J. Org. Chem. 1990, 55, 1749-1753 1749

1425, 1375, 1315, 1225 cm™; 'H NMR (CDCly) 6 2.70 (s, 3 H, CHp),
7.07-8.05 (m, 6 H, ArH).

Oxidation of 5,6-Dihydrophenanthridine (8). To a mixture
of amine 8 (77 mg, 0.43 mmol) and sodium tungstate (3 mg, 0.01
mmol) in methanol (5 mL) was added dropwise 30% aqueous
hydrogen peroxide (149 mg, 1.4 mmol) at 0 °C under argon. The
reaction mixture was stirred at room temperature for 48 h. The
usual workup and column chromatography (SiO,, 15 mm X 70
mm, CH,Cl,) gave phenanthridine (9) (62 mg, 81% yield): mp
106.5-107.5 °C; R; 0.47 (Si0,, ether); IR (Nujol) 1970, 1940, 1910,
1625, 1590, 1580 1490, 1400, 1250 cm™}; 'H NMR (CDCly) 6§
7.44-8.30 (m, 6 H, ArH on C-2,3,4,7,8,9), 8.53 (d, J = 7.0 Hz, 2
H, ArH on C-1,10), 9.22 (s, 1 H, ArH on C-8). Anal. Caled for
CisHgN: C, 87.12; H, 5.06; N, 7.82. Found: C, 86.92; H, 5.03; N,
7.68.

Oxidation of 1,2,3,4-Tetrahydroquinoxaline (10). To a
mixture of 10 (213 mg, 1.59 mmol) and sodium tungstate (10 mg,
0.03 mmol) in methanol (16 mL) was added dropwise 30% aqueous
hydrogen peroxide (368 mg, 3.36 mmol) at 0 °C under argon. The
reaction mixture was stirred at room temperature for 24 h. The
usual workup and Kugelrohr distillation (155 °C (10 mmHg)) gave
quinoxaline (11) (76 mg, 37% yield): mp 37-39 °C; R;0.15 (SiO,,
ether); IR (Nujol) 1495 (C—C), 1415, 1200 em™; 'H NMR (CDCly)
8 7.50-7.85 (m, 2 H, ArH on C-6,7), 7.90-8.20 (m, 2 H, ArH on
C-5,8), 8.76 (s, 2 H, ArH on C-2,3).

Oxidation of 5,6,11,12-Tetrahydrodibenz[b,f]azocine (15).
To a mixture of 15 (258 mg, 1.23 mmol) and sodium tungstate
(8 mg, 0.02 mmol) in methanol (12 mL) was added dropwise 30%
aqueous hydrogen peroxide (426 mg, 3.88 mmol) at 0 °C under
argon. The reaction mixture was stirred at room temperature
for 28 h. The usual workup and column chromatography (SiO,,
15 mm X 90 mm, hexane-~CH,Cl,) gave 2-[2-(2-nitrosophenyl)-
ethyljbenzaldehyde (16) (91 mg, 31% yield): mp 94.0-94.5 °C;
IR (Nujol) 1695 (C==0), 1600 (C—C), 1530 (N=0 monomer),
1320, 1310 cm™}; 'H NMR (CDCl,) 6 3.63 (dt, J = 2.0, 8.0 Hz, 2
H, CH, ortho to CHO), 4.12 (dt, J = 2.0, 8.0 Hz, 2 H, CH, ortho
to N=0), 6.17 (d, J = 8.0 Hz, 1 H, ArH meta to N=0), 7.00-7.83
(m, 7 H, ArH), 10.13 (s, 1 H, CHO).

Oxidation of 2,3,4,5-Tetrahydro-1H-benz[ b]azepine (20).
To a mixture of amine 20 (794 mg, 5.39 mmol) and sodium
tungstate (35 mg, 0.11 mmol) in methanol (50 mL) was added
dropwise 30% aqueous hydrogen peroxide (1.79 g, 16.3 mmol)
at 0 °C under argon. The reaction mixture was stirred at room

temperature for 50 h. The usual workup and column chroma-
tography (SiO;, 20 mm X 130 mm, hexane—dichloromethane) gave
1 hydrozy-3,4-dihydroquinolin-2(1H)-one (2a) (294 mg, 33% yield):

0.30 (Si0,, ether); mp 117.5-118.5 °C; IR (Nujol) 3000-2700
((S—H) 1690 (C=0), 1605 (C—C) cm™; 'H NMR (CDCl,) 6 2.78
(t, J = 6.0 Hz, 2 H, COCH,CH,), 2.83 (t, J = 6.0 Hz, 2 H,
ArCH,CH,), 6.82-7.58 (m, 4 H, ArH), 8.55 (br s, 1 H, OH). Anal.
Caled for CgHgNO,: C, 66.25; H, 5.56; N, 8.58. Found: C, 66.11;
H, 5.53; N, 8.30.

Formation of 1-Formyl-1,2,3,4-tetrahydroquinoline (5a).
To a mixture of amine 1a (500 mg, 3.75 mmol) and copper di-
chloride (10 mg, 0.07 mmol) in methanol (40 mL) was added
dropwise 30% aqueous hydrogen peroxide (1.1 mL, 11 mmol) at
0 °C under argon. The reaction mixture was stirred at room
temperature for 20 h. The usual workup and column chroma-
tography (SiO,, 10 g, hexane—dichloromethane, 4:1) gave two
products, 5a and 3a. 5a (161 mg, 26% yield), which was further
purified by GLC (column temperature 140 °C) to give 50 mg (8%
yield) of colorless oil: R;0.47 (SiQ,, ether); IR (neat) 2930 (C—H),
1650 (C=0), 1255, 1210 cml; TH NMR (CDCly) 6 1.95 (tt, J =
6.0, 6.0 Hz, 2 H, CH,CH,CH,), 2.81 (t, J = 6.0, 2 H, ArCH,CH,),
3.79 (t,J = 6.0 Hz, 2 H, CH,CH,;NH), 6.99-7.30 (m, 4 H, ArH),
8.72 (s, 1 H, CHO); mass spectra m/e (rel %) 162 (M* + 1, 9),
161 (M™*, 79), 133 (15), 132 (M* - CHO, 100), 130 (11), 118 (20),
117 (25), 77 (20). Anal. Caled for C;;H,;NO: C, 74.50; H, 6.88;
N, 8.69. Found: C, 74.23; H, 6.90; N, 8.40. Quinoline (3a) (107
mg, 23% yield): R;0.47 (SiO,, ether); 'H NMR (CDCl;) 6 7.26
(dd, J = 4.3,8.3 Hz, 1 H, ArH on C-3), 7.4-7.7 (m, 3 H, ArH on
C-5,6,7), 8.00 (dd, J = 8.3, 1.8 Hz, 1 H, ArH on C-4), 8.81 (dd,
J = 4.3, 1.8 Hz, 1 H, ArH on C-2); mass spectra m/e (rel %) 130
(M* + 1, 11), 129 (M, 100), 128 (M* - 1, 19), 102 (M* - 27, 26).

Registry No. la, 635-46-1; 1b, 19343-78-3; 1c, 91-61-2; 1d,
120-15-0; le, 114235-55-1; 1f, 49716-18-9; 1g, 22190-35-8; 1h,
113961-88-9; 1i, 50741-36-1; 1j, 52601-70-4; 1k, 1780-19-4; 2a,
771-19-7; 2b, 113961-89-0; 2¢, 113961-90-3; 2d, 113961-91-4; 2e,
114259-70-0; 2f, 114259-71-1; 2g, 125076-71-3; 2h, 113961-92-5;
2i, 125076-72-4; 2j, 114259-72-2; 3a, 91-22-5; 3f, 612-57-7; 3h,
73013-68-0; 31, 91-63-4; 5a, 2739-16-4; 6, 5223-80-3; 7, 125108-26-1;
8, 27799-79-7; 9, 229-87-8; 10, 3476-89-9; 11, 91-19-0; 15, 5697-88-1;
16, 114235-54-0; 20, 1701-57-1; Nay,WO,, 13472-45-2; 7,8-benzo-
quinoline, 230-27-3.
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Lipase-catalyzed resolution of acyclic 2-azido alcohols as precursors for amino alcohols was readily accomplished.
Butanoates of racemic acyclic azidoalkanols were hydrolyzed by using commercially available lipases from Candida
cylindracea and Pseudomonas fluorescens, respectively. Some representative examples of acyclic secondary
2-azido alcohols have been obtained with enantiomeric excess ranging from 24 to >98%.

Introduction

Enzymatic hydrolysis has recently been used for the
optical resolution of several highly functionalized chiral
molecules such as amino acids, lactones, diesters, and
hydroxy acids.? Surprisingly, there are only few reports
on the resolution of chiral amino alcohols, in spite of their
importance both as chiral building blocks and as products

(1) (a) Part of the thesis for the diploma of E. Foelsche, Graz Univ-
ersity of Technology, 1989. (b) Presented in part at the 4th Cyprus
Conference on New Methods in Drug Research, Paphos, Cyprus, 1989.

(2) Jones, J. B. Tetrahedron 1986, 42, 3351.
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of pharmaceutical interest.>* They represent important
structural features of natural products such as adrenaline,
B-adrenergic receptor blockers, and local anesthetics.® In

(3) (a) Brussee, J.; Jansen, A. C. A. 8th International Symposium on
Medicinal Chemistry, Uppsala, 1984. (b) Becker, W.; Freund, H.; Pfeil,
E. Angew. Chem. 1965, 77, 1139; Angew. Chem., Int. Ed. Engl. 1965, 4,
1079. (c) Effenberger, F., et al. Angew. Chem. 1987, 99, 491; Angew.
Chem., Int. Ed. Engl. 1987, 26, 458. (d) Wang, Y. F.; Chen, S.-T.; Liu,
K.K.-C.; Wong, C.-H. Tetrahedron Lett. 1989, 30, 1917.

(4) (a) Francalanci, F.; Cesti, P.; Cabri, W.; Bianchi, D.; Martinengo,
T.; Foa, M. J. Org. Chem. 1987, 52, 5079. (b) Masaoka, Y.; Sakakibara,
M.; Mori, K. Agric. Biol. Chem. 1982, 46, 2319. (c) Sugai, T.; Mori, K.
Agric. Biol. Chem. 1984, 48, 2497.
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recent years, hydroxy amino acids have gained widespread
interest as they are found in such diverse natural and
synthetic effectors as tumor growth inhibitors (e.g., bleo-
mycin®), immuno stimulants (e.g., bestatin’), enzyme in-
hibitors (including agents that possibly control AIDS, e.g.,
pepstatin®), and substances for the treatment of hyper-
tension (e.g., statin?). 1-Amino-2-hexanol has been used
as a precursor for antithrombotic amino prostaglandin
analogues.!® In all cases known, the enantiomers differ
significantly in their biological activities; therefore,
methods for the synthesis of optically pure products seem
highly desirable. There are only few reports on enzymatic
preparations of synthons for 1-amino-2-alkanols,® the
majority of the literature dealing with 2-amino-1-alkanols,*
some of which can also be obtained very easily by reduction
of the corresponding, optically active amino acids. There
is one report on (5S,6S5)-6-azido-5-decanol obtained via a
six-step procedure starting from optically active pinanediol
boronic esters.!!

(5) (a) Roth, H. J; Tenner, H. Arzneistoffe; G. Thieme Verlag:
Stuttgart, 1988. (b) Balsamo, A.; Crotti, P.; Macchia, B.; Del Tacca, M,;
Mazzanti, L.; Ceserani, R. JJ. Med. Chem. 1979, 22, 738.

(6) (a) Owa, T.; Otsuka, M.; Ohno, M. Chem. Lett. 1988, 1873. (b)
Sebti, S. M.; Lazo, J. S. Biochemistry 1987, 26, 432.

(7) (&) Ocain, T. D.; Rich, D. H. J. Med. Chem. 1988, 31, 2193. (b)
Maibaum, J.; Rich, D. H. J. Med. Chem. 1988, 31, 625.

(8) Navia, M. A ; Fitzgerald, P. M. D.; McKeever, B. M.; Leu, C.-T.;
Heimbach, J. C.; Herber, W. K.; Sigal, I. S.; Darke, P. L.; Springer, J. P.
Nature 1989, 337, 615.

(9) (a) Mulzer, J.; Bittelmann, B.; Minch, W. Liebigs Ann. Chem.
1988, 445. (b) Frick, L.; Wolfenden, R. Biochim. Biophys. Acta 1985, 829,
311.

(10) (a) Das, J.; Nakane, M. U.S. 4663337 A, 5 May 1987; Chem. Abstr.
1987, 107, 96581s. (b) Haslanger, M. F.; Nakane, M.; Hall, S. E. Ger.
Offen. DE 3346047 Al, 28 June 1984; Chem. Abstr. 1985, 102, 6039r.
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We recently have developed a very simple procedure for
the enzymatic resolution of cyclic azido alcohols!? as pre-
cursors for amino alcohols. We now report on the exten-
sion of this method to acyclic compounds.

Results

Starting Materials. The azido alcohols 2a-g were
prepared by nucleophilic ring opening of the respective
epoxides 1a—g'® (Scheme I). If not available commercially,
the latter could easily be obtained by oxidation of the
respective alkenes with peracetic!* or m-chloroperbenzoic
acid.’® Of the alkenes, only (Z)-3-hexene had to be pre-
pared by hydrogenation of 3-hexyne!® with the aid of a
Lindlar catalyst.!?

Opening of asymmetric epoxides with azide usually
proceeded highly regioselectively, resulting in the racemic
azido alcohols with a terminal azido group. Only 5-10%
of the respective regioisomers were formed, which could
easily be removed by column chromatography on silica gel.
In the case of styrene oxide (1d), regardless of the reaction
conditions employed, the preponderant regioisomer proved
to be the one with the hydroxyl group at the terminal
position. Even with trimethylsilyl azide, employed to-
gether with varying amounts of ZnCl, or Montmorillonite,
respectively, contrary to the literature,!® at best only 15%
of the desired regioisomer could be obtained. 2d thus was
synthesized by reduction of a-azidoacetophenone (obtained
from a-bromoacetophenone) in good yield.!

Esterifications were carried out according to standard
procedures.?

Enzymatic Hydrolyses. In our previous studies,!?
butanoates were found to be most suitable for enzymatic
hydrolysis of racemic cyclic azido alcohol esters with a
series of different lipases. Although several commercially
available hydrolytic enzymes have been screened,?! only
two of them, namely, lipases from Candida cylindracea
(CC) and Pseudomonas fluorescens (P), gave satisfactory
results. Of these, P showed the better enantiodifferenti-
ation together with acceptable rates and degrees of con-
version, especially for substrates rac-3d, 3e, 3f, and 3g, but
gave no conversion at all with rac-3¢c. CC acted compar-
ably to P, somewhat less active and with lower enantio-
differentiation except for substrate rac-3c (see Table I).
The hydrolyses were carried out at pH 6.50, which was
maintained constant by addition of 1 N NaOH from an
autoburet.

By a plot of percent conversion (measured by the con-
sumption of NaOH) versus time, one could easily depict

(11) Matteson, D. S,; Sahdu, K. M.; Peterson, M. L. J. Am. Chem. Soc.
1986, 108, 810.

(12) (a) Faber, K.; Honig, H.; Seufer-Wasserthal, P. Tetrahedron Lett.
1988, 29, 1903. (b) Hénig, H.; Seufer-Wasserthal, P.; Filép, F. J. Chem.
Soc., Perkin Trans. 1, in press.

(13) Swift, G; Swern, D. J. Org. Chem. 1967, 32, 515.

(14) Crandall, J. K.; Banks, D. B.; Colyer, R. A.; Watkins, R. J.; Ar-
rington, J. P. J. Org. Chem. 1968, 33, 423.

(15) (a) McDonald, R. N.; Steppel, R. N.; Dorsey, J. E. Org. Synth.
1970, 50, 15. (b) Kishi, Y.; Aratani, M. H.; Tanino, H.; Fukuyama, T.;
Goto, T. J. Chem. Soc., Chem. Commun. 1972, 64,

(16) Pomeranz, P.; Fookson, A.; Mears, T. W.; Rozhberg, S.; Howard,
F. L. J. Res. Natl. Bur. Stand. (U.S.) 1954, 52, 51.

(17) (a) Frankel, E. N.; Garwood, R. F.; Vinson, J. R.; Weedon, B. C.
L. J. Chem. Soc., Chem. Commun. 1982, 2707. (b) Lindlar, H. Helv.
Chim. Acta 1952, 35, 446.

(18) Birkofer, L.; Kaiser, W. Liebigs Ann. Chem. 1975, 269.

(19) Boyer, J. H.; Krueger, W. E.; Moller, R. J. Org. Chem. 1969, 34,
1987.

(20) (a) Hofle, G.; Steglich, W. J. Chem. Soc., Chem. Commun. 1972,
619. (b) Hofle, G.; Steglich, W.; Vorbriiggen, H. Angew. Chem. 1978, 90,
602; Angew. Chem., Int. Ed. Engl. 1978, 17, 569.

(21) In hydrolyses of the substrates used, lipase from porcine pancreas
(Sigma) and Aspergillus niger (Amano) were not stereospecific; lipase
from Rhizopus sp. (Amano) and pig liver esterase gave no reaction at all.
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Table I. Lipase-Catalyzed Hydrolysis of 3a—g°

hydrolyzed alcohol

remaining ester

substrate enzyme time, h conv, % yield,® %

[¢]®p¢ isomer® ee % Ef

conv, % yield, % [@]®%° isomer® eef % E"

da CC 7 42 38 +08 S
3a P 11 35 30 -07 R
3b CC 10 39 37 +10 S
3b P 15 40 38 -1.0 R
3c CC 8 38 35 -68 R
3d CcC 18 40 36 +783 8
3d P 18 42 40 +979 S
de CC 18 38 36 -3.3 RF
de P 28 38 37 -4.2 R
3f CC 45 40 35 -40 RSt
3f P 55 40 39 -51 RSk
3g CC 17 32 29 -7.7  R,S
3g P 30 30 28 -89 RS

24 2 60 34 +23 R 22 2
25 2 70 22 -29 S 28 2
30 2 62 35 +31 R 29 2
30 2 60 36 -27 8 25 2
>98 180 52 46 +422 S >98 90
78 13 58 37 -86.1 R 75 4
>98 164 53 41 -1126 R >98 65
7 12 62 31 -60.2 S8 75 6
>98 180 60 38 -7187 S& >98 21
76 12 62 30 -34.0 S,R* 73 5
>98 195 60 35 -45.7 S,R* >98 21
85 18 68 26 -11.9 SR 87 6
>98 150 70 28 -135 SR >98 10

@ All reactions were performed in 0.1 M phosphate buffer (100 mL), pH 6.50 at 25 °C, substrate 25 mmol; enzyme 0.50 g. *Isolated yield.
¢¢ = 2, CH,Cl,. ?Assigned by using lanthanide induced shift (LIS) experiments of the corresponding (S)-MTPA esters with Eu(fod);.2
¢Determined by 'H and F NMR spectra of the respective MTPA esters.?? /Enantiomeric ratio.* E = In [1-c(1 + ee,)]/In [1 - ¢(1 - eep)],
p = product. £Obtained from the NMR spectra of the MTPA esters of the respective alcohols, which were formed by methanolysis. *E =
In [1 - c(1 + ee))/In [1 - c(1 - ee,)], s = substrate. ‘3R,4R or 35,45, respectively. *3R,4S or 35,4R, respectively. ‘4R,5S or 45,5R,

respectively.

substrates with excellent enantiodifferentiation (3¢ and
3g), where the hydrolysis practically ceased at 50% con-
version, whereas other substrates showed only more or less
pronounced decreases in conversion rate at this point.
Thus, for practical reasons, in these cases the hydrolyses
were stopped at a conversion rate of 40%, the mixture of
hydrolyzed, optically active azido alcohol and unaffected
ent-ester separated by column chromatography, and the
latter again subjected to a hydrolysis step till about 33%
further conversion was reached (which means 60% con-
version overall) and worked up as above. The results
obtained are reported in Table I. In control experiments
under the same conditions, but without enzyme, no hy-
drolysis was observed.

The optical yields were determined by 'H and °F NMR
of the respective (S)-MTPA esters.?

The ent-esters obtained were subjected to methanolysis
with catalytic amounts of sodium methoxide, to yield
ent-azido alcohols 2a-g, and the ee again determined by
NMR of the respective (S)-MTPA esters. The absolute
configurations were determined by comparison of the re-
spective YF NMR shifts of the CF group of the (S)-MTPA
ester,?? including lanthanide induced shift (LIS) experi-
ments with Eu(fod);.2 In the case of 2d, it was confirmed
by the sense of optical rotation of the known (+)-(S)- or
(-)-(R)-1-amino-2-phenylethanol® obtained via hydro-
genation of 2d. For 2e, 2f, and 2g, comparison with the
known (55,65)-6-azido-5-decanol'! also confirmed our as-
signment.

Discussion

The enzymatic hydrolysis of acyclic secondary a-azido
alcohols—useful precursors for optically active amino
alcohols— was efficiently accomplished with the aid of
commercially available lipases. Several enzymes were
tested, but only two of them (CC and P) proved to be
effective catalysts for the substrates employed,?! CC being
more active and less enantioselective than P. We had
shown previously!? that, in the series of cyclic azido esters,

(22) (a) Dale, J. A.; Dull, D.L.; Mosher, H. S. J. Org. Chem. 1969, 34,
2543. (b) Sullivan, G. R.; Dale, J. A.; Mosher, H. S. J. Org. Chem. 1973,
38, 2143.

(23) Yasuhara, F.; Yamaguchi, S. Tetrahedron Lett. 1980, 21, 2827.

(24) Chen, C. S.; Fujimoto, Y.; Girdaukas, G.; Sih, C. J. J. Am. Chem.
Soc. 1982, 104, 7294.

(25) Meyers, A. 1.; Slade, 1. J. Org. Chem. 1980, 45, 2785.

the activity of P slowed down significantly with increasing
ring size for a constant ee, whereas CC did not show such
dependence, while the ee was very low with small rings.
In this work, P seems to be the best suited enzyme for
effective hydrolysis in the acyclic series, with the exception
of the bulky substituted 3c. This again supports the
conjecture that the active site of P exhibits a very narrow
cavity.

In the resolution of 1-azido-2-alkanols, the enantiose-
lectivity was very poor with longer chains, being much
better with bulky phenyl or tert-butyl groups. Substrates
3e, 3f, and 3g, holding the azido alcohol moiety in the
center of the molecule, gave nearly the same results as the
cyclic equivalents 2-azidocyclohexyl butanoate and 2-
azidocyclooctyl butanoate, respectively.

It is remarkable that the two enzymes CC and P, con-
trary to their normally similar behavior, in the case of 3a
and 3b hydrolyzed different enantiomers preferentially.
Thus, in the reaction with CC as catalyst, the faster re-
acting ester had the S configuration, whereas in the re-
action with P it was the R form, which was hydrolyzed
more quickly. With the exception of 2d, in all cases the
alcohol first isolated had the R configuration. The S form
of this alcohol in structure and sign of optical rotation
corresponds to the R form of 1-phenylethanol.?® This
demonstrates that there is an ambiguity in the term R
preference or S preference of an enzyme, % because this
description is only a formal one, depending on the atoms
involved in defining the absolute configuration. In con-
clusion, we found suitable methods for obtaining optically
active acyclic azido alcohols in high ee, which can serve
as precursors for biologically active amino alcohols. The
described method is fast and simple and can easily be
scaled up, as shown in the case of trans-2-azidocyclo-
hexanol.?

Experimental Section

Melting points are uncorrected. Optical rotations were mea-
sured on a JASCO DIP-360 polarimeter in CH,Cl, solution. NMR
spectra were recorded in CDCl; on a Bruker MSL 300 instrument
at 300 MHz (*H), 75.47 MHz (*C), and 282.27 MHz (*°F).

(26) Bianchi, D.; Cesti, P.; Battistel, E. J. Org. Chem. 1988, 53, 5531.

(27) Langrand, G.; Secchi, M.; Buono, G.; Baratti, J.; Triantaphylides,
C. Tetrahedron Lett. 1985, 26, 1857.

(28) Seufer-Wasserthal, P. Ph.D. Thesis, Graz University of Tech-
nology, 1989.
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Chemical shifts are in parts per million relative to TMS or CFCl,
as internal standard; s = singlet, d = doublet, t = triplet, m =
multiplet, and br = broad signal. § values marked with an asterisk
could be reversed. Numbering of carbon atoms in NMR data:
prime (') denotes carbons in the side chain of the alkanol residue,
and double prime () denotes carbons in the butyric acid part.
Reactions were monitored by TLC using silica gel Merck 60F 55,
plates; purifications of products and separations of esters and
alcohols after the enzymatic conversions were performed on silica
gel Merck 60 with mixtures of ethyl acetate and petroleum ether
as mobile phase. All esters were purified by bulb-to-bulb dis-
tillation prior to enzymatic hydrolysis.

All commercially obtained compounds were used as received.
Crude enzyme preparations were employed without further pu-
rification. Lipase P (30 units/mg) is a product from Amano
Pharmaceutical Co., and C. cylindracea lipase (12 units/mg) was
purchased from Sigma (1 unit is able to liberate 1 umol of fatty
acid/min at pH 7.0 and 25 °C). All enzymatic hydrolyses were
performed with a Schott TR 156 pH-stat.

General Preparation of the Racemic Azido Alcohols.
1-Azido-2-hexanol (2a). A solution of 1,2-epoxyhexane (1a) (5.00
g, 50 mmol) in 80% aqueous ethanol (100 mL) was treated with
NaNj; (4.22 g, 65 mmol) and NH,Cl (3.48 g, 65 mmol). The
mixture was refluxed overnight and then poured into ice water
(300 mL). The resulting solution was extracted three times with
CH,Cl, (50 mL), the combined extracts were dried over anhydrous
Na,S0,, the solvent was removed in vacuo, and the light brown
oil was purified by column chromatography, to give 2a (5.23 g,
73%) as a colorless oil: n?p 1.4570 (lit.1% no data given); 'H NMR
8 0.87 (3 H, t, 6-Hy), 1.20-1.50 (6 H, m, 3-H,, 4-H,, 5-H,), 2.64
(1 H, br s, OH), 3.15-3.30 (2 H, m, 1-H,), 3.70 (1 H, m, 2-H); 3C
NMR § 14.0 (C-6), 22.7 (C-5), 27.7 (C-4), 34.2 (C-3), 57.3 (C-1),
71.0 (C-2). Anal. found: C, 50.0; H, 9.2. Caled for C4H,3N;0:
C, 50.3; H, 9.2. A byproduct isolated was identified as 2-azido-
1-hexanol: 'H NMR 6 0.85 (3 H, t, 6-Hj), 1.10-1.50 (6 H, m, 3-H,,
4-H,, 5-H,), 3.05 (1 H, br s, OH), 3.30-3.40 (1 H, m, 2-H), 3.45-3.65
(2 H, m, 1-H,); C NMR 6 13.9 (C-6), 22.6 (C-5), 28.3 (C-4), 30.4
(C-3), 64.6 (C-2), 65.2 (C-1). Anal. Found: C, 50.2; H, 9.4. Calcd
for CsH13N30: C, 50.3; H, 9.2.

Other azido alcohols were prepared in an analogous manner.

1-Azido-2-octanol (2b): 7.02 g, 82%; bp 117-120 °C/14
mmHg; n®;, 1.4572; 'H NMR 6 0.85 (3 H, t, 8-H,), 1.25-1.55 (10
H, m), 2.54 (1 H, br s, OH), 3.15-3.35 (2 H, m, 1-H,), 3.65-3.75
(1 H, m, 2-H); ®C NMR 4§ 13.9 (C-8), 22.5 (C-7), 25.4 (C-4), 29.2
(C-5), 30.5 (C-6), 34.2 (C-3), 56.9 (C-1), 70.7 (C-2). Anal. Found:
C, 55.9; H, 104, Caled for CgHy7N;O: C,56.1; H, 10.0. A byproduct
isolated was identified as 2-azido-1-octanol: 'H NMR 6 0.82 (3
H, t, 8-H;), 1.20-1.60 (10 H, m), 2.20 (1 H, brs, OH), 3.30-3.40
(1 H, m, 2-H), 3.40-3.70 (2 H, m, 1-H,); *C NMR 6 14.1 (C-8),
22.7(C-7), 26.2 (C-4), 29.3 (C-3)*, 30.8 (C-5)*, 31.8 (C-6), 64.7 (C-2),
65.4 (C-1). Anal. Found: C, 56.0; H, 10.3. Caled for CgH,N;0:
C, 56.1; H, 10.0.

1-Azido-3,3-dimethyl-2-butanol (2¢): 3.36 g, 47%; n®p 1.4572;
'H NMR 4 0.90 (9 H, s, 3*Me), 2.50 (1 H, br s, OH), 3.20-3.30
(2 H, m, 1-H,), 3.40-3.45 (1 H, m, 2-H); 13C NMR § 25.8 (3*Me),
34.2 (C-3), 53.9 (C-1), 78.5 (C-2). Anal. Found: C, 50.0; H, 9.2.
Calcd for CgH3NzO: C, 50.3; H, 9.1.

2-Azido-1-phenylethanol (2d): 0.98 g, 82%; n*°; 1.5503 (lit.?
bp 112 °C/1 mmHg, n?, 1.5518); 'H NMR 4 3.30-3.50 (2 H, m,
2-H,), 3.53 (1 H, br s, OH), 4.70-4.85 (1 H, m, 1-H), 7.30-7.50 (5
H, m, aryl H); 3C NMR 6 57.9 (C-2), 73.3 (C-1), 126.0 (Ar, o),
128.2 (Ar, p), 128.8 (Ar, m), 140.9 (Ar, i). A byproduct isolated
was identified as 2-azido-2-phenylethanol: 5.47 g, 67%; n%y
1.5462; TH NMR 6 3.50 (1 H, br s, OH), 3.84 (2 H, d, 1-H,), 4.74
(1 H, t, 2-H), 7.40-7.65 (5 H, m, aryl H); 1C NMR 5 66.2 (C-1),
67.6 (C-2), 126.7 (Ar, 0), 128.5 (Ar, p), 128.8 (Ar, m), 136.4 (Ar,
i).

threo-4-Azido-3-hexanol (2e): 5.80 g, 81%; n® 1.4550; 'H
NMR 6 0.92 (3 H, t, 6-Hj), 1.00 (3 H, t, 1-Hy), 1.45-1.70 (4 H, m,
2-H,, 5-H,), 2.17 (1 H, br s, OH), 3.10-3.20 (1 H, m, 4-H), 3.45-3.55
(1 H, m, 3-H); 13C NMR 6 10.1 (C-1)*, 10.8 (C-6)*, 24.2 (C-5), 27.3
(C-2), 68.6 (C-4), 74.8 (C-3). Anal. Found: C, 50.3; H, 9.3. Caled
for C6H13N305 C, 503, H, 9.1.

erythro-4-Azido-3-hexanol (2f): 3.22 g, 45% n?p 1.4572; 'H
NMR § 0.92 (3 H, t, 6-H,), 0.98 (3 H, t, 1-Hy), 1.30-1.70 (4 H, m,
2-H,, 5-H,), 2.75 (1 H, br s, OH), 3.10-3.20 (1 H, m, 4-H), 3.45-3.55
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(1 H, m, 3-H); 3C NMR 6 10.2 (C-1)*, 11.0 (C-8)*, 22.8 (C-5), 25.5
(C-2), 69.0 (C-4), 75.2 (C-3). Anal. Found: C, 50.2; H, 9.1. Caled
for CgH;3N,0O: C, 50.3; H, 9.1.

erythro-5-Azido-4-octanol (2g): 6.25 g, 73%; n*p 1.4580;
1H NMR 5 0.92 (6 H, m, 8-H,, 1-Hy), 1.20-1.60 (8 H, m), 2.30 (1
H, br s, OH), 3.30-3.40 (1 H, m, 5-H), 3.60-3.70 (1 H, m, 4-H);
13C NMR 5 14.0 (C-1)*, 14.1 (C-8)*, 19.2 (C-2)*, 19.7 (C-7)*, 31.8
(C-6), 34.8 (C-3), 67.6 (C-5), 73.9 (C-4). Anal. Found: C, 56.0;
H, 10.3. Caled for CgH;N;0: C, 56.1 H, 10.0.

Preparation of Butanoates. The esters were prepared by
standard methods?® and purified by distillation or by column
chromatography.

1-(Azidomethyl)pentyl Butanoate (3a). To a solution of
2a (7.00 g, 50 mmol) in absolute CH,Cl, (100 mL) were added
butyric anhydride (10.28 g, 65 mmol), pyridine (3.95 g, 65 mmol),
and 4-(dimethylamino)pyridine (0.05 g), and the mixture was left
at room temperature till the conversion was complete (TLC, 16
h). Excess anhydride was quenched by addition of methanol (2
mL). After 2 h, the solution was washed with saturated NaHCO,
(2 X 20 mL), 5% HCI (2 X 20 mL), and water (2 X 20 mL) and
dried over anhydrous Na,SO,. After removal of the solvent, the
crude product was purified by column chromatography, to give
3a (9.38 g, 88%): n?p 1.4411;'H NMR 6 0.84 (3 H, t, 5-H,)*, 0.92
(3 H, t,4”-Hy)*, 1.20-1.35 (4 H, m, 3-H,, 4-H,), 1.50-1.70 (4 H,
m, 2-H,, 3”-H,), 2.25 (2 H, t, 2"-H,), 3.25-3.40 (2 H, m, 1’-H,),
4.90-5.00 (1 H, m, 1-H); 3C NMR 6 13.7 (C-4")*, 13.9 (C-5)*, 18.6
(C-3), 22.6 (C-4), 27.4 (C-3), 31.4 (C-2), 36.5 (C-2"), 3.8 (C-1"),
72.6 (C-1), 173.1 (C-1”). Anal. Found: C, 56.1; H, 9.1. Calcd
for C,oH;gN;0,: C, 56.3; H, 9.0.

The other esters were prepared in an analogous manner.

1-(Azidomethyl)heptyl butanoate (3b): 9.89 g, 82%; n%y
1.4455; 'TH NMR 6 0.78 (3 H, t, 7-Hg)*, 0.85 (3 H, t, 4”-Hy)*,
1.10~1.30 (8 H, m), 1.45-1.65 (4 H, m, 2-H,, 3”"-H,), 2.25 (2 H,
t, 27-H,), 8.15-3.35 (2 H, m, 1’-H,), 4.90-5.00 (1 H, m, 1-H); 13C
NMR 6 13.5 (C-4)*, 13.9 (C-7)*, 19.3 (C-3"), 22.5 (C-6), 25.1 (C-3),
29.0 (C-4), 31.5 (C-2)*, 31.6 (C-5)*, 36.2 (C-2), 53.5 (C-1"), 72.4
(C-1), 172.8 (C-1”). Anal. Found: C, 59.5; H, 9.7. Calcd for
C12H23N302: C, 59.7, H, 9.6.

1-(Azidomethyl)-2,2-dimethylpropy! butanoate (3¢): 9.60
g, 90%; n%; 1.4382; 'H NMR 6 0.90 (9 H, s, 3*Me), 1.00 (3 H,
t, 4”-Hy), 1.60-1.80 (2 H, m, 3”-H,), 2.30 (2 H, t, 2”-H,), 3.25-3.45
(2 H, m, I’-H,), 4.80-4.90 (1 H, m, 1-H); *C NMR § 13.7 (C-4"),
18.5 (C-3"), 26.1 (3*Me), 34.1 (C-2), 36.4 (C-2”), 51.4 (C-1"), 78.4
(C-1), 173.1 (C-1”). Anal. Found: C, 56.2; H, 9.0. Calcd for
C10H19N302: C, 563, H, 9.0.

2-Azido-1-phenylethyl butanoate (3d): 11.08 g, 95%; n%¥y
1.4880; 'H NMR 6 0.95 (3 H, t, 4”-H,), 1.60-1.80 (2 H, m, 3”-H,),
2.40-2.50 (2 H, t, 2-H,), 3.45-3.65 (2 H, m, 2-H,), 5.90-6.00 (1
H, m, 1-H), 7.30~7.40 (aryl H); 3C NMR 6 13.6 (C-4"), 18.4 (C-3"),
36.3 (C-27), 53.4 (C-2), 74.4 (C-1), 126.5 (Ar, 0), 128.7 (Ar, p), 1289
(Ar, m), 137.5 (Ar, i), 172.5 (C-1”). Anal. Found: C, 61.8; H, 6.6.
Caled for Cy;H, ;N304 C, 61.8; H, 6.5.

threo-1-Ethyl-2-azidobutyl butanoate (3e): 9.81 g, 92%;
n?p 1.4418; 'H NMR 6 0.80-1.00 (9 H, m, 4-H,, 2"-H;, 4”-Hy),
1.45-1.70 (6 H, m, 3-H,, 1"-H,, 3"-H,), 2.5 (2 H, t, 2"-H,), 3.05-3.15
(1 H, m, 2-H), 4.80-4.90 (1 H, m, 1-H); 13C NMR § 9.9 (C-4)*, 10.8
(C-2)%,13.7 (C-4"), 18.6 (C-3"), 23.9 (C-3), 24.8 (C-1"), 36.2 (C-2"),
65.2 (C-2), 76.0 (C-1), 173.2 (C-1”). Anal. Found: C, 56.0; H,
9.0. Caled for C,yHgN30,: C, 56.3; H, 9.0.

erythro-1-Ethyl-2-azidobutyl butanoate (3f): 8.85g, 83%;
n?5 1.4415; 'H NMR 5 0.88 (3 H, t, 4-Hy)*, 0.94 (3 H, t, 2-Hg)*,
1.00 (3 H, t, 4-Hg)*, 1.35-1.70 (6 H, m, 3-H,, 1’-H,, 3"-H,), 2.30
(2 H, t, 2”-H,), 3.30-3.40 (1 H, m, 2-H), 4.80-4.90 (1 H, m, 1-H);
13C NMR 4 10.0 (C-4)*, 11.1 (C-2’), 13.8 (C-4"), 18.6 (C-3"), 22.6
(C-3), 23.7 (C-1"), 36.4 (C-2), 66.7 (C-2), 76.7 (C-1), 173.3 (C-1").
Anal. Found: C, 56.3; H, 9.2. Caled for C;oHyN;0,: C, 56.3;
H, 9.0.

erythro-1-Propyl-2-azidopentyl butanoate (3g): 10.26 g,
85%; n®p 1.4411; 'H NMR 5 0.80-1.00 (9 H, m, 5-H,, 3-H,, 4-H,),
1.10-1.70 (10 H, m), 2.25 (2 H, t, 2"-H,), 3.40-3.50 (1 H, m, 2-H),
4.90-5.00 (1 H, m, 1-H); 3C NMR 6 13.7 (C-5)*, 13.8 (C-3')*, 13.9
(C-4")*,18.5 (C-3"), 18.8 (C-4)*, 19.8 (C-2))*, 31.4 (C-3), 32.6 (C-1"),
38.4 (C-27), 65.1 (C-2), 75.4 (C-1), 173.1 (C-1”). Anal. Found:
C, 59.6; H, 9.9. Caled for C;,Hy3N;0,: C, 59.7; H, 9.6.

Enzymatic Resolution of Racemic 3a-g with Lipases. The
following procedure is representative. To a solution of lipase P
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(0.5 g) in phosphate buffer (0.1 N, pH 6.50, 100 mL) was added
3e (5.00 g, 24 mmol). While vigorous stirring was maintained,
the pH was kept constant at pH 6.50 by addition of 1 N NaOH
from an autoburet. When the appropriate degree of conversion
was accomplished [40% for (R,R)-2e, 28 h], the product was
extracted with CH,Cl, (3 X 100 mL). Evaporation of organic
solvents and subsequent column chromatography gave 1.24 g
(37%) of (R,R)-2e ([a]?®p —4.2° [c = 2, CH,Cly]) and 2.40 g (48%)
of optically enriched (S,S)-3e ([«]®p -54.8° [c = 2, CH,CLy]). The
latter was submitted to a further 33% conversion as described
above. Subsequent workup yielded 1.90 g (38%) of (S,S)-3e ([a]%p
-78.7° [¢ = 2, CH,CLy)]). From that, 1.17 g (35%) of (S,5)-2e ([a]®p
+4.2° [¢ = 2, CH,Cl,]) was obtained by methanolysis with catalytic
amounts of NaOMe, in 30% yield.

The other enzymatic resolutions were carried out in the same
way. Results including ee’s are shown in Table L.
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Oxidation of the acyclic N-(1-(1-naphthyl)vinyl)urethane (3) with lead tetraacetate (LTA) forms a na-
phthyloxazolone as the major product, accompanied by the product of rearrangement, N-(ethoxycarbonyl)-1-
naphthylacetamide. When the naphthyl group is replaced by alkoxy-substituted aromatic rings, the N-vinylurethane
undergoes three successive oxidations by LTA leading to novel substituted nitrogen containing cyclic anhydrides,
oxazolidine-2,5-diones. The structure of this unusual oxidation product was proven by X-ray analysis. The
mechanism of the oxidation is discussed in terms of known enamide oxidations, and the intermediacy of an oxazolone

is demonstrated.

The photochemistry of enamides, N-vinylamides and
urethanes, leads to a variety of interesting and useful re-
actions,? which have been extensively used in natural
product synthesis.> We have been interested in extending
the uses of these types of compounds and have investigated
their reactivity toward various oxidizing agents,* particu-
larly lead tetraacetate (LTA).5 Simple enamides readily
undergo bis-acetoxylation across the double bond, and the
resultant bis-acetates can then undergo subsequent reac-
tions.? In the isoquinoline enamides, where the enamide
double bond is contained in a 1-benzylidene group, LTA
introduces a 8-acetoxy group onto the double bond in the
N-aroyl series, while oxazolone formation is observed with
the urethanes.! However, with the isoquinoline 1-
methylene enamides, LTA causes an oxidative ring ex-
pansion, in which the aromatic ring migrates from the «
position of enamide double bond to the 3 position, forming
benzazepinones.” When the isoquinoline enamide double
bond is dialkyl substituted, LTA oxidation causes an ox-
idative cyclization to form hydroxyoxazolidinones.® Since
the isoquinoline enamides may be considered as rigid
systems, we have extended the LTA oxidation studies to
the acyclic case to determine the effects of conformational
flexibility on the reaction pathways. The results reported
here for the urethane series led to a surprising example

tTechnical Resources Department, The BOC Group Technical
Center.
! Rutgers University.
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of a triple oxidation but did, however, indicate the primary
pathway that acyclic N-vinylurethanes prefer to take

(1) Campbell, A. L.; Lenz, G. R. Synthesis 1987, 421-52.
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