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Luz."® They report activation parameters of 10.2, 10.1, and 10.15
kea/mol for AG? 4, 10.9, 11.5, and 10.3 keal/mol for AH*, and
2.8, 4.6, and 0.5 eu for AS*, respectively.

The observed phase dependence is compatible with a negative
activation volume. The partial derivative of AG*, the free energy
of activation, with respect to pressure, equals the activation volume,
AH?, for the process. The internal pressure of an ideal gas is zero,
and of liquid CS, at 298 K, it is 3714 atm.!® Using these values
and a A(AG?) of 370 cal, a AV* value of ~—4 cm?/mol is ob-
tained. Recently, variable-pressure and -temperature NMR
studies of cyclohexane in several solvents have revealed that in-
terconversion rates increase with increasing pressure. The pressure
dependence observed over a pressure range 1-5000 bar yields
activation volumes, AH*’s, ranging from ~5.0 cm?/mol for an
acetone solution to -1.5 ¢cm3/mol for a C¢D;;CD; solution.!”
These results are qualitatively consistent with the slower gas-phase
inversion rates reported in the present study.
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The conjugated enyne moiety is incorporated in a number of
natural products.!  Also, it can be readily converted in a ste-
reospecific manner into the corresponding diene system.? Thus,
it is not surprising that considerable effort has been expended in
seeking stereoselective methods for syntheses of conjugated en-
ynes.?

We have previously shown that symmetrically substituted
1,3-diynes react with lithium diisobutylmethylaluminum hydride
in diglyme solvent to produce, after hydrolysis of the intermediate
(Z)-enynylalanates, the corresponding trans-enynes.* Unfortu-
nately, this trans-enyne synthesis cannot be employed for the
preparation of unsymmetrical enynes since the reducing agent does
not discriminate in its addition between the triple bonds of un-
symmetrically alkyl-substituted conjugated diynes.* Hence, we
have searched for a readily accessible 1,3-diyne system in which
the triple bonds exhibit appreciably different reactivities toward
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R.; Chung, M. C. H,; Scheuer, P. J. J. Org. Chem. 1981, 46, 3870. Guerrero,
A.; Camps, F.; Coll, J.; Riba, M.; Einhorn, J.; Descoins, Ch.; Lallemond, J.
Y. Tetrahedron Lett. 1981, 2013.

(2) Butenandt, A.; Hecker, E.; Hopp, M.; Koch, W. Justus Liebigs Ann.
Chem. 1962, 658, 39. Zweifel, G.; Polston, N. L. J. Am. Chem. Soc. 1970,
92, 4068. Nif, F.; Decorzant, R.; Thommen, W.; Willhalm, B.; Ohloff, G.
Helv. Chim. Acta 1978, 58, 1016.
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Crombie, L.; Kerton, N. A.; Pattenden, G. J. Chem. Soc., Perkin Trans. |
1979, 9, 2136. Miyaura, N.; Yamada, K.; Suzuki, A. Tetrahedron Lett. 1979,
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Table I, Yields of 1-(Trimethylsilyl)-3-en-1-ynes 4 and
1-(Trimethylsilyl)-1,3-dienes 8

R H R H o bic €
szm——;ECS’vex HKZ—S:WZ, paee H>‘f§:<ihﬂes‘ "
4 8
a,R=n-C,H,, 95 (99) 97 (99)
b,R=Cy 93 (98) 96 (98)
¢, R=#Bu 90 (95) 91 (95)
d, R = Me, Si 91 (96)4 93 (96)

@ Derived from hydroalumination of 1 with Li] AIH(i-Bu),-n-Bu]
followed by protonolysis. Derived trom hydroaluinination of 4
with #-Bu, AlH followed by protonolysis. € Isolated yields
(Kugelrohr distillations). Isomeric purities are in parentheses,

4 The reaction was carried out at 25 °C for 18 h. ¢ The IR, 'H
NMR, and mass spectral data of the compounds were consistent
with the assigned structures, f Reference 16.

Scheme I
THP—O(CH,)gCE=CC==CSiMe; ~T5m
5
THP—O(CH,lg H HO(CHlg M
9 ¢ CaHoon

H :—C3H7‘f7 H
b H
6

@ Li[AlH(-Bu),-#-Bu]/DME-hexane/25 °C/1 h; 3 N HClL.
b Ki2H,0/DMF/25 °C.” € n-BuLi/hexane-diglyme/—78 ~> 25
°C;n-C,H,Br/25 =80 °C/18 h.* 4 Disiamylborane/THF/0 °C/3
h; AcOH/60 °C/5 h, H,0,-NaOH/30 =50 °C.'° € CH,0H-3 N
HCI (trace).

nucleophilic and electrophilic reducing agents and contain a
functionality capable of being elaborated into various derivatives.
We now report that 1-(trimethylsilyl)-1,3-diynes 1° fulfill this
requirement.

Addition of 1-(trimethylsilyl)-1,3-decadiyne (1a) to lithium
diisobutyl-a-butylaluminum hydride (2, Li[AIH(/-Bu),-n-Bu])
furnished, as evidenced by 'H NMR analysis, the enynylalanate
3a (eq 1). The regioselective formation of 3 points to a strong

2

DME - hexone
0 °C ~ roaom temp

R—C=C—C=CSMe3y
lad
n-Bu

R TAl-Bu,Lt M

R H
—=SiMey Y — —SiMey

3ad 4a-d
a, R = n-hexyl, b, R = cyclohexyl;
¢, R = tert-butyl; d, R = trimethylsilyl

electron-withdrawing effect of the (trimethylsilyl)ethynyl moiety
upon the alkyl-substituted triple bond, thus making it more
susceptible to attack by the nucleophilic reducing agent 2. This
activating effect of the (trimethylsilyl)ethynyl group is further
evidenced by the observation that treatment of an equimolar
mixture of 1a and 4,6-decadiyne with 2 (1 equiv) resulted in the
nearly exclusive hydroalumination of the silyldiyne 1a. The Z
stereochemistry of the enynylalanate 3a follows from its conversion
to 1-(trimethylsilyl)-trans-3-decen-1-yne (4a) upon protonolysis.
As shown in Table I, trans hydroalumination of 1-(trimethyl-
silyl)-1,3-diynes 1 followed by protonolysis represents a high-yield
method for synthesis of a variety of 1-(trimethylsilyl)-trans-3-
en-1-ynes 4.6

(3) The 1-(trimethylsilyl)-1,3-diynes are readily accessible by coupling of
preformed cuprous acetylides with (bromoethynyl)trimethylsilane. Miller, J.
A.; Zweifel, G., submitted for publication.
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From a practical point of view, it is important to note that the
now readily available 1-(trimethylsilyl)-trans-3-en-1-ynes 4 contain
the easily manipulable (trimethysilyl)ethynyl group and hence
are themselves of considerable value as synthetic intermediates.
Thus, treatment of crude 1-(trimethylsilyl)-trans-3-decen-1-yne
(4a) with KF-2H,0 in DMF’ resulted in quantitative desilylation
to afford the terminal enyne, trans-3-decen-1-yne, in 93% yield
on the basis of the silyldiyne precursor 1a. This novel methodology
has been successfully applied to the synthesis of the insect
pheromone Bombykol 6% in an 81% yield based on 5° (Scheme
D).

Another attractive synthetic use of the 1-(trimethylsilyl)-
trans-3-en-1-ynes 4 was their reduction to the corresponding
trimethylsilylated butadienes 8, which are valuable substrates for
cycloaddition reactions.!!  Thus, treatment of 4 with diiso-
butylaluminum hydride produced the dienylalanes 7.12 Hydrolysis
of 74 afforded the 1-(trimethylsilyl)-(1Z,3E)-dienes 8 (eq 2) in
high yields (Table I).

7=BusAlH .
2 S\ME3 3 N NoOH

4a-d

H Altz-Bu),

7a-d

S‘lME3
2)

H H
8a-d

To establish the regiochemistry for hydroalumination of 4a,
the dienylalane 7a was treated at 0 °C with deuterium oxide.
Examination of the resultant deuterated dienylsilane by 'H NMR
revealed that at least 95% of one deuterium was incorporated at
the C-1 carbon. Therefore, the hydroalumination of 4a with
diisobutylaluminum hydride must involve a cis addition of the
Al-H bond to the (trimethylsilyl)ethynyl group with aluminum
being attached nearly exclusively at the silicon-bearing carbon.!®

Typical procedures for the preparation of 4a and 8a are as
follows. To a solution of diisobutylaluminum hydride (1.0 mL,
5.5 mmol) in DME (7 mL) was added at 0 °C a 2.4 M solution
of n-butyllithium (2.3 mL, 5.5 mmol) in hexane. The mixture

(6) For syntheses of 1-(trimethylsily)-trans-3-en-1-ynes via the Wittig
reaction, see: Corey, E. J.; Ruden, R. A. Tetrahedron Lett. 1973, 1495,
Corey, E. J.,, Fleet, G. W. J.; Koto, M. Ibid. 1973, 3963. Hann, M. M,;
Sammes, P. G.; Kennewell, P. D.; Taylor, J. B. J. Chem. Soc., Chem. Com-
mun. 1980, 234. For syntheses of 1-(trimethylsilyl)-cis-3-en-1-ynes, see:
Holmes, A. B.; Raphael, R. A.; Wellard, N. K. Tetrahedron Lett. 1976, 1539.
Yamakado, Y.; Ishiguro, M.; Ikeda, N.; Yamamoto, H. J. Am. Chem. Soc.
1981, 103, 5568. Corey, E. J.; Riicker, C. Tetrahedron Lett. 1982, 719; Jones,
G. E.; Holmes, A. B. Ibid. 1982, 23, 3203.

(7) Corey, E. J.; Ruden, R. A. Tetrahedron Lett. 1973, 1495.

(8) Eiter, K. Fortschr. Chem. Forsch. 1970, 28, 204. Negishi, E.; Lew,
G.; Yoshida, T. J. Chem. Soc., Chem. Commun. 1973, 874. Normant, J. F.;
Commercon, A.; Villieras, J. Tetrahedron Lett. 1975, 1465.
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(10) Zweifel, G.; Polston, N. L. J. Am. Chem. Soc. 1970, 92, 4068.

(11) For a recent summary of Diels—Alder reactions of trimethylsilylated
butadienes, see: Koreeda, M.; Ciufolini, M. A. J. Am. Chem. Soc. 1982, 104,
2308.
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an alkyl group results in a reversal of the direction of addition of the AlI-H
bond to the enyne, placing the aluminum preferentially at the alkenyl-sub-
stituted carbon of the triple bond.!?

(13) Knox, I.; Chang, S. C.; Andrist, A. M. J. Org. Chem. 1977, 42, 3981.

(14) Hydrolysis of the dienylalane 7a with 3 N hydrochloric acid afforded
a 9:1 mixture of the (1Z,3E)- and (1E,3E)-silyldienes.

(15) For stereoselective monohydroaluminations of {1-alkynyl)trimethyl-
silanes see: Eisch, J. J. Foxton, M. W. J. Org. Chem. 1971, 36, 3520. Eisch,
J. J.; Damasevitz, G. A. Ibid. 1976, 41, 2214. Uchida, K.; Utimoto, K.;
Nozaki, H. /bid. 1976, 41, 2215. Zweifel, G.; Lewis, W. Ibid. 1978, 43,2739.

(16) For syntheses of (1E,3E)-bis(trimethylsilyl)-1,3-butadiene, see:
Seyferth, D.; Vick, S. C. J. Organomet. Chem. 1978, 144, 1. Carter, M. J.;
Fleming, I.; Percival, A. J. Chem. Soc., Perkin Trans. | 198}, 2415.

was stirred at 0 °C for 15 min, treated with 1a® (1.0 g, 5.5 mmol),
stirred at 0 °C for 15 min, then warmed to room temperature,
and stirred for an additional hour. The resultant solution was
slowly poured into stirred, ice-cold 3 N HCI (10 mL). After
extraction with hexane, the combined organic phases were washed
successively with 3 N HCI, saturated aqueous NaHCO,, and
saturated aqueous NaCl and dried over MgSO,. Distillation
(Kugelrohr) yielded 0.99 g (95%) of 4a: bp 95 °C (2 torr); n®p
1.4681.

1-(Trimethylsilyl)-trans-3-decen-1-yne (4a) was reduced as
follows. To a solution of 4a (0.42 g, 2.0 mmol) in ether (2 mL)
at 25 °C was added neat diisobutylaluminum hydride (0.4 mL,
2.2 mmol). The mixture was heated at 40 °C for 4 h, then cooled
to room temperature, and slowly poured into stirred, ice-cold 3
N NaOH (10 mL). After extraction with hexane, the combined
organic phases were successively washed with 3 N NaOH and
saturated aqueous NaCl and then were dried (MgSO,). Distil-
lation (Kugelrohr) afforded 0.41 g (97%) of 8a: bp 65 °C (0.01
torr); n®5y 1.4667.
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Carbyne complexes are of considerable current interest because
of their intrinsic novelty! and their potential as homogeneous
analogues of surface carbynes, postulated to occur as crucial
intermediates in hydrocarbon rearrangements? and synthesis via
the reduction of carbon monoxide (Fischer-Tropsch synthesis).?
Carbyne—carbyne coupling* could constitute an alternative to the
currently accepted mechanisms of carbon chain buildup in these
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