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hydrogen evolution ceased. The resulting solution was kept with
stirring for 1 h, filtered trough a pad of Celite, and evaporated
to afford a residue that was chromatographed (hexane—ethyl
acetate (19:1) to give 6 as a colorless oil (14.1 g, 84% from 4): [a]Zp
= +17.1 (¢ 0.90, CHCl,); 'H NMR (CDCl;) 6 1.20 (t, 6 H, 2 Me,
J = 7.4 Hz), 1.29 (s, 3 H, Me), 1.35 (s, 3 H, Me), 1.69-1.79 (m,
2 H, 2 H-4), 1.81 (ddd, 1 H, H-2a, J, 5, = 8.5 Hz, J5, 3 = 2.9 Hz,
Joszp = 11.8 Hz), 1.94 (ddd, 1 H, H-2b, J, 4, = 5.9 Hz, Jpp, 5 = 9.0
Hz, J,, 0, = 11.8 Hz), 2.64-2.73 (m, 4 H, 2SCH,), 2.99 (b d, 1 H,
OH, J = 4.4 Hz), 3.55 (t, 1 H, H-6a, Jg, 4, = J5 6, = 7.45 Hz), 3.99
(dd, 1 H, H-1, J; 5, = 8.5 Hz, J, 3, = 5.9 Hz), 4.04 (dd, 1 H, H-6D,
Joagy = 7.45 Hz, J5., = 6.1 Hz), 4.06-4.09 (m, 1 H, H-3), 4.11-4.32
(m, 1 H, H-5); 1)C NMR (CDCl,) § 14.2, 14.3, 24.0, 24.2, 25.6, 26.8,
40.4, 43.6, 48.5, 53.2, 67.2, 69.5, 73.5, 108.7. Anal. Caled for
CsHys048s: C, 53.03; H, 8.90; S, 21.77. Found: C, 53.92; H, 8.82;
S. 21.54.

2,4-Dideoxy-5,6-0-isopropylidene-3-(p-nitrobenzoyl)-D-
allose Diethyl Dithioacetal (7). To a stirred solution of 6 (5.2
g, 17.69 mmol), PPh, (32.4 g, 123.8 mmol), and PNBOH (20.7 g,
123.8 mmol) in dry toluene (350 mL) was added a solution of
DEAD (19.5 mL, 123.8 mmol) in toluene (60 mL). The reaction
mixture was stirred for 1 h at rt, the suspension filtered, the
solution concentrated in vacuo, and the residue chromatographed
(hexane-ethyl acetate (95:5) to yield 7 (4.91 g, 61%) as a colorless
oil: [a]?p =-14.8 (¢ 1, CHCl,); 'H NMR (CDCl;) 4 1.15 (t, 3 H,
Me, J = 7.4 Hz), 1.17 (t, 3 H, Me, J = 7.4 Hz), 1.20 (s, 3 H, Me),
1.29 (S, 3 H, Me), 1.87 (dt, 1 H, H'4ﬂ, Ju5 = J34a =47 Hz, J4a,4b
= 14.5 Hz), 2.15-2.96 (m, 2 H, H-2a), 2.29 (ddd, 1 H, H-2b, Ji2b
= 6.2 Hz, Jy3 = 8.4 Hz, Jy, g, = 14.7 Hz), 2.47-2.66 (m, 4 H, 2
SCH,), 3.51 (t, 1 H, H-6a, Jg, ¢, = J56, = 5.9 Hz), 3.81 (dd, 1 H,
H-1, J; 5, = 8.6 Hz, J, g, = 6.2 Hz2), 4.02 (dd, 1 H, H-6b, Jg, ¢ =
12.1 Hz, J5 ¢ = 5.9 Hz), 4.10-4.17 (m, 1 H, H-5), 5.50-5.58 (m,
1 H, H-3), 8.14- 8.28 (m, 4 H, H,,.,); ¥°C NMR (CDCl,) 5 14.3,
14.4, 23.9, 24.0, 25.6, 26.9, 37.8, 40.5, 47.5, 69.4, 71.9, 72.7, 109.1,
123.5, 130.7, 130.8, 135.7, 164.1. Anal. Caled for CoqHygOgS,N:
C, 54.16; H, 6.59; S, 14.46; N, 31.6. Found: C, 52.92; H, 6.47; S,
14.28; N, 3.02.

Methyl 2,4-Dideoxy-3-(p-nitrobenzoyl)-n-allopyranosides
(2). A solution of 7 (4.0 g, 9 mmol) in MeOH (200 mL) was added
to a suspension of red mercury oxide (3.9 g, 18 mmol) and
BF4-Et,0 (4.5 mL, 36 mmol) in MeOH (80 mL) and stirred for
5 h, after which time Et,0 was added and the precipitated salts
were filtered. The resulting solution was washed with saturated
NaHCOQ;,, water, and brine, dried (MgS0,), and evaporated in
vacuo and the residue chromatographed (hexane—ethyl acetate
(6:4)) to afford 2 (e/8 mixture (1:1)) as a colorless oil (2.6 g, 95%):
'H NMR (CDCl,) 5 (selected data) 4.78 (dd, 0.5 H, J; 5., = 9.6
Hz, J) 9eq = 2.2 Hz, H-18) 4.85 (d, 0.5 H, J, 5 = 4.0 Hz, H-10), 5.39
(quint, 0.5 H, J = 3.16 Hz, H-38), 5.57 (quint, 0.5 H, J = 3.16 Hz,
H-3a); *C NMR (CDCl,) 4 31.5, 31.8, 33.6, 36.5, 56.3, 57.6, 65.1,
66.4, 66.6, 68.5, 71.2, 72.7, 98.7 (C-1, 8-anomer), 100.5 (C-1, a-
anomer), 124.5, 124.7, 131.7, 131.8, 137.2, 137.5, 151.5, 151.7, 164.6,
165.1. Anal. Caled for C,(H,;,0;N: C, 54.02; H, 5.50; N, 4.50.
Found: C, 53.89; H, 5.37; N, 4.32.

Registry No. «-2, 138386-35-3; §-2, 138386-40-0; 3, 4258-02-0;
4, 138386-36-4; 5, 138386-37-5; 6, 138386-38-6; 7, 138386-39-7;
PNBOH, 62-23-7; p-glucose, 50-99-7.

Selective Reduction of Alkynes to (Z)-Alkenes via
Niobium- or Tantalum-Alkyne Complexes

Yasutaka Kataoka, Kazuhiko Takai,* Koichiro Oshima,* and
Kiitiro Utimoto*

Department of Industrial Chemistry, Faculty of
Engineering, Kyoto University, Yoshida, Kyoto 606-01,
Japan

Received August 16, 1991

Because the rates of hydrogenation of double and triple
bonds do not differ appreciably, several catalysts for partial
hydogenation of alkynes leading to (Z)-alkenes have been
developed.! In contrast to hydrogenation, partial reduc-

tion of alkynes with sodium in liquid ammonia gives
(E)-alkenes predominantly.! In 1982, we introduced low-
valent niobium prepared by the reduction of NbCl; with
NaAlH, and used it for some reductions, i.e. the pina-
col-type reductive coupling of aldehydes or ketones and
reduction of alkynes.2 In the latter reaction with internal
alkynes, high (Z)-alkene preference was recognized com-
pared to TiCl,~-LiAlH, reagent.® This observation suggests
the possibility of two reaction pathways. One possibility
is the formation of a niobium-alkyne complex*® as an
intermediate. Pedersen isolated a one-to-one complex of
niobium and an alkyne which is produced by treatment
of the alkyne with NbCl;(DME).5 Another possibility is
a hydrometalation pathway by Nb-H species.® However,
quenching of the reaction mixture of an internal alkyne
with D,O did not give a deuterated olefin. Thus, we
reexamined our previous niobium chemistry under the
conditions using a reducing agent having no hydride
source.»?

In contrast to the previous NbCl;—NaAlH, system,? a
combination of NbCl; and zinc was found to give a vicinal
dideuterated olefin after quenching the reaction mixture
with NaOD-D,0.8° Treatment of 1-dodecyne with the
combination of 4 equiv of NbCl; and 6 equiv of zincin a
solvent of DME~benzene (1:1) at 0 °C for 1 h followed by
addition of alkaline D,0 afforded (E)-1,2-dideuterio-1-
dodecene (2-d,) in 81% yield (eq 1). The reaction course
changed dramatically when a mixed solvent of benzene and
THF (8 molar quantity of NbCl;) was employed. Cyclo-
trimerization products of 1-dodecyne, a mixture of re-
gioisomers 3a and 3b, was produced in 85% combined
yields (eq 2).410

NbClg,Zn  NaOD/D,0 -G\ iHyy H
Gy Hyy S ———— ————s = )
DME,PhH  25°C,1h b D
1 0°C,1h 2-d, B1% (d: 100%)

n-C, Hy, 1-CyoMgy
NBCI,, Zn, THE  NaOH / H,0
-CyoHy—E o X + @
B, C1oM51 CyoHy Croar
1 25°C,1h A-CyHy
3 % 3

Aluminum powder was also effective for the reduction
of NbCl;. Ultrasonic irradiation to a mixture of NbCl; and

(1) Hudlicky, M. Reductions in Organic Chemistry; Wiley: New York,
84

1984.

(2) Sato, M.; Oshima, K. Chem. Lett. 1982, 157.

(3) Chum, P. W.; Wilson, S. E. Tetrahedron Lett. 1976, 15.

(4) (a) Williams, A. C.; Sheffels, P.; Sheehan, D.; Livinghouse, T.
Organometallics 1989, 8, 1566. (b) Cotton, F. A.; Shang, M. Inorg. Chem.
1990, 29, 508. (c) Hartung, J. B,, Jr.; Pedersen, S. F. Organometallics
1990, 9, 1414 and references cited therein.

(5) Hartung, J. B., Jr.; Pedersen, S. F. J. Am. Chem. Soc. 1989, 111,
5468. Complexation of NbCl3(DME) with alkynes is reported to require
gentle reflux of THF for 10~14 h.

(6) Labinger, J. A.; Schwartz, J. J. Am. Chem. Soc. 1975, 97, 1596.
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(b) Curtis, M. D.; Real, J. Organometallics 1985, 4, 940. (c) Steffey, B.
D.; Chesnut, R. W.; Kerschner, J. L.; Pellechia, P. J.; Fanwick, P. E.;
Rothwell, I. P. J. Am. Chem. Soc. 1989, 111, 378. (d) Calderazzo, F;
Pampaloni, G.; Rocchi, L.; Strahle, J.; Wurst, K. Angew. Chem., Int. Ed.
Engl. 1991, 30, 102.
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1990, 31, 365.

(9) Partial reduction did not take place without addition of the nio-
bium salt. The possibility of the reduction through zincacyclopropene
could be eliminated. See: Morris, S. G.; Herb, S. F.; Magidman, P;
Luddy, F. E. J. Am. Oil Chem. Soc. 1972, 49, 92. Naf, F.; Decorzant, R.;
Thommen, W.; Willhalm, B.; Ohloff, G. Helv. Chim. Acta 1975, 58, 1016.
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Table I. Reduction of Alkynes to (Z)-Alkenes by Means of
a NbCl;-Zn System®

Notes

Table I1. Reduction of Alkynes to (Z)-Alkenes by Means of
a TaCl;—Zn System®

1
- NbClg, Zn NaOH/H,0 g1 g2 . 2 TaClg, 2n NaOH/ H,0 R}:(Rz
HMPA, THF, PhH 25°C,1h H H DME, PhH 25°C,1h H H
25°C,th (or-20°C, 1 h) 25°C,th
run R! R? t/h  yield/%®  Z/E° run R! R? t/h yield/%® Z/E
1 n'C10H21 H 1 724 - 1 n'CIOHZI H 0.3 39 -
2 Ph H 2 819¢ - 2 nCeHy, H 1 54 -
3 nCH,, nCgHy, 20 74 >99/<1 3 Ph H 1 68¢ -
4 _(CHz)m— 7 82 >99/<1’ 4 n'CﬁH“ n‘C5H" 0.5 85 >99/<1
5 Ph n-CeH,3 20 86% >99/<1/ 5 -(CHy) o~ 0.3 69 >99/<1/
6 C'CsH” n’CsHls 40 81¢ 97/3 6 Ph n'Csng 0.5 85 >99/<1f
7 t-Bu n'C7H]5 (4) 40 62¢ 97/3""‘ 7 C'CsH” n'Csﬂm 4 80 >99/<1
8  Me,Si n-CyHy (8) 40 81¢ 96/ 4/ 8 t-Bu n-C.Hyg 4.5 82¢ >99/<1
. 9 Me;,Si n'C]0H21 2 79 89/11,
2The alkyne (1.0 mmol) was treated at 25 °C with a reagent 10 Bu CH,—~CH(CH,); 0.6 81k >99/<1
prepared from NbCl; (2.0 mmol), Zn (3.0 mmol), and HMPA (4.0 11 n-CcH, CH;=CH(CH,), 06 8oh >99/<1
mmol) in THF-benzene (1:2). ‘®Isolated yields unless otherwise 12 n-CyHy HO(CH,), 0.5 80 >99/<1

noted. ‘The Z/E ratios were determined by capillary GLPC
and/or '"H NMR analysis of the corresponding epoxides unless
otherwise noted. ¢The reduction was conducted at 0 °C in DME~
benzene (1:1); 4-fold excesses of low-valent niobium (NbCl; (4.0
mmol) and Zn (6.0 mmol)) were employed, as undesirable dimeri-
zation of the alkyne took place when unreacted alkyne remained.
*GLPC yield. /The Z/E ratios were determined by capillary
GLPC and/or 'H NMR analysis of the product olefins. #Mixed
solvent of THF-benzene~-HMPA (1:2:1) was employed to acceler-
ate the reduction. »The alkaline workup was conducted at —20 °C.
{The Z/E ratio of the product after workup at 25 °C was 89/11.
/The Z/E ratio of the product after workup at 25 °C was 93/7.

aluminum in DME-benzene (1:1) before addition of alkyne
was indispensable to get reproducible results.!! Reduction
of 1-dodecyne with the NbCl;-Al system at 25 °C for 1.5
h afforded 1-dodecene in 89% yield, and quenching of the
reaction mixture with NaOD-D,0 gave cis-dideuterated
1-dodecene (D: 100%). The reaction with a NbCl;—
magnesium system gave a complex mixture containing a
small amount of the desired olefin.

Although heating was required to accomplish the com-
plexation of alkynes with the low-valent niobium, the
amount of NbC]; and zinc could be reduced to 1.0 and 1.5
equiv of the alkyne, respectively. For example, treatment
of 6-dodecyne with 1.0 equiv of the NbCl; and 1.5 equiv
of zinc at 25 °C for 24 h afforded (Z)-6-dodecene in 47%
yield, along with unreacted 6-dodecyne in 27% yield.!?
Meanwhile, reaction of the same mixture at 90 °C for 6
h gave (Z)-6-dodecene in 81% yield. The latter 6-dodecene
contains 87% of deuterium after workup with NaOD--D,0.
These observations suggest that a one-to-one complex*"13
of niobium and alkyne is produced as an intermediate.

Reduction of internal alkynes with the low-valent nio-
bium gave (Z)-alkenes predominantly. In the case of in-
ternal alkynes having bulky substituents, partial isomer-
ization took place during the hydrolysis which was sup-
pressed appreciably by doing the hydrolysis at low tem-
perature (—20 °C, runs 6-8). The rate of the formation of
niobium-alkyne complexes depends upon the solvent
system and the bulkiness of the substituents of alkynes.

(11) A mixture of NbCl; (4.0 equiv) and aluminum powder (6.0 equiv)
in DME-benzene after ultrasonic irradiation shows a dark orange color.

(12) Treatment of 6-dodecyne with 2 equiv of the NbCl;-Zn reagent
in DME-benzene (1:1) at 25 °C for 18 h gave 6-dodecene in 52% yield
along with 18% of the starting alkyne. When 4 equiv of NbCl; was
ex_nf)dl;)yed, the reduction of 6-dodecyne was completed in 5.5 h (80%
yield).

(13) (a) Cotton, F. A.; Shang, M. J. Am. Chem. Soc. 1990, 112, 1584.
(b) Inorg. Chem. 1990, 29, 2614. (c) Ibid. 1990, 29, 2619. (d) Cotton, F.
A.; Feng, X. Ibid. 1990, 29, 3697. (e) Cotton, F. A.; Shang, M. Organo-
metallics 1990, 9, 2131.

¢The alkyne (1.0 mmol) was treated at 25 °C with a reagent
prepared from TaCl; (2.0 mmol) and Zn (3.0 mmol) in DME-
benzene (1:1). °Isolated yields unless otherwise noted. “The Z/E
ratios were determined by capillary GLPC and/or 'H NMR anal-
ysis of the corresponding epoxides unless otherwise noted. ¢One
equiv of TaCl; and 1.5 equiv of zinc were employed. Two equiv of
TMEDA was added before addition of 1-dodecyne. Dodecane was
produced in 2% yield. *GLPC yield. /The Z/E ratios were de-
termined by capillary GLPC and/or 'H NMR analysis of the
product olefins. #Four equiv of TaCl; and 6 equiv of zinc were
used, as the alkyne remained with the standard amounts of the
reagent. "Internal alkene was produced in about 5% through ov-
erreduction of a terminal double bond.

For example, in a mixed solvent of THF-benzene (1:2) and
HMPA (double molar quantity of NbCl;), 6-dodecene was
produced in 74% vyield by treatment with 2.0 equiv of
NbCl; and 3.0 equiv of zinc for 20 h (run 3).51¢ Alkynes
4 and 5 having bulky substituents such as tert-butyl and
trialkylsilyl groups decreased in reactivity. Thus, the
amount of HMPA was increased to 25 vol % of the mixed
solvent of THF-benzene~-HMPA in the case of alkynes 4
and 5.

Terminal alkynes porimerized with the low-valent nio-
bium in the THF-benzene—-HMPA system. Reduction of
1-dodecyne was conducted in DME-benzene (1:1), and the
desired 1-dodecene was obtained in 72% yield (run 1).
Styrene was also produced in 81% yield from phenyl-
acetylene (run 2). These results show sharp contrast to
the NbCl;-NaAlH, system,? where reduction of terminal
alkynes gave a complex mixture.

Low-valent tantalum!® can be produced from TaCl; and
zinc by an analogous protocol to the niobium system.
Complexation of alkynes with the TaCl;—Zn system pro-
ceeded faster than those with the NbCl;-Zn system;
(Z)-alkenes are produced after hydrolysis (Table II). For
example, the reduction of 6-dodecyne with TaCl;-Zn
system in DME and benzene (1:1) at 25 °C was finished
within 0.5 h, while the same reduction with the NbCl;-Zn
system was not complete in 18 h.1?

Isomerization to (E)-alkenes was suppressed except in
the case of a silylalkyne (runs 7-9), when low-valent tan-

(14) When the reduction was conducted in a mixed solvent of THF-
benzene~-HMPA, introduction of deuteriums at vicinal olefinic positions
of 6-dodecene with NaOD-D,0 was only 456%. Thus the mixed solvent
of THF-benzene-HMPA was not employed in the following coupling
reaction with phthaladehyde.!%

(15) Aldehydes and ketones were converted into the pinacol-type
1,2-diols with the low-valent tantalum (or niobium). For example,
treatment of 3-phenylpropanal and cyclohexanone with the TaCls~Zn
reagent in DME-benzene at 25 °C for 10 min afforded the corresponding
1,2-diols in 99% and 82% yields, respectively. Cinnamyl alcohol di-
merized with loss of the hydroxyl group to afford a mixture of 1,5-dienes
in 73% yield by the action of the low-valent tantalum. See also ref 2.
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talum was employed. Quenching the reaction mixture of
the reduction of 6-dodecyne with the low-valent tantalum
by the addition of NaOD-D,0 gave also a vicinal di-
deuterated olefin 6-d, in 75% yield (eq 3). Terminal
alkynes are too reactive with the TaCl;~Zn reagent, and
the yield with the tantalum reagent was lower than that
with the niobium reagent (run 1). Best yield was obtained
when 2.0 equiv of TMEDA was added before addition of
1-dodecyne (run 2).

TaClyZn  NaOD/D,0  n-CH n-CghH

11# 51 @

25°C,1h 4 o

n-CgH, —=—n-CH,
DME, PhH
§ 28°C05h 6-d, 75% (d: 100%)

Olefinic double bonds which were capable of partici-
pating in a cyclization remained intact (runs 10 and 11).
This observation shows a sharp contrast to the reaction
with low-valent zirconium.’® Reduction of an alkyne
having a hydroxyl group was performed in excellent yield
(run 12).

Low-valent group 5 metals react with alkynes to form
metal-alkyne complexes.*™"18 Since low-valent group 5
metal complexes are reported to catalyze cyclotrimerization
of acetylenes,*»10 it is of considerable interest that no
benzene derivative was observed throughout the reaction
in DME-benzene (1:1). Introduction of deuterium at a
cis-vicinal position of alkenes suggests that the niobium-
and tantalum-~alkyne complexes reported here are capable
to use as a cis vicinal dianion reagent.'®

Experimental Section

General. Unless otherwise noted, materials were obtained from
commercial suppliers and were used without further purification.
Benzene, tetrahydrofuran (THF), and 1,2-dimethoxyethane
(DME) were distilled from sodium/benzophenone just before use.
Hexamethylphosphoric triamide (HMPA) was distilled from
calcium hydride and stored over 4A molecular sieves. Zinc dust
purchased from Wako Pure Chemical Industries, Ltd. (GR grade),
was activated by washing several times with 5% hydrochloric acid,
washing in turn with water, methanol, and ether, and drying in
vacuo according to Fieser and Fieser.!® Internal alkynes were
prepared according to the standard procedure described in refs
20-23. Distillation of small amounts of products was performed
with a Biichi Kugelrohr, and boiling points are indicated by an
air-bath temperature without correction. IR spectra were de-
termined with a JASCO IR-810 spectrometer. Mass spectra were
obtained with a Hitachi M-80 mass spectrometer. !H and 1*C
NMR spectra were determined with a Varian X1-200 spectrom-
eter. Chemical shifts are expressed in ppm downfield from in-
ternal tetramethylsilane using the § scale. Column chromatog-
raphy was done with silica gel (200 mesh). GLPC was performed
with a Hitachi 163 gas chromatograph using a Silicone OV-1

(16) (a) Buchwald, S. L.; Lum, R. T.; Dewan, J. C. J. Am. Chem. Soc.
1986, 108, 7441. (b) Buchwald, S. L.; Watson, B. T.; Huffman, J. C. Ibid.
1987, 109, 2544. (c) Takahashi, T.; Swanson, D. R.; Negishi, E. Chem.
Lett. 1987, 623. (d) Negishi, E.; Holmes, 8. J.; Tour, J. M,; Miller, J. A.;
Cederbaum, F. E.; Swanson, D. R.; Takahashi, T. J. Am. Chem. Soc. 1989,
111, 3336.

(17) (a) Cotton, F. A.; Hall, W, T. J. Am. Chem. Soc. 1979, 101, 5094.
(b) LaPointe, R. E.; Wolczanski, P. T.; Mitchell, J. F. Ibid. 1986, 108,
6382. (c) Kwon, D.; Curtis, M. D. Organometallics 1990, 9, 1. (d) Curtis,
M. D,; Real, J.; Hirpo, W.; Butler, W. M. Ibid. 1990, 9, 66. (e) Strickler,
J. R,; Bruck, M. A.; Wezler, P. A.; Wigley, D. E. Ibid. 1990, 9, 266. (f)
Strickler, J. R.; Wigley, D. E. Ibid. 1990, 9, 1665.

(18) (a) Kataoka, Y.; Miyai, J.; Tezuka, M.; Takai, K.; Utimoto, K.
Tetrahedron Lett. 1990, 31, 369. (b) Takai, K.; Kataoka, Y.; Utimoto,
K. J. Org. Chem. 1990, 55, 1707. (c) Takai, K.; Tezuka, M.; Kataoka, Y.;
Utimoto, K. Ibid. 1990, 55, 5310. (d) Takai, K.; Miyai, J.; Kataoka, Y.;
Utimoto, K. Organometallics 1990, 9, 3030. (e) Takai, K.; Kataoka, Y.;
Yoshizumi, K.; Oguchi, Y.; Utimoto, K. Chem. Lett. 1991, 1479.

(19) Fieser, L. F.; Fieser, M. Reagents for Organic Synthesis; Wiley:
New York, 1967; Vol. 1, p 1276.

(20) Brandsma, L. Preparative Acetylenic Chemistry: Elsevier: New
York, 1988.

(21) Kauffmann, T.; Rauch, E.; Schulz, J. Chem. Ber. 1973, 106, 1612.

(22) Corey, E. J.; Fuchs, P. L. Tetrahedron Lett. 1972, 3769.

(23) Klein, J.; Gurfinkel, E. J. Org. Chem. 1969, 34, 3952.
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capillary column. Elemental analyses were performed by the staff
at the Elemental Analyses Center of Kyoto University.

Reduction of 1-Dodecyne with a NbCl;~Zn System. Ina
50-mL reaction flask was placed NbCl; (1.1 g, 4.0 mmol) under
an argon atmosphere. To the salt were added at 25 °C benzene
(5 mL) and DME (5 mL) successively. Zinc dust (0.39 g, 6.0 mmol)
was added to the stirring pale orange solution of NbCl;, and the
mixture was stirred at 25 °C for 40 min. The color of the mixture
turned dark brown with slightly exothermic process. To the
mixture was added at 0 °C a solution of 1-dodecyne (0.17 g, 1.0
mmol) in DME and benzene (1:1, 2 mL), and the whole mixture
was stirred at 0 °C for 1 h. Aqueous NaOH solution (15%, 2 mL)
was added, and the mixture was stirred at 25 °C for an additional
1 h. The precipitated white solid was removed by filtration with
Hyflo-Super Cel and washed with ethyl acetate (3 X 5 mL). The
combined filtrate and washings were dried over MgSO, and
concentrated in vacuo. Purification by column chromatography
on silica gel with hexane as eluent gave 0.12 g (72%) of 1-dodecene.

Typical Procedure for Partial Reduction of an Internal
Alkyne with a NbCl;~Zn System. Procedure A. To a stirred
solution of NbCl; (1.1 g, 4.0 mmol) in DME and benzene (1:1, 10
mL) was added zinc (0.39 g, 6.0 mmol) under an argon atmosphere,
and the mixture was stirred at 25 °C for 40 min. To the mixture
was added at 25 °C a solution of 6-dodecyne (0.17 g, 1.0 mmol)
in DME and benzene (1:1, 2 mL), and the whole mixture was
stirred at 25 °C for 5.5 h. Aqueous NaOH solution (15%, 2 mL)
was added, and the mixture was stirred at 25 °C for an additional
1 h. The precipitated white solid was removed by filtration with
Hyflo-Super Cel and washed with ethyl acetate {38 X 5 mL). The
filtrate and washings were dried over MgSO, and concentrated
in vacuo. Purification by column chromatography on silica gel
with hexane as eluent gave 0.13 g (80%) of 6-dodecene. (b)
Procedure B. To a stirred pale orange solution of NbCl; (0.54
g, 2.0 mmol) in THF and benzene (1:2, 15 mL) were added HMPA
(0.70 mL, 4.0 mmol) and zinc (0.20 g, 3.0 mmol) successively under
an argon atmosphere, and the mixture was stirred at 25 °C for
40 min. The color of the mixture turned from purple to dark blue
with slightly exothermic process. To the mixture was added at
25 °C a solution of 6-dodecyne (0.17 g, 1.0 mmol) in THF and
benzene (1:2, 1.5 mL), and the resulting mixture was stirred at
25 °C for 20 h. Aqueous alkaline workup similar to procedure
A followed by filtration, concentration, and purification by column
chromatography gave 0.12 g (74%) of 6-dodecene. (c) Procedure
C. To a stirred pale orange solution of NbCl; (0.54 g, 2.0 mmol)
in a mixed solvent of THF, benzene, and HMPA (1:2:1, 20 mL)
was added zinc (0.20 g, 3.0 mmol) under an argon atmosphere,
and the mixture was stirred at 25 °C for 40 min. The color of
the mixture turned from wine red to dark purple. To the mixture
was added at 25 °C a solution of 1-phenyl-1-octyne (0.19 g, 1.0
mmol) in THF and benzene (1:2, 1.5 mL), and the resulting
mixture was stirred at 25 °C for 20 h. Aqueous alkaline workup
similar to procedure A followed by filtration, concentration, and
purification by column chromatography gave 0.16 g (86%) of
1-phenyl-1-octyne.

Typical Procedure for Partial Reduction of an Internal
Alkyne with a TaCl;-Zn System. To a stirred solution of TaCly
(0.72 g, 2.0 mmol) in DME and benzene (1:1, 10 mL) was added
zine (0.20 g, 3.0 mmol) at 25 °C under an argon atmosphere, and
the mixture was stirred at 25 °C for 40 min. To the mixture was
added at 25 °C a solution of 6-docecyne (0.17 g, 1.0 mmol) in DME
and benzene (1:1, 2 mL), and the resulting mixture was stirred
at 25 °C for 30 min. Aqueous NaOH solution (15%, 2 mL) was
added, and the whole mixture was stirred at 25 °C for an addi-
tional 1 h. The deposited white solid was removed by filtration
with Hyflo-Super Cel and washed with ethyl acetate ( 3 X 5 mL).
The crude product was dried over MgSO, and concentrated in
vacuo. Purification by column chromatography on silica gel with
hexane as eluent gave 0.14 g (85%) of 6-dodecene.

(Z)-1-Cyclohexyl-1-octene. Bp: 62-63 °C (bath temperature,
1 Torr). IR (neat): 2922, 2848, 1730, 1449, 1379, 1269, 889 cm™.
'H NMR (CDCl,): 50.89 (t, J = 6.5 Hz, 3 H), 1.0-1.2 (m, 2 H),
1.1-1.5 (m, 12 H), 1.5-1.9 (m, 4 H), 1.9-2.2 (m, 2 H), 2.2-2.4 (m,
1 H), 5.1-5.4 (m, 2 H). 3C NMR (CDCl,): 6 14.1, 22.7, 26.1, 26.2,
27.5, 29.0, 30.0, 31.8, 33.4, 36.3, 128.1, 136.0. MS: m/z (rel in-
tensity) 194 (M*, 5), 109 (65), 96 (100), 82 (29), 67 (17), 55 (34).
Anal. Caled for C Hyg C, 86.52; H, 13.48. Found: C, 86.46; H,
13.57. The E/Z ratio was determined by 'H NMR analysis of
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the corresponding epoxide. cis-1-Cyclohexyl-1,2-epoxyoctane.
'H NMR (CDCly): 4 0.81 (t, J = 6.9 Hz, 3 H), 0.9-1.5 (m, 12 H),
1.3-1.6 (m, 4 H), 1.4-1.8 (m, 4 H), 1.8-2.0 (m, 1 H), 2.55 (dd, J
= 4,0, 8.0 Hz, 1 H), 2.8-2.9 (m, 1 H).

(Z)-2,2-Dimethyl-3-undecene. Bp: 88-90 °C (bath tem-
perature, 13 Torr). IR (neat): 2954, 2922, 1729, 1466, 1363, 1273
cml, 'H NMR (CDCl,): 4 0.88 (t, J = 6.7 Hz, 3 H), 1.08 (s, 9
H), 1.1-1.5 (m, 10 H), 2.0-2.3 (m, 2 H), 5.15 (dt, J = 12.0, 7.0 Hz,
1H), 5.31 (d, J = 12.0 Hz, 1 H). 13C NMR (CDCl,): 4 14.1, 22.7,
28.4, 29.3, 29.4, 30.4, 31.2, 31.9, 33.1, 129.1, 139.6. MS: m/z (rel
intensity) 182 (M*, 3), 139 (3), 97 (20), 83 (100), 69 (69), 55 (48).
Anal. Caled for Cy3Hye: C, 85.63, H, 14.37. Found: C, 85.61; H,
14.54. The E/Z ratio was determined by 'H NMR analysis of
the corresponding epoxide.* c¢ig-2,2-Dimethyl-3,4-epoxy-
undecane. ‘H NMR (CDCly): 4 0.87 (t, J = 6.8 Hz, 3 H), 0.98
(s, 9 H), 1.2-1.5 (m, 10 H), 1.6-1.9 (m, 2 H), 2.63 (d, J = 4.2 Hz,
1 H), 2.8-2.9 (m, 1 H). (E)-2,2-Dimethyl-3-undecene. :H NMR
(CDCly): 60.92 (t, J = 6.7 Hz, 3 H), 0.99 (s, 9 H), 1.2-1.5 (m, 10
H), 1.9-2.1 (m, 2 H), 5.29 (dt, J = 15.7, 6.3 Hz, 1L H), 543 (d, J
= 15.7 Hz, 1 H). trans-2,2-Dimethyl-3,4-epoxyundecane. 'H
NMR (CDCl,): 4 0.81 (t, J = 6.8 Hz, 3 H), 0.85 (s, 9 H), 1.1-1.5
(m, 10 H), 1.5-1.6 (m, 2 H), 2.45 (d, J = 2.3 Hz, 1 H), 2.7-2.8 (m,
1 H).

(Z)-1-(Trimethylsilyl)-1-dodecene. Bp: 76-78 °C (bath
temperature, 1 Torr). IR (neat): 2922, 2852, 1607, 1466, 1248,
837, 761, 688 cm™.. H NMR (CDCl,): & 0.08 (s, 9 H), 0.93 (t, J
= 6.8 Hz, 3 H), 1.1-1.5 (m, 16 H), 2.0-2.2 (m, 2 H), 545 (d, J =
14.0 Hz, 1 H), 6.29 (dt, J = 14.0, 7.3 Hz, 1 H). *C NMR (CDCl,):
6 0.58, 14.1, 22.7, 29.4, 29.8, 32.0, 33.6, 128.7, 149.3. MS: m/z
(rel intensity) 240 (M, 0.8), 225 (50), 114 (27), 73 (100), 59 (61).
Anal. Caled for C;sH3,Si: C, 74.91; H, 13.41. Found: C, 74.48;
H, 13.57. The E/Z ratio was determined by 'H NMR analysis.
(E)-1-(Trimethylsilyl)-1-dodecene. 'H NMR (CDCly): 4 0.02
(s, 9 H), 0.85 (t, J = 6.7 Hz, 3 H), 1.1-1.5 (m, 16 H), 2.0-2.2 (m,
2 H), 5.59 (d, J = 18.0 Hz, 1 H), 6.02 (dt, J = 18.0, 6.1 Hz, 1 H).

(Z)-1,6-Undecadiene.?? H NMR (CDCl): 60.90 (t,J = 7.0
Hz, 3 H), 1.2-1.4 (m, 4 H), 1.46 (dd, J = 6.9, 7.3 Hz, 2 H), 1.9-2.2
(m, 6 H), 4.95 (d, J = 10.3 Hz, 1 H), 5.01 (d, J = 17.0 Hz, 1 H),
5.3-5.5 (m, 2 H), 5.82 (ddt, J = 10.3, 17.0, 6.8 Hz, 1 H). The E/Z
ratio was determined by 'H NMR analysis of the corresponding
epoxide.# cis-6,7-Epoxy-1-undecene. 'H NMR (CDCly: 50.93
(t, J = 6.8 Hz, 3 H), 1.2-1.8 (m, 10 H), 2.0-2.3 (m, 2 H), 2.9-3.0
(m, 2 H), 4.98 (d, J = 17.1 Hz, 1 H), 5.01 (d, J = 10.3 Hz, 1 H),
5.82 (ddt, J = 10.3, 17.1, 6.6 Hz, 1 H).

(Z)-1,7-Octadecadiene. Bp: 103-105 °C (bath temperature,
0.20 Torr). IR (neat): 2922, 2852, 1735, 1642, 1460, 1271, 991
cmt, 'H NMR (CDCly): 5 0.88 (t, J = 6.9 Hz, 3 H), 1.2-1.5 (m,
16 H), 1.3-1.5 (m, 4 H), 1.9-2.2 (m, 6 H), 4.95 (d, J = 10.3 Hz,
1 H), 5.00 (d, J = 16.9 Hz, 1 H), 5.3-5.5 (m, 2 H), 5.82 (ddt, J
= 10.3, 16.9, 6.6 Hz, 1 H). 3*C NMR (CDCl,): § 14.1, 22.7, 27.0,
27.2, 28.6, 29.2, 29.4, 29.6, 29.7, 29.8, 31.9, 33.7, 114.2, 129.6, 130.1,
139.0. MS: m/z (rel intensity) 250 (M*, 4), 123 (9), 96 (75), 82
(100), 87 (76), 55 (79). Anal. Caled for C,gH,: C, 86.32; H, 13.68.
Found: C, 86.18; H, 13.61. The E/Z ratio was determined by
'H NMR analysis of the corresponding epoxide.?* cis-7,8-Ep-
oxy-l-octadecene. 'H NMR (CDCl;): 6 0.88 (t, J = 6.8 Hz, 3
H), 1.2-1.5 (m, 14 H), 1.3-1.6 (m, 10 H), 2.0-2.1 (m, 2 H), 2.9-3.0
(m, 2 H), 4.95 (d, J = 10.2 Hz, 1 H), 5.01 (d, J = 17.1 Hz, 1 H),
5.81 (ddt, J = 10.2, 17.1, 6.6 Hz, 1 H).

(Z)-5-Octadecen-1-0l. Bp: 146-147 °C (bath temperature,
0.30 Torr). IR (neat): 3318, 2922, 2850, 1652, 1466, 1067 cm™.
'H NMR (CDCly): 6 0.88 (t, J = 6.8 Hz, 3 H), 1.1-1.5 (m, 21 H),
1.4-1.5 (m, 2 H), 1.5-1.7 (m, 2 H), 1.9-2.2 (m, 4 H), 3.6-3.7 (m,
2 H), 5.3-5.5 (m, 2 H). 3C NMR (CDCly): & 14.2, 22.7, 25.9, 26.9,
27.3, 294, 29.6, 29.7, 31.9, 32.4, 62.9, 129.3, 130.4. MS: m/z (rel
intensity) 250 (M* - H,0, 6), 123 (10) 96 (58), 82 (100), 41 (66).
Anal. Caled for C;gHy0: C, 80.53; H, 13.52. Found: C, 80.56;
H, 13.63. The E/Z ratio was determined by 'H NMR analysis
of the epoxide? of the tert-butyldimethylsilyl ether of the alcohol.
cis-5,6-Epoxy-1-(tert-butyldimethylsiloxy)octadecane. 'H

(24) Epoxidation was conducted with mCPBA in CH,Cl, at 0 °C. The
following procedure was modified. Paquette, L. A.; Barrett, J. H. Organic
Synthesis; Wiley: New York, 1973; Collect. Vol. V, p 467.

(25) Barluenga, J.; Yus, M.; Concellon, J. M.; Bernad, P.; Alvarez, F.
J. Chem. Res. (S) 1984, 122.

NMR (CDCl,): 4 0.03 (s, 6 H), 0.86 (s, 12 H), 1.2-1.4 (m, 16 H),
1.4-1.8 (m, 12 H), 2.9-3.0 (m, 2 H), 3.62 (t, J = 5.9 Hz, 2 H).
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Introduction
One of the potentially most versatile methods for
functionalizing a carbon skeleton is the Prilezhaev ep-
oxidation of a carbon—carbon double bond (1)? and the ring
opening of the oxirane 2 by a polar reagent, A-B (eq 1):3

o R R
R H | !
R"~cogH AN pp H-C-0-A  B-C-H
F=C wep R, T\ T peC-B a0-c-n ©
H R H R i I
1 2 R’ R’
3 4

With an unsymmetrical alkene, even if the ring opening
were to occur in a stereospecific, Sy2 manner (e.g., 3 and
4), there remains the further complication of a nonre-
gioselective ring opening leading to various proportions of
regioisomers 3 and 4. A significant improvement in the
utility and versatility of this method for organic synthesis
would be the discovery of A-B reagents and experimental
conditions that cleave oxiranes in a highly regioselective
manner and thereby lead either to product 3 or to product
4 in high yield.

For this study, we have chosen oxiranes derived from
terminal olefins as our test substrates because functionality
at or near the end of a carbon chain is often the most
valuable site for carbon—carbon chain elongation. As a
potentially valuable cleavage process, we have selected
reduction with sources of aluminum hydride.

(1) Part 48 of the series Organometallic Compounds of Group III.
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(2) House, H. O. Modern Synthetic Reactions; W. A. Benjamin: New
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