C18
column, H,0, 0.5 mL min™) to give (2R,55)-2,5-anhydroallonic
acid (8; 11.4 mg, 17%): [a]®p —0.44° (c 1.14, D,0), spectro-

(25) Carlsen, P. H. J.; Katsuki, T.; Martin, V. S.; Sharpless, K. B. J.
Org. Chem. 1981, 46, 3936.

(26) Cornforth, J. W.; Cornforth, R. H.; Popjak, G.; Yengoyan, L. J.
Biol. Chem. 19686, 241, 3970.
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scopically identical with that described above.

This result demonstrated that 6a,b had the 2R,58 configuration.

(c) Of (+)-9. Monolaurate (+)-9 (58 mg, 0.15 mmol, from the
PPL-promoted transesterification of 4), Et;N (0.1 mL), and
DMAP (5 mg) were dissolved in CH,Cl, (5 mL) at 0 °C. Acetyl
chloride (17.7 mg, 0.225 mmol) in CH,Cl; (1 mL) was added
dropwise, and the mixture was stirred at 0 °C for 30 min and then
overnight at 25 °C. It was then washed with 1 M HCl at 0 °C
and then with saturated aqueous NaHCOj; and with water. The
dried (MgSO,) organic layer was concentrated and the residue
purified by preparative TLC (hexane/Et,0) to give (+)-11 (30
mg, 47%): [«]®p 0.567° (¢ 3.0, CDCly); IR (film) v 2962, 1746,
1237, 1080 em™1; 'H NMR (CDCly) 5 0.841 (3 H, m), 1.22 (16 H,
br s), 1.313 (3 H, s, acetonide), 1.509 (3 H, s, acetonide), 1.588
(2 H, m), 2.064 (3 H, s, acetyl), 2.309 (2 H, dd, not resolved), 4.15
(6 H, m), 4.494 (2 H, m). The 2R,5S configuration of this ace-
tate-laurate (+)-11 was established by its opposite optical rotation
sign to that of the (-)-(28,5R)-11 characterized as follows. A
mixture of monoacetate (~)-7 (65 mg, 0.264 mmol), from PPL-
mediated hydrolysis as described above, Et;N (0.1 mL), and
DMAP (5 mg) in CH,Cl, (5 mL) was cooled to 0 °C. A solution
of lauroy! chloride (87 mg, 0.4 mmol) in CH,Cl; (3 mL) was added
dropwise. The reaction was allowed to proceed for 30 min at 0
°C and then 3 h at 25 °C. The solution was washed successively
with 1 M HCI, saturated aqueous NaHCOQ,, and water. The
organic layer was dried (MgSO,) and concentrated. The residual
oil was purified by preparative TLC (hexane/Et,0 (2:1)) to give
(-)-11 (62 mg, 55%): [a)®p —0.16° (¢ 3.7, CDCly) whose IR and
'H NMR data matched those for (+)-11 above.

Enantiomeric Excess Determinations. (a) Of 6 (from

PLE) and (+)-7. The method of Schneider® was used for these
compounds. Samples of 6 or 10 (ca. 20 mg), as appropriate, were
dissolved in CDCl; (~0.75 mL), and their 200- or 400-MHz 'H
NMR spectra were recorded. The samples were then treated with
(+)- or (-)-a-phenylethylamine (10 uL) and shaken well and the
spectra rerecorded. Signals arising from diastereomeric salts were
integrated to yield the enantiomer ratios of the acids. The methyl
ester group of 6 or the acetate methyl group of 10 were used as
marker signals. In each case, the racemates were used for the
reference spectra.

(b) Of 6 (from PPL) and (-)-7. Because of their low values,
the enantiomeric excesses of (+)-8 and (-)-9 were determined by
comparison of their optical rotations with those of the samples
analyzed by NMR.

(c) Of (+)-9. The monolaurate was converted to its (+)-MTPA
ester,? and the 'H NMR spectrum was recorded in CDCl; solution.
The signals due to the OCH; protons of the two diastereomers
were used as markers.
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The preparation and electron-transfer (ET) behavior of a homologous series of alanine oligomers bearing
naphthoyl groups at the N-termini and biphenylylamide groups at the C-termini is described. Electron pulse
radiolysis was used to generate the corresponding radical anions, and the rates of ET were monitored at 700
nm (decay of donor) and at 500 nm (growth of acceptor). Several systems displayed ET decays too fast to measure
(ket > 1019, and in the others multiexponential decay kinetics were observed. The ET decay of dipeptide 3 could
be fit to two exponential described by rate constants of 5.2 X 10° (22%) and 5.6 X 10° s (78%). In the longer
peptides, the fit of the rate constants (and their relative contributions to total intensity) becomes less well-defined,

suggesting additional conformational diversity.

Introduction
Fluorescent probes, pioneered by Stryer,? have been a
mainstay in providing important details on peptide and
protein structure and conformational dynamics.>” In view
of the substantial current interest in electron transfer re-
actions within peptides®!® and redox proteins,'¢-?2 we
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sought to determine whether the electron-transfer behavior
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