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The reduction of 3-hexyne (9) and of 1-hexyne (7) with solutions of sodium in hexamethylphosphoramide
(HMP)-tetrahydrofuran (THF) mixtures has been studied. In the absence of an added proton donor, the inter-
nal acetylene was reduced to mixtures of the 2-hexenes 28 and 29 and the 3-hexenes 24 and 25. However, in the
presence of a proton donor, {-BuOH, only the 3-hexenes were produced. At low temperature (—33°) in the pres-
ence of excess Na and ¢-BuOH, >95% of the olefin product was the trans isomer 24. At higher temperatures (0
or 25°) or employing an inverse addition procedure to limit the Na concentration, mixtures containing 80-90%
trans olefin 24 and 10-20% cis olefin 25 were obtained. Comparable mixtures (77-82% 24 and 18-23% 25) were
formed when 3-chloro-cis-3-hexene was reduced under various conditions with solutions of Na and ¢-BuOH in
HMP-THF. These results are compared with reductions effected by solutions of Na in liquid NHs and the reac-

tion pathways operative in these reductions are discussed.

A well-established synthetic route to trans symmetrical-
ly disubstituted olefins 2 involves the reduction of disub-
stituted acetylenes 1 with solutions of alkali metals (par-
ticularly sodium) in liquid ammonia2:3 or with solutions
of lithium in low molecular weight amines.32:? It has been
suggested2c.d that the stereochemistry of this reduction
process is attributable to the addition of two electrons to
the linear acetylene 1 to form a nonlinear dianion that ad-
opts the trans geometry indicated in structure 3 to mini-
mize electrostatic repulsion between the two unshared
eléctron pairs. The successive addition of two protons at
rates more rapid than the relatively slow rate of inversion
of the vinyl anion 4* would then account for the formation
of the trans olefin 2 containing much less cis isomer than
would be expected in an equilibrium mixture.

However, this process (Scheme I), involving two succes-
sive electron transfers to the acetylene 1 to form the inter-
mediate radical anion 5 and the dianion 3, is difficult to
reconcile with polarographic studies of the electrochemi-
cal reduction of acetylenes. Although acetylenes conjugat-
ed with a carbonyl group® or with one or two aryl groups®

Scheme 1
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can be reduced electrochemically to the radical anion 5 in
aprotic media (typically DMF or DME with n-BusN+X-
as a supporting electrolyte) at relatively negative poten-
tials (—2.0 to —2.9 V vs. sce), the formation of a free di-
anion 3 is uncertain®.b even in these cases where delocali-
zation of negative change is possible. This uncertainty
arises both because at the very negative potentials re-
quired to reduce the,anion radical 5 to the dianion 3,
competing reduction of the supporting electrolyte (n-
BuyN+X~) becomes substantial (at —=2.9 to —3.0 V vs.
sce) and because the possible abstraction of either a hy-
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drogen atom or a proton from the solvent by one of the in-
termediates 3 or 5 may form more easily reduced inter-
mediates.%¢ Nonconjugated acetylenes (1, R = alkyl or H)
are normally considered inert to electrochemical reduction
by a process that involves electron transfer to form an
anion radical.’d7 We have examined the polarographic
behavior of several acetylenes 6-10 as well as the strained
cyclic acetylene 11.% Solutions of the acetylenes 7-11 and
n-BusN*BF4- in DMF exhibited no reduction waves
other than reduction of the supporting electrolyte (—=3.0 V
vs. sce) when examined either by conventional polarogra-
phy or by cyclic voltammetry. Solutions of acetylene (6),
which might be expected® to be reduced at potentials

R,C=CR, CH,C==CCH,
6,R,=R,=H L (CH,)s
7, Ry=R, =n-C,H, 1

8, Ri=n-CHy; R,=H

9, R, =R,=CH,

10, R, =R, =t-CH,
0.1-0.2 V less negative than the acetylenes 7-11 contain-
ing one or two electron-donating alkyl substituents, exhib-
ited a “shoulder” on the edge of the wave corresponding
to reduction of the supporting electrolyte. This observa-
tion suggests that the reduction potential (E1,2) for acety-
lene (6) is ca. —3.0 V (vs. sce) and that the alkyl-substi-
tuted acetylenes 7-11 accept an electron (to form 5) only
at potentials more negative than —3.0 V. When these ob-
servations are considered in terms of the reduction poten-
tial® of a solution of sodium in hexamethylphosphoramide
(=2.96 V vs. sce at 28°) or liquid ammonia (ca. —2.3 V at
—33°), it is apparent that the reducing power of these so-
dium solutions is at best barely adequate to reduce un-’
conjugated acetylenes 1 to the corresponding free radical
anions 5 and is certainly inadequate to produce the corre-
sponding free dianions 3. (Typically, the potential re-
quired to form a dianion is 0.5-1.0 V more negative than
the potential required to form an anion radical.) However,
an alternative process that is not excluded by these reduc-
tion potential values is the simultaneous addition of an
electron and a Na+ cation (or equivalently, the addition
of a Na atom) to form the organometallic intermediates
such as 12, 13, and 14 (Scheme II). In studies of the re-

Scheme 11
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e, Na e, Na
RO=CR ——>  0=—C  —— Se=c(
1 or Na Na R or Na Na R
12 13
.
Ph Li [ lH
e R R Na
| N A e, Na+ \ _ /*
I C=C e C=C
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16
duction of diphenylacetylene (and .other arylacetyl-

enes)6b.€.10 there is evidence that solutions of dimetalated
intermediates such as 16 are formed by reaction of the
corresponding acetylene with an alkali metal at low tem-
peratures. Reaction of solutions of these dimetalated in-
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termediates with a proton (or deuteron) donor produced
the corresponding trans olefins.1% The interesting obser-
vation was made that when the solid dilithio derivative 17
was protonated only the cis olefin was formed; however if
the solid cis dilithio derivative 17 was dissolved before-
protonation, a change in configuration occurred and the
trans olefin was produced upon protonation.1°® The most
reasonable interpretation of these observations is to con-
clude that if a disodio intermediate 13 is formed in the
reaction solution, it will preferentially adopt the indicated
trans configuration (minimizing electrostatic repulsion
between the C-Na dipoles) and will react with a proton
donor with retention of configuration* to form a trans ole-
fin. However, it is by no means clear that these studies
implicating dimetalated intermediates such as 13 in the
reduction of acetylenes conjugated with one or two aryl
groupséb.e:10 are also applicable to the more difficultly re-
ducible acetylenes containing only alkyl substituents. To
explore this question further we have examined the reduc-
tions of several alkyl-substituted acetylenes 7-10 with so-
lutions of sodium in either hexamethylphosphoramide
(HMP)1 or liquid NH3.

Previous studies of the reaction of carbon-carbon multi-
ple bonds!? with solutions of Na in HMP are in seeming
disagreement about the utility of these solutions. Larche-
véque reported that several dialkylacetylenes 1 were not
reduced but rather isomerized to terminal acetylenes by
treatment with solutions of Na in HMP mixed with either
THF or Et,0.122 However, in the presence of benzene as a
cosolvent, these same reactants were reported to yield
mixtures of a disubstituted olefin (stereochemistry not
stated) and some terminal olefin.122 On the other hand,
Whitesides and Ehmann found that solutions of Na in
HMP containing t-BuOH as a cosolvent slowly reduced
nonconjugated olefins to saturated hydrocarbons, and they
also reported that this Na-HMP-t-BuOH solution re-
duced 3-hexyne (9) to a mixture of trans-3-hexene and
hexane.12 We had found earlier? that relatively stable so-
lutions of Na in HMP-THF mixtures (3:2 v/v) could be
prepared and standardized by titration of these blue solu-
tions to a colorless end point with pinacolone (stoichiome-
try 1 g-atom of Na/mol of pinacolone). Furthermore,
these Na solutions reacted only very slowly with tertiary
alcohols such as t-BuOH, so that reduction with the Na
solutions could be carried out in the presence of {-BuOH
as the proton donor. We initially examined the use of
these Na solutions to reduce 5-decyne (7). Although this
acetylene 7 was reduced to one or more olefins by reaction
with solutions of Na in any of the solvent systems, liquid
NH;, HMP-THF, or HMP-THF-t-BuOH, our attempts
to analyze mixtures of some of the possible olefinic prod-
ucts 18-21 by gas chromatography were not satisfactory.
While the various cis and trans isomers were readily sepa-
rable on a glpc column employing a solution of AgNO; in
ethylene glycol as the liquid phase, our attempts to ana-
lyze a mixture of the structural isomers 18 and 20 or 19
and 21 (Scheme III) either by glpc analysis or spectro-
scopic analysis were not satisfactory.? Consequently, all
of our subsequent studies employed either the Cio acety-
lene 10 or the Cg acetylenes 8 and 9. In these cases, ana-
lytical procedures (glpc) were found that permitted sepa-
ration of the Cio hydrocarbons 22, 23, and 26 and of the
Ce hydrocarbons 24, 25, and 27-29.

From titrations involving the addition of 3-hexyne (9) to
solutions of Na in HMP-THF, we found that the blue
color of the Na solution was discharged by the addition of
1 mol of the acetylene 9 to 2 g-atoms of Na. After hydroly-
sis and isolation, the major products (see Table I) were
the trans olefin 24 (9-19% yield) and two rearranged ma-
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Table I .
Reaction of the Acetylene 9 with Na in HMP-THF

Reaction Reaction Product yields, %
Mmol Mg-atoms Mmol of time, temp, Olefin Olefin Olefin Olefin
of 9 of Na® t-BuOH min °C 28 24 29 25 Other?
i 8 30 —33 44 13 17
2.7 8 360 25 28 9 8 1
1.7 20 0.5 25 30 11 12 3% n-hexanec
3.6 7.34 0.5 25 63° 19 17
2.9 20 13 30 25 <1 29 5 47% n-hexane
2.5 8 15 30 25 <1 65 11
2.3 20 13 0.5 0 2 52 8
2.1 8 16 0.5 0 3 74 10
1.8 20 26 10 —33 2 77 3
2.6 8 15 30 —33 1 76
2.6 8 15 2 —-33 2 95
1.9 30 26/ 10 —-33 <1 757
4.6 10.9¢ 21.8 0.5 —-33 <1 58 2 22% recovery of
acetylene 9
4.9 10.6¢ 18, 7/h 0.5 —33 <1 38 3 28% recovery of
acetylene 9
6.0 12.5¢ 27 Inverse ad- —20 to 2 54 5 24% recovery of
dition’ —40 acetylene 9
4.6 10.3¢ 277 Inverse ad- —30 to <1 567 6 10% recovery of
dition’ —40 acetylene 9
2.7 8.6¢ 30/ Inverse ad- 0 1 79k 9
dition®

e Unless otherwise noted, excess Na remained after the addition of the acetylene 9 until the reaction mixture was quenched
with H,O. ? Unless otherwise noted, the separate analyses required to determine the yields of n-hexane and 1-hexyne (8)
were not performed. ¢ No 1-hexyne (8) was detected (glpe) in the reaction product. ¢ In this experiment, all the Na was
consumed before the solution was quenched. ¢ After the reaction mixture had been quenched with D,0, the product con-
tained no deuterated species. / -BuOD was used in this experiment. ¢ The olefin contained 86% d. species and 14% d; species.
t In this experiment the £-BuOH (or {-BuOD) was added with the acetylene 9 to the Na solution. ¢ In this experiment the
Na solution in HMP~-THF was added to the acetylene 9 and £-BuOH (or ~BuOD). 7 This olefin contained 66% d» species,
31% d, species, and 3% d, species. * This olefin contained 46% d, species, 39% d, species, and 15% d, species.

Scheme I11
R
N Nomol
H./ \R H/ \H
18, R = n-Bu 19, R =n-Bu
22, R =t-Bu 23, R =¢Bu
24, R=Et 25, R=Et
- -P CH,,-
nPr\(‘=C/H n- r\c___c/ 1un
H/ \Can-n H/ \H
20 21
t-BuCH,CH,Bu-¢ n-BuCH==CH,
26 27
n-Pr\C=C/H n PI‘\C=C/CH3
u cn, e 'S
28 29

t-BuC==CC(CH,),OH t-BuC==CC(CH,);Cl
30 31

terials, the trans olefin 28 (28-63% yield) and the cis ole-
fin 29 (8-17% yield). When one of these reaction mixtures
was hydrolyzed with D30, no deuterium was incorporated
in the major olefinic product 28. Consequently, we con-
cluded, contrary to the report of Larchevéque,22 that in-
ternal acetylenes are reduced by solutions of Na in
HMP-THF, and furthermore, that all stages of the reduc-
tion (electron transfer and transfer of H+ or H.) are com-
plete before the reaction solutions are hydrolyzed. How-
ever, in partial agreement with Larchéveque’s report, it is
clear that in the absence of an added relatively acidic pro-
ton donor, extensive base-catalyzed isomerization2a.3b,14
of the acetylene 9 to the allene 34 (and possibly to the
acetylene 32) is occurring in competition with the reduc-
tion process so that the rearranged olefins 28 and 29 are

produced in greater amounts than the expected olefin 24,
Thus, in the absence of an added proton donor, the acety-
lene 9 must be serving as a proton donor for one of the re-

—_lyt _ H+
CH,CH,C==CCH,CH, == [CH,CH===C22CCH,CH,]” —>
9 35
CHCH==C=CHCH,CH,  CH,C=CCH,CH,CH,

34 32

duction intermediates (e.g., 12 or 14, Scheme II), result-
ing in the formation of the anion 35. However, several
facts indicate that one or both of the reaction solvents
THF or HMP must also be donating a proton to at least
one of the carbanionic intermediates (e.g., 12, 14, or 35) in
the reaction mixture. The total yields of reduction prod-
ucts 24, 25, and 28 (46-99%) and the failure to incorporate
deuterium into the reduction product after quenching
with DpO are inconsistent with a reaction process in
which 1 mol of acetylene is reduced by reaction with 2 g-
atoms of Na and an additional 2 mol of acetylene that
serve only as proton donors. The titration results (2 g-
atoms of Na consumed/mol of acetylene 9 added) are also
incompatible with this scheme, since further reduction of
the anion 35 with Na is unlikely. Consequently, the vari-
ous carbanionic intermediates (e.g., 12, 14, or 35) must be
abstracting a proton (or a hydrogen atom) from one or
both of the solvents, 8,15

The above results are in contrast to our observations
when the more acidic terminal acetylene 8 was added to a
solution of Na in HMP-THF. In this case, our titration
data indicated that 2 g-atoms of Na were consumed for
each 3 mol of acetylene 8 added, and the products ob-
tained after hydrolysis were the olefin 27 (31% yield) and
the acetylene 8 (63% recovery). Furthermore, when the
reaction mixture was hydrolyzed with D;O, the recovered
acetylene 8 was partially deuterated. (The relatively rapid
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H-D exchange of a terminal acetylene, RC=CD, during
isolation and mass spectrometric analysis clearly lowered
the deuterium content of the recovered acetylene 8 in this
experiment.) Thus, in this experiment two-thirds of the
starting acetylene does serve as the proton donor in the
reduction process, as indicated in the following equation.

3n-CH,C=CH + 2Na — n-C;H,CH=CH, + 2n-C,H,C=C"Na*
8 27

The problem of isomerization of the starting acetylene 9
to the allene 34 (or the acetylene 32) prior to reduction
with Na in HMP-THF was avoided by performing the re-
duction in the presence of an excess of t-BuOH as a pro-
ton donor. Although some of the Na in these reactions was
also consumed by reaction with t-BuOH, this process was
relatively slow, especially at low temperatures (—33°), so
that a total of 2.1-2.4 g-atoms of Na was consumed/mol of
acetylene 9 added. The products of this reduction (see
Table 1) were the unrearranged olefins 24 (major product)
and 25 (minor product) with at most only very minor
amounts of the rearranged olefins 28 and 23, When these
reductions with Na and ¢t-BuOH in HMP-THF were per-
formed at —33° with relatively short reaction periods (2-5
min) before quenching, the yield and composition of the
olefinic product (>95% trans olefin 24) were comparable
to those obtained in a reduction with Na in liquid NHs.
When this reduction with Na in HMP-THF was per-
formed in the presence of excess t-BuOD, the olefinic
product 24 was largely dideuterated (86% ds species and
14% d4 species).

If the temperature used for reduction was raised from
—33 to 0 or 25° or, particularly, if the reaction time was
extended from 2 to 30 min or longer, then the further re-
duction1? of the olefins 24 and 25 to n-hexane became a
significant side reaction. The relative rates of the further
reduction of the cis olefin 25 and the trans olefin 24 to n-
hexane were approximately equal with Na and t-BuOH in
HMP-THF. However, the rate of reduction of the termi-
nal olefin 27 to n-hexane appeared to be much more
rapid. Thus, the addition of the terminal acetylene 8 to a
solution of Na and t-BuOH in HMP-THF at 25° resulted
in the formation of both n-hexane (53% yield) and 1-hex-
ene (27, 28% yield) after a reaction period of ca. 1 min.
Some indication that the rates of reduction of various acet-
ylenes and olefins with Na and t-BuOH in HMP-THF is
influenced more by the steric effects rather than by the
electrical effects of alkyl substituents was provided by the
fact that the rate of reduction of di-tert-butylacetylene
(10) to the trans olefin 22 required 2-3 hr for completion
and, even after 3 hr at 25°, only 2% of the olefin 22 had
undergone further reduction to the hydrocarbon 26.

The proportions of trans olefin 24 to cis olefin 25 formed
from reduction of the acetylene 9 were examined under
several sets of reaction conditions. Since the relative rates
of further reduction of these two olefins 24 and 25 to n-
hexane were approximately equal, the occurrence of this
side reaction in some of our studies did not alter substan-
tially the proportions of the olefin present. The composi-
tion of the mixture of olefins 24 and 25 obtained from re-
ductions effected by adding the acetylene 9 to Na and ¢-
BuOH in HMP-THF was clearly altered by the reaction
temperature, the olefinic product containing 81-84% trans
olefin 24 at 25°, 88-89% trans olefin 24 at 0°, and >98%
trans olefin 24 at —33°. This latter value (>98% trans ole-
fin 24) was also observed for the reduction of the acetylene
9 with Na in liquid NHj at —33°, (Other data concerning
the reduction of dialkylacetylenes with Li in liquid NHj
at 25°3¢ or Li in EtNH, at 17° 32 suggest that at least
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under some reaction conditions, the conversion of acetyl-
enes to trans olefins can be stereoselective at tempera-
tures above —33°).

All of the reductions discussed thus far were performed
using what might be called the normal mode of addition
in which the acetylene 9 was added, dropwise and with
good mixing, to a solution that contained excess Na.
These conditions should clearly be favorabie to the imme-
diate further reduction of radical intermediates such as 12
or 15 to organosodium species such as 13 or 14. To exam-
ine the stereochemical result under circumstances where
an excess reducing agent was not present, an Inverse addi-
tion procedure was followed in which a solution of Na in
HMP-THF was added, dropwise and with good mixing, to
a solution of the acetylene 9 and excess t-BuOH in THF.
The Na solution was added at such a rate that after each
drop of the Na solution had been added the blue color (in-
dicating excess Na) was allowed to disappear before the
next drop of Na solution was added. Thus, throughout the
reaction reduction was occurring under conditions of ex-
cess proton donor and a low concentration of reducing
agent, conditions that clearly would be favorable to the
generation of the vinyl radical intermediate 15. In all of
these experiments (both at co. ~30 and 0°) the olefin
product contained 86-90% of the trans olefin 24. When t-
BuOD was substituted for :-BuOH as the “proton” donor,
the distribution of deuterium in the olefinic product 24
(46-66% dy species, 31-39% d; species, and 3-15% do
species) corresponded to significantly more monodeuterat-
ed material than had been observed in a normal addition
procedure (86% ds and 14% d; species) in spite of the fact
that a higher concentration of “proton” donor, t-BuOD,
was present throughout the reaction. These results suggest
that in the inverse addition procedure significant fractions
of the olefins 24 and 25 are being formed by reaction of an
intermediate vinyl radical 15 with the solvent to abstract
a hydrogen atom.

Thus, our studies of the reduction of the acetylene 9
with Na and ¢-BuOH in HMP-THF are compatible with a
reaction path (Scheme IV) in which the acetylene 9 is
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Table II
Reduction of 3-Chloro-cis-3-hexene (40) with Sodium

Product yields, %

—

Mmols Mg-atoms  Mmol of Solvent Reaction time, Trans Cis
of 40 of Na t-BuOD (ml) min (temp, °C) olefin 24¢ olefin 25 Other?
1.4 30 17.5 HMP (30) + 10 47 (79)* 12 <1% olefin 28
THF (20) (—33)
2.5 6.6 17.5 HMP (39) + 90, inverse 31 (81)¢ 6 <1% olefin 284
THF (26) addition
(—33)
1.4 30 HMP (80) + 5 33 (81) 5 10% olefin 28 and
THEF (20) (—338) 5% olefin 29¢
1.1 30 17.5 HMP (30) + 25 10 (77) 5 81% n-hexane
THF (20) 0)
1.3 in 4 mi of 30 NH; (15) 30 25 (48) 28 ~1% olefing 28
THF (—38) and 29
1.3in0.33 g of 30 NH; (15) 30 (26) (74) ~3% olefin 29 in
methylcyclo- (—33) mixture
hexane

a Unless otherwise noted, the yield of n-hexane in these experiments was not determined. » The product contained 85%
d, species and 15% d, species. ¢ The product contained 81% d: species and 19% do species. ¢ No higher molecular weight
products (i.e., Ci; hydrocarbons) were detected by glpc analysis. ¢ % of olefin product in parentheses.

converted successively to a trans sodiovinyl radical 36 (or
the equivalent nonlinear anion radical)1® followed by pro-
tonation to give the trans vinyl radicel 37. At low temper-
atures (—33°) in the presence of excess Na, the conversion
of this trans radical 37 to the vinylsodium intermediate 38
is apparently slightly more rapid than the conversion of
the trans radical 37 to the cis radical 39 (and subsequent-
ly to the cis vinylsodium compound 41) so that protona-
tion vields predominantly the trans olefin 24. However,
either lowering the Na concentration (retarding the rate of
the conversion 37 — 38) or increasing the reaction tem-
perature (increasing the rate of radical inversion 37 — 39)
would be expected to increase the proportion of the cis
olefin 25 in the product.

To examine this hypothesis further, it was of interest to
introduce one of the vinyl radicals 37 or 39 into our reac-
tion solution in a different manner. Earlier stereochemical
studies of alkyl-substituted vinyl radicals!” have indicated
that these intermediates are nonlinear with a relatively
low energy barrier to inversion.l?@ Studies of the reduc-
tion of stereoisomeric vinyl halides?®.¢ such as 40, 42, and
43 have suggested that the rates of radical inversion (e.g.,
37 = 39) and the rates of electron transfer to such radicals
(e.g., 37 — 38 or 39 — 41) are comparable in magnitude.
Thus, when a solution of sodium naphthalenide in THF
was added to a THF solution of the cis chloro olefin 40 at
0°, the olefinic product contained 31% of the cis olefin 25
and 69% of the trans olefin 24.17 A similar electrochemi-
cal reduction of the iodo olefin 42 produced a mixture
containing 30% of the cis olefin 25 and 70% of the trans
olefin 24.1%¢ In each of these studies, equilibration of the
vinyl radicals was incomplete because reduction of the
corresponding trans halo olefin (e.g., 43) produced olefin
mixtures containing 85-94% of the trans olefin 24.17.c
These results are in contrast to an earlier study in which
the addition of a solution of the cis chloro olefin 40 in
methylcyclohexane to a cold (—33°) solution of Na in lig-
uid NH; was reported17¢ to yield only the cis olefin 25.

We have examined the reduction of the cis chloro olefin
40 with cold (-33°) solutions of Na and ¢-BuOD in
HMP-THF employing both normal and inverse addition
procedures (see Table II). In all cases, the olefinic product
contained 79-82% of the trans olefin 24 and this product
24 (81-85% i species and 15-19% do species) had been
formed primarily by “protonation” of an organometallic
(or anionic) intermediate. Since the cis chloro olefin 40
recovered from an incomplete reduction did not contain a

significant amount of the trans isomer 43, we conclude
that the reduction itself is not stereospecific under these
conditions and one of the intermediates (probably 39) is
equilibrating with its geometrical isomer (e.g., 37) at a
rate competitive with the rate of electron transfer. Even
when the chioro olefin 40 was reduced with solutions of
Na in liquid NHg, we did not observe the high stereospec-
ificity previously reported.l’d When the chloride 40 was
reduced with Na and NHj employing THF as a cosolvent,
the olefin product contained 48%. of the trans olefin 24;
employing methycyclohexane as a cosolvent, the olefin
product contained 26% of the trans olefin 24 accompa-
nying the major product, the cis isomer 25,

Thus, the results of our Na-HMP reductions indicated
that even when a precursor such as the chloro olefin 40 is
used to form the cis vinyl radical 39 as an initial interme-
diate, subsequent partial equilibration, 39 = 37, is com-
petitive with electron transfer and protonation so that a
mixture of olefins containing ca. 80% of the trans isomer
24 is obtained. Our results obtained on reduction of the
acetylene 9 are understandable with the assumption that,
at —33° in the presence of excess Na, an initially formed
trans vinyl radical 37 is reduced and protonated to form
the trans olefin 24 (>95% of the olefin mixture) at a rate
slightly faster than equilibration of the vinyl radicals 37
and 39. However, either an increase in the reaction tem-
perature or a reduction in the Na concentration permits
nearly complete equilibration of the vinyl radicals 37 and
39, leading to an olefin mixture containing 85-90% of the
trans isomer 24,

Experimental Section8

Di-tert-butylacetylene (10). Previously described proce-
dures?®2¢ yielded tert-butylacetylene, bp 36-38°, n2%p 1.3738 [lit.
bp 36.4-37.8° (768.3 mm),? 36-40°,20 n2%p 1.373621], that was
converted20:22 successively to the carbinol 30, n25p 1.4303 (lit.22
n38p 1.4222), ir (CCly) 3620, 3380 (unassociated and associated
OH), and 2230 cm -1 (C==C), nmr (CCly) 5 3.08 (1 Hs, OH), 1.42
[6 H's, (CHs)2C], and 1.20 [9 H s, (CHa)sC]), the acetylenic chlo-
ride 31, bp 63-64.5° (43 mm), n25p 1.4320 [1it.22 bp 81-81.5° (100
mm), n2°p 1.4343], ir (CCly) 2235 cm -1 (C=C), nmr (CCly) 6 1.78
[6 H s, (CH3)2C] and 1.21 [9 H s, (CH3)3C], and the crude acety-
lene 10, bp 113-119°, which contained (ir and nmr) small
amounts of olefinic impurities. This crude product was cooled in
an ice bath and Brz was added dropwise until the red color per-
sisted. Then solid NazS;03 was added to consume the excess Bry
and solid K2COg was added to consume any acid present. Redis-
tillation separated the pure acetylene 10: bp 111-112.5° (747
mm); n2%p 1.4027 [lit.22 bp 111,9° (746 mm); n25p 1.4026]; ir
(CCly) no absorption for C=C or C=C; uv (95% EtOH) shoul-
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ders at 232 (e 56) and 222 myu (e 71) with end absorption (e 129 at
210 my); nmr (CCly) 6 1.13 [singlet, (CH3)3C]; mass spectrum
m/e (rel intensity), 138 (M,* 36), 123 (100), 95 (20), 81 (81), 67
(21), 43 (25), and 41 (31).

Preparation of the Di-tert-butylethylenes 22 and 23 and the
Ethane 26.2% A solution of the acetylene 10 in EtOH was hydro-
genated over a 5% Pd/C catalyst at 25° (50 psi) to yield 58% of
the ethane 26: bp 136°; n2%p 1.4039 [lit.22 bp 136.2-136.4° (739
mm); n2% 1.4060]; nmr (CCly) § 1.13 (4 Hs, CH3) and 0.88 [18 H
s, (CH3)sC]; mass spectrum m /e (rel intensity) 142 (0.01, M+), 71
(34), 57 (100), 56 (47), 43 (19), 41 (28), 31 (74), and 27 (73).

A solution of the acetylene 10 in EtOH was hydrogenated over
Raney nickel catalyst at 25° (40 psi). After 3 hr the hydrogenation
was stopped to yield a hydrocarbon product, bp 115-126°, which
contained (glpe, silicone gum, SE-30, on Chromosorb P) the trans
olefin 22 (ca. 50%), the ethane 26 (ca. 15%), and the cis olefin 23
(ca. 356%). Each of these components was collected (glpc); the
ethane 26 was identified with the previously described sample by
comparison of ir spectra and glpc retention times.

The trans olefin 22 was obtained as a colorless liquid: n25p
1.4091 (1it.2° n2%p 1.4116); ir (CCly) 975 ecm~—1 (trans CH=CH);
uv (95% EtOH) end absorption (¢ 18 at 210 mu); nmr (CCly) &
0.96 [18 H s, (CH3)sC] and 5.26 (2 H s, vinyl CH); mass spectrum
m/e (rel intensity) 140 (10, M+), 125 (54), 84 (23), 83 (81), 70
(80), 69 (100), 57 (52), 55 (43), and 41 (46).

The cis olefin 23 was isolated as a colorless liquid: n2%p 1.4250
(lit.20.22 p20p 1.4266); uv (95% EtOH) end absorption (¢ 204 at
210 mu); nmr (CCly) 6 5.10 (2 H s, vinyl CH) and 1.11 {18 H s,
(CHs)sCJ; mass spectrum m/e (rel intensity) 140 (2 M+), 125
(21), 97 (2)1, 84 (30), 83 (79), 70 (100), 69 (98), 57 (61), 55 (74), 43
(24), and 39 (21). .

To analyze mixtures containing the di-tert-butyl derivatives 10,
22, 23, and 26, n-nonane was added as an internal standard and
the mixtures were analyzed by glpc on equipment calibrated with
known mixtures of authentic samples. With the glpc column used
(silicone gum, SE-30, on Chromosorb P) the retention times fol-
low: acetylene 10, 12.5 min; trans olefin 22, 17.6 min; ethane 26,
23.5 min; cis olefin 23, 30.4 min; n-nonane, 38.3 min.

Preparation of 5-Decyne (7) and the 5-Decenes 18 and 19.
The sodium acetylide prepared from NaNH;z and 1-hexyne (8) in
liquid NH3 was alkylated?* with n-BuBr to yield 51% of 5-decyne
(7): bp 173-175° n2p 1.4315 [lit.24 bp 176° (748 mm), n2%p
1.4311]; uv (95% EtOH) shoulder at 225 my (¢ 56) with end ab-
sorption (¢ 75 at 210 mp); nmr (CCly) 6 1.9-23 (4 H m,
C=CCH,), 1.2-1.8 (8 H m, CHz), and 0.8-1.2 (6 H m, CHs);
mass spectrum m/e (rel intensity) 138 (23, M), 96 (30), 95 (52),
81 (100), 68 (30), 67 (31), 57 (55), 55 (66), 54 (45), 53 (29), 43 (32),
and 41 (21).

Reduction?#® of 5-decyne (7) with Na in liquid NHj yielded
57% of trans-5-decene (18), bp 172-173.5°, n25p 1.4228 [lit.24b bp
170.2° (739 mm), n2%p 1,42126], that contained (glpc) ca. 3% of
the starting acetylene 7: ir (neat) 965 cm~1! (trans CH=CH); uv
(95% EtOH) end absorption (¢ 137 at 210 mu); nmr (CCly) § 5.2
5.6 (2 H m, vinyl CH), 1.7-2.3 (4 H m, allylic CH3), 0.7-1.7 (14 H
m, aliphatic CH); mass spectrum m/e (rel intensity) 140 (M+,
25), 69 (37), 56 (47), 5 (100), 43 (24), and 41 (41). A solution of 5-
decyne (7) in methanol was hydrogenated at 25° (1 atm) over a
5% Pd/BaS0, catalyst in the presence of quinoline to yield 50%
of cis-5-decene (19), bp 169-170°, n2%p 1.4276 [lit.2% bp 169.5-
169.6° (739 mm), n25p 1.42296], which contained (glpc) 9% of the
trans isomer 18. A pure sample of the cis isomer 19 was collected
(glpe): uv (95% EtOH) end absorption (¢ 50 at 210 mgu); nmr
(CCly) 6 532 (2H t, J = 5 Hz, vinyl CH), 1.8-2.4 (4 H m, allylic
CHz), and 0.8-1.8 (14 H m, aliphatic CH); mass spectrum m/e
(rel intensity) 140 (M+, 25), 70 (43), 69 (46), 56 (53), 55 (100), 43
(28), 42 (22), and 41 (49).

For glpc analysis of mixtures containing the 5-decyne (7), the
5-decenes 18 and 19, and n-decane, isopropylbenzene was added
as an internal standard and the glpc equipment was calibrated
with known mixtures of authentic samples. For the glpc column
used (20% AgNOj; in ethylene glycol suspended on Chromosorb
P), the retention times follow: n-decane, 2.3 min; trans olefin 18,
5.6 min; cis olefin 19, 10.6 min; isopropylbenzene, 16.7 min; and
acetylene 7, 28.6 min.

Preparation of 1-Decyne and 1-Decene. Sodium acetylide in
liquid NH; was alkylated2¢ with n-octyl bromide to yield 72% of
1-decyne: bp 172-174°; n25p 1.4268 [lit.25 bp 174°, n2%p 1.4242]; ir

(neat) 3320 (acetylenic CH) and 2140 cm-?! (C=C); uv (95%
EtOH) end absorption (¢ 94 at 210 mu); nmr (CCls) & 1.9-2.4 (2
H m, C=CCHy), 1.77 (1 H t, J = 2.5 Hz, C=CH), and 0.7-1.7
(15 H m, aliphatic CH); mass spectrum m/e (rel intensity) 81
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(32), 87 (39), 55 (42), 43 (38), 41 (100), and 39 (38). A solution of
1-decyne in MeOH was hydrogenated at 22.5° (1 atm) over a 5%
Pd/BaS0, catalyst in the presence of quinoline to yield 67% of a
colorless liquid product, bp 170-172.5°, that contained (glpe) ca.
80% of 1-decene and ca. 20% of other minor components, some of
which had retention times corresponding to those of 1-decyne and
1-decane. A pure sample of 1-decene was obtained by collection
(glpe): n?%p 1.4200 (1it.28 bp 171-173°, n2% 1.4259): ir (CCly) 1645
(C=C) and 925 cm~! (CH=CHy); uv (95% EtOH) end absorp-
tion (e 130 at 210 mu); nmr (CCly) 6 4.7-6.0 (3 H m, vinyl CH),
1.7-2.2 (2 H m, allylic CHy), and 0.7-1.7 (15 H m, aliphatic CH);

"mass spectrum m /e (rel intensity) 140 (M+, 5), 70 (27), 69 (25),

57 (34), 56 (47), 55 (57), and 41 (100).

Preparation of the 4-Decenes 20 and 21. n-Butyltriphenyl-
phosphonium bromide, mp 240-241° (lit.27 mp 242-243°), was
converted to its ylide with n-BuLi in an ether-hexane mixture.
The red solution of the phosphorus ylide was cooled to —15° and
then treated with n-hexanal in Ety0. After reaction at 0° for 10
min and subsequent isolation, 51% yield of a mixture of stereoiso-
meric 4-decenes 20 and 21, bp 170° [lit.28 bp 170.6° (761 mm),
n?0p 1.4243), was obtained. This product contained (glpc, 20%
AgNOs in ethylene glycol on Chromosorb P) ca. 40% of the trans
olefin 20 (retention time 6.6 min) and ca. 60% of the cis olefin 21
(retention time 8.9 min). Samples were collected (glpc) for spec-
tral characterization. The trans isomer 20 has the following prop-
erties: ir (CCly) 985 cm~?! (trans CH=CH); nmr (CCly) 6 5.1-5.5
(2 H m, vinyl CH), 1.7-2.4 (4 H m, allylic CHy), and 0.7-1.7 (14
H m, aliphatic CH); mass spectrum m/e (rel intensity) 140 (M+,
5), 70 (22), 68 (35), 56 (40), 55 (31), 43 (31), 42 (26), 41 (100), and
39 (36). The cis isomer 21 shows the following peaks: nmr (CCly) 6
5.29 2 H't, J = 5 Hz, vinyl CH), 1.8-2.3 (4 H m, allylic CHy),
and 0.7-1.8 (14 H m, aliphatic CH); mass spectrum m/e (rel in-
tensity) 140 (M+, 5) 70 (23), 69 (33), 56 (42), 55 (91), 43 (35), 42
(28), 41 (100), and 39 (37). Although the ir spectra (neat) of the cis
isomers 19 and 21 and of the trans isomers 18 and 20 differ slight-
ly from one another in the fingerprint region, most spectroscopic
properties of each pair are sufficiently similar that quantitative
analysis would be difficult. We were unable to resolve mixtures of
19 and 21 or mixtures of 18 and 20 with any of the glpc columns
we examined.

Properties of the C¢ Olefins and Acetylenes. Commercial
samples of the following olefins and acetylenes were purchased
from the sources indicated: 8,29 32,30 9,29 25,30 24 31 29 30 28 31
and 27.31 The structure and purity of each of these samples were
confirmed by glpc, ir, and mass spectral analysis. The nmr spec-
tra of the various olefins 24, 25, 28, 29, and 30 were also deter-
mined to confirm the structures and purity of these materials.

On a 4.2-m glpc column, packed with a solution of 20% AgNOQO3
in HOCH,;CH30H suspended on Chromosorb P, the retention
times of the various components follow: n-hexane, 1.8 min; meth-
yleyclohexane (one internal standard used), 2.1 min; trans olefin
28, 5.1 min; trans olefin 24, 6.3 min; olefin 27, 15.5 min; cis olefin
29, 14.8 min; cis olefin 25, 17.8 min; pinacolone (a second internal
standard used), 25.8 min; acetylene 32, 39.8 min; and acetylene 9,
41.8 min. The terminal acetylene 8 was not eluted from this col-
umn. The retention times of other components employed as sol-
vents in the subsequently described reactions follow: pentane (a
mixture), 1.2-1.8 min; n-octane, 3.9 min; and THF, 35.6 min. On
a second glpc column (Carbowax 20 M on Chromosorb P) used for
analysis of the acetylene 8, the retention times of the various
components were: pentane (a mixture), 1.9~3.4 min; olefin 27, 3.2
min; acetylene 8, 13.9 min; THF, 18.6 min; pinacolone (an inter-
nal standard), 38.9 min; and n-BuOH, 21.0 min. On this column,
the retention times of the other Cg hydrocarbons follow: n-hex-
ane, 3.2 min; acetylene 9, 12.5 min; acetylene 32, 16.2 min; olefin
24, 3.6 min; olefin 25, 3.6 min; olefin 28, 3.7 min; olefin 29, 4.1
min. The glpc apparatus was calibrated with known mixtures of
the internal standards and the various C¢ hydrocarbons.

Cyclononyne (11). From a sample of this acetylene® containing
several minor impurities, a pure sample of the acetylene 11 was
collected (glpc, Carbowax 20 M on Chromosorb P) as a colorless
liquid: n25p 1.4872 (lit. n23p 1.4880;32 n20p 1.4890%3); ir (CCly)
2260 and 2220 cm-! (C=C); nmr (CCly) 6 2.0-2.4 (4 H m,
CH3C=CCH;) and 1.5-1.9 (10 H m, CHs); mass spectrum m/e
(rel intensity) 122 (M+, 4), 121 (23), 107 (45), 94 (87), 93 (93), 91
(69), 81 (87), 80 (90), 79 (100), 77 (71), 67 (67), 54 (53), 53 (46), 41
(49), and 39 (47).

Polarography. Either a conventional dropping Hg electrode or
a stationary spherical Hg-coated Pt electrode, a saturated calo-
mel reference electrode with intermediate salt bridges of aqueous
1 M NaNO; and 0.5 M Et4yNBF,4 in DMF, and a Pt wire counter
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electrode were employed with the previously described?* appara-
tus. With 0.5 M n-BusNBFy in purified DMF, the background
current for either polarographic measurements or cyclic voltam-
metry became significant in the range —2.95 to —3.00 V (uvs. sce)
corresponding to the reduction of the n-BusN+ cation. The addi-
tion of the various acetylenes 7, 8, 9, 10, 11, or 1-decyne to this
solution (concentrations ca. 10-2 M) produced no visible reduc-
tion wave. When HC=CH was passed through the solvent—elec-
trolyte mixture, the resulting polarographic scans differed from

- the background in that appreciable current began to pass through
the cell at ca. —2.80 V (vs. sce) rather than at 3.00 V when no
HC=CH was present. However, no separate reduction wave
could be resolved from the background current. Attempts?? to re-
duce the acetylenes 7 or 10 with solutions of Cr(II) reagents3? [ei-
ther CrSO4 in aqueous MeOH or (en)2CrCl043¢ in aqueous DMF]
for 1 br at 25° resulted in the recovery of the acetylenes, and none
of the olefinic product 22 or 18 was detected (glpc analysis).

Preparation and Standardization of Solutions of Na in
HMP-THF. The solvents were purified by distilling the THF
from LiAlH4 and distilling the HMP under reduced pressure from
a blue solution of Na in HMP. The HMP was collected as a color-
less liquid, bp 85-87° (3 mm). The Na solutions were prepared by
stirring purified HMP with excess Na slices until the solution be-
came blue (ca. 1 min). Then sufficient purified THF was added
so that a 3:2 (v/v) ratio of HMP to THF was present and the re-
sulting mixture was stirred at 25° for 1.5-2 hr. The deep blue so-
lution, maintained continuously under an anhydrous condition
and a nitrogen atmosphere, was transferred with a stainless steel
cannula from the original flask (containing excess Na) to other
flasks. Aliquots of this blue solution were titrated at 25° to a col-
orless end point by the dropwise addition of either pinacolone
(distilled from CaH,, bp 106°) or freshly distilled propionic acid.
Each of these materials reacts with 1 g-atom of Na/mol of com-
pound.® When aliquots of the blue Na solution were titrated at
25° to a yellow end point with a THF solution of the enone, trans-
t-BuCH=CHCOBu-t,? 1.3 g-atoms of Na was consumed per mole
of the enone. The concentrations of these Na solutions were in the
range 0.192-0.236 mg-atom of Na per gram of solution.

When aliquots of this blue Na solution were titrated at 25° with
5-decyne (7) to a red end point, 2.2 g-atoms of Na/mol of acety-
lene 7 was consumed. Similarly, titration with 3-hexyne (9) to a
red end point consumed 2.0 g-atoms of Na/mol of acetylene 9 and
titration with 1-hexyne (8) to a colorless end point consumed 0.70
g-atom of Na/mol of acetylene 8. An attempted titration with the
acetylene 10 was not successful because addition of excess acety-
lene 10 did not decolorize the blue Na solution.

Reduction of 3-Hexyne (9). A. With Na in Liquid NHjs. To 33
ml of liquid NHj (freshly distilled from Na) was added 7.0 g (0.31
g-atom) of Na slices. To the resulting bronze-colored, cold (-33°)
solution was added, dropwise and with stirring during 1 hr, a so-
lution of 10.0 g (0.122 mol) of the acetylene 9 in 22 ml of THF.
The resulting solution was stirred under reflux for an additional 2
hr and diluted with a solution of 0.4 mol of NHj3 in 50 ml of HyO
and then the NH; was allowed to evaporate. The organic layer
was separated and the aqueous phase was extracted with pen-
tane. The combined organic solutions were washed successively
with aqueous 3 M HCI, with aqueous NaHCOg, and with H;0O
and then dried over K2CO3. After methylcyclohexane (2.45 g) had
been added as internal standard, glpc analysis (AgNOj3 in HO-
CH2CH3;0H on Chromosorb P} indicated the only product to be
the trans olefin 24 (87% yield).

The reduction was repeated by adding to a cold (—33°) solution
of 0.2 g (8.7 mg-atoms) of Na in 25 ml of liquid NHj, dropwise
and with stirring during 30 min, a solution of 263 mg (3.2 mmol)
of the acetylene 9 and 2.8 g (38 mmol) of ¢£-BuOD (from ¢-BuOK
and D20%12b) in 5 ml of THF. The resulting mixture was stirred
under reflux for 30 min and then subjected to the previously de-
scribed isolation procedure. The only product detected (glpc anal-
ysis) was the trans olefin 24 (71% yield). A collected (glpc) sam-
ple of the trans olefin 24 contained 99% do and 1% di species
which indicated rapid equilibration among the protons in NHj
and ¢t-BuOH.

B. With Na in HMP-THF. Solutions of Na in 24 ml of HMP
and 16 m] of THF were prepared as previously described employ-
ing the amount of Na indicated in Table 1. After the Na solution
had been brought to the temperature specified, the acetylene 9
was added, dropwise and with stirring, and the resulting mixture
was stirred for the time and at the temperature specified in Table
I. Then the solution was quenched by the addition of either H,0
or D;0 and the resulting mixture was extracted with either pen-
tane (for analysis of the olefin yields) or, in one case, n-octane (to
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determine the yield of n-hexane). Known amounts of an internal
standard (either methylcyclohexane or pinacolone) were added
and the mixtures were subjected to glpc analysis. For analysis of
the olefins and n-hexane, a glpc column containing AgNO3 in
HOCH,CH20H on Chromosorb P was employed and a Carbowax
20 M on Chromosorb P glpc column was used to establish the ab-
sence in the reaction mixtures of 1-hexyne (8) and higher molecu-
lar weight (i.e., Ci12) products. In cases where certain products
were examined for deuterium content, that product was collected
(glpc) and then subjected to mass spectrometric analysis. The
product yields, determined with previously calibrated gipc equip-
ment, are summarized in Table I. The identities of the olefinic
products were established by comparison of glpc retention times
and the mass spectra of collected (glpc) samples with the corre-
sponding properties of authentic samples.

C. With Na and t-BuOH in HMP-THF. To solutions contain-
ing the amounts of Na and ¢-BuOH (or ¢t-BuOD) indicated in
Table I was added, dropwise and with stirring, either the pure
acetylene 9 or a solution of the acetylene 9 in THF. The total
amounts of solvents used were 24-30 ml of HMP and 16-20 ml of
THF so that the ratio of HMP-THF was 3:2 (v/v). After the
acetylene 9 had been added at the temperature indicated, the re-
sulting solution was stirred at the temperature and at the time
indicated and then quenched with HoO and extracted with pen-
tane. An internal standard was added and the glpc analysis was
performed as previously described to allow calculations of the
product yields summarized in Table I. In one case where the yield
of n-hexane was determined, n-octane was used as the extraction
solvent. The identities of the reaction products were established
by comparison of glpc retention times and the mass spectra of
collected (glpc) samples with the corresponding properties of au-
thentic samples. Where deuterium contents are indicated, they
were determined by mass spectrometric analysis of collected
(glpc) samples. '

In certain cases noted in Table I, the t-BuOH (or ¢t-BuOD) was
added with the acetylene 9 in THF solution to the reaction mix-
ture. In other cases noted in Table I involving an inverse addition
procedure, standardized solutions of Na in HMP-THF were
added to a solution of the acetylene 9 and ¢-BuOH (or ¢-BuOD)
in THF. In these additions, the Na solution was added dropwise
at such a rate that the blue color (from excess Na) was dis-
charged before the next drop of Na solution was added. Approxi-
mately a 4-hr period was required for these additions.

A number of representative product mixtures were examined
(glpc, Carbowax 20 M on Chromosorb P) for higher molecular
weight Ci2 products; one product mixture from an inverse addi-
tion procedure was also examined by mass spectrometric analy-
sis. In no case were any C12 products detected.

The following experiment was performed to establish the rela-
tive rates of reduction of the cis (25) and trans (24) olefins to n-
hexane with Na and ¢t-BuOH in HMP-THF. A solution (22.7 g)
containing 5.49 mg-atoms of Na in HMP-THF (3:2 v/v) was
added, dropwise and with stirring during 30 min, to a cold (0°)
solution of 195 mg (2.38 mmol) of olefin 24, 147 mg (1.79 mmol) of
olefin 27 contained only undeuterated material and a collected
dard) in 3 m! of THF. The resulting solution was partitioned be-
tween H20 and n-undecane and the organic phase was analyzed
(glpe, AgNO3 in HOCH2CH20H on Chromosorb P), The yield of
n-hexane was 41%. The ratio of cis olefin 25/trans olefin 24
changed from the initial value, 0.75, to a final value of 0.78. Thus,
the trans olefin 24 is reduced to n-hexane only slightly more rap-
idly than the cis olefin 25.

Reduction of 1-Hexyne (8). A. With Na in HMP-THF. To
35.33 g of a solution containing 6.82 mg-atoms of Na in HMP-
THF (3:2 v/v) at 25° was added, dropwise and with stirring, 802
mg (9.78 mmol) of the acetylene 8 which just discharged the blue
color. After the solution had been quenched by the addition of 5
ml of D20, the mixture was extracted with pentane and an inter-
nal standard (pinacolone) was added to the organic solution.
Analysis (glpc) indicated the product yields to be 31% of olefin 33
and 63% recovery of acetyléne 8. A collected (glpc) sample of the
olefin 27 contained only undeuterated material and a collected
(glpc) sample of the acetylene 8 contained (mass spectrometric
analysis) 87% d species and 13% d; species.

B. With Na in HMP-THF-¢t-BuOH. To a solution of 0.69 g
(30 mg-atoms) of Na and 0.96 g (13 mmol) of ¢-BuOH in 30 ml of
HMP and 18 ml of THF at 25° was added, dropwise and with
stirring, a solution of 0.96 g (13 mmol) of ¢t-BuOH and 162 mg
(1.97 mmol) of the acetylene 8 in 2 mi of THF. The resulting solu-
tion was immediately partitioned between HzO and n-decane.
After the addition of an internal standard (methylcyclohexane),
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analysis (glpc) indicated that all the starting acetylene 8 had
been consumed and that the product yields were 53% n-hexane
and 28% 1-hexene (27).

Reduction of the Acetylene 10. Although the previously de-
scribed titration data indicated that reaction of the acetylene 10
with Na in HMP-THF was very slow, the acetylene could be re-
duced in the presence of t-BuOH. To a solution of 0.40 g (17 mg-
atoms) of Na in 30 ml of HMP was added a mixture of 0.58 g (4.2
mmol) of the acetylene 10 and 0.5 g (7 mmol) of {-BuOD. The re-
sulting solution was stirred at 25° and additional 0.5-g portions of
t-BuOD were added after 1.5 and after 3 hr. The reaction mixture
was diluted with HpO and then partitioned between pentane and
H20. The organic layer was concentrated and the residue was
distilled in a short-path still (128° bath) to separate 0.51 g (88%)
of the product as a colorless liquid containing (glpc, silicone
SE-30 on Chromosorb P) 98% of the trans olefin 22 and 2% of the
hydrocarbon 26. A collected (glpc) sample of the olefin 22 con-
tained (mass spectrometric analysis) 12% do, 42% dq, and 46% d2
species. In another comparable experiment where excess water
was added to quench the reaction mixture immediately after the
addition of the acetylene 10 and ¢-BuOD, the crude product con-
tained (glpc analysis with n-nonane as an internal standard) the
recovered acetylene 10 (47% recovery) and the trans olefin 22
(22% vyield). A collected (glpc) sample of the olefin 22 contained
22% dy species and 78% ds species. In another experiment a cold
(0°) solution of Na in 20 ml of HMP was treated with 2 ml of ¢-
BuOH and then sufficient acetylene 10 (170 mg) was added to
just discharge the blue color of the sodium. The colorless solution
was diluted with 20 ml of D20 and then subjected to the usual
isolation and analysis procedure. The calculated yields (glpc)
were 68% olefin 22 and 9% acetylene 10. A collected sample of the
olefin 22 contained <2% d species.

Reduction of the Acetylene 7. After 3.508 g of a blue solution
containing 1.11 mg-atoms of Na in HMP-THF (3:2 v/v) at 25° had
been titrated to a red end point with 71 mg (0.52 mmol) of the
acetylene 7, the reaction mixture was quenched with Hz0, an in-
ternal standard (isopropylbenzene) was added, and the mixture
was extracted with pentane. Analysis (glpc, AgNO; in
HOCH,CH,;CH on Chromosorb P) indicated the presence of one
or both of the trans olefins 18 and 20 (retention time 6.0 min, 23%
yield), isopropylbenzene (16.5 min), and the acetylene 7 (31% re-
covery). The reaction was repeated adding 78 mg (0.56 mmol) of
the acetylene 7 to a solution of 2.0 g (87 mg-atoms) of Na and 1.2
g (15 mmol) of t-BuOH in 24 ml of HMP and 16 ml of THF at
25°. The product yields were ca. 52% trans olefins 18 and/or 20,
ca. 14% cis olefins 19 and /or 21, and 3% n-decane.

Reduction of the Chloro Olefin 40. Following previously des-
cribed7d.37 procedures, trans-3-hexene (24) was converted to
meso-3,4-dichlorohexane, bp 60-63° (16 mm), n25p 1.4490 [lit.17d
bp 55° (15 mm), n2%p 1.4508], and this dichloride was dehydro-
chlorinated!7d with KOH in ¢t-BuOH to yield the chloro olefin 40
as a colorless liquid, bp 118-120°, n25p 1.4340 (lit.17d bp 119.6°,
n2%p 1.4360). This product contained (glpc, Carbowax 20 M on
Chromosorb P) the chloroolefin 40 (retention time 4.1 min) ac-
companied by ca. 3% of the stereoisomeric olefin 43 (3.6 min): ir
(CCly) 1650 cm =1 (C=C); nmr (CCly) 6 552 (1 Ht, J = 7.6 He,
vinyl CH), 1.8-2.6 (4 H m, allylic CHj), and 0.8-1.3 (6 H, m,
CHj); mass spectrum m/e (rel intensity 120 (14, M+ for 37Cl),
118 (40, M+ for 35Cl), 89 (45), 83 (73), 75 (25), 67 (48), 55 (100),
53 (36), 41 (71), and 39 (40). .

The reductions of the chloro olefin 40 with Na-HMP-THF so-
lutions were performed by adding the chloro olefin 40, dropwise
and with stirring, to solutions of Na (and in most cases ¢-BuOD)
in HMP-THF (3:2 v/v) employing the quantities and reaction
times and temperatures given in Table II. In one experiment in-
volving an inverse addition, a standardized solution of Na in
HMP-THF was added, dropwise and with stirring, to a solution
of the chloro olefin 40 and ¢-BuOD in THF. The reaction solutions
were then quenched with HzO and extracted with pentane {or
undecane if an analysis for n-hexane was desired). After the or-
ganic solutions had been mixed with a known weight of internal
standard (methylcyclohexane), they were analyzed (glpe, AgNOs3
in HOCH,CH20H in Chromosorb P) as previously described to
give the yield data listed in Table II. Collected (glpc) samples of
the trans olefin 24 were analyzed for deuterium content by mass
spectrometry. For reductions in liquid NHs, solutions of the chlo-
ro-olefin 40 in a cosolvent (THF or methylcyclohexane) were

 added, dropwise and with stirring, to a solution of Na in liquid
NH;. After the reactidn time indicated (Table II), the reaction
mixture was quenched with aqueous NH4OH, partitioned be-
tween H;0 and pentane, and then subjected to the previously de-
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scribed analytical procedure to provide the yields (or composi-
tions) listed in Table II. To examine the possibility that the cis
chloro olefin 40 was isomerized to the trans chloro olefin 43 more
rapidly than it was reduced, 208 mg (1.79 mmol) of the chloro ole-
fin 40 and 1.3 g (17.5 mmol) of ¢t-BuOH in 4 ml of THF was added
to a cold (—33°) solution of 0.69 g (30 mg-atoms) of Na in 30 ml of
HMP and 20 ml of THF and the solution was quenched with H,O
within 30 sec. However, even after this short reaction period,
analysis (glpc, AgNQO3; in HOCH2CH20H on Chromosorb P) of a
pentane solution of the reaction product indicated that reduction
of the chloro olefin 40 (retention time 5.2 min) was complete to
give a mixture of the trans olefin 24 (4.5 min, 82% of the olefin
product) and the cis olefin 25 (11.9 min, 18% of the olefin prod-
uct). Consequently, the reaction was repeated with insufficient
Na for complete reduction by adding a solution of 453 mg (3.84
mmol) of the chloro olefin 40 and 1.70 g (23 mmol) of t-BuOH in 4
ml of THF to a cold (—33°) solution of 40.7 mg (1.77 mg-atoms) of
Na in 30 ml of HMP and 20 ml of {THF. The resulting pale yellow
solution was partitioned between pentane and HoO and the or-
ganic solution was analyzed (glpc, AgNO; in HOCH:CH20H on
Chromosorb P and Carbowax 20 M on Chromosorb P). Approxi-
mately 75% of the unchanged chloro olefin 40 remained and the
cis chloro olefin 40 was contaminated with only ca. 4% of the
trans isomer 43.

Registry No.—7, 1942-46-7; 8, 693-02-7; 9, 928-49-4; 10, 17530-
24-4; 11, 6573-52-0; 18, 7433-56-9; 19, 7433-78-5; 20, 19398-89-1; 21,
19398-88-0; 22, 692-48-8; 23, 692-47-7; 24, 13269-52-8; 25, 7642-09-
3; 28, 4050-45-7; 29, 7688-21-3; 30, 1522-16-3; 31, 17553-43-4; 40,
17226-35-6; 43, 17226-34-5; 1-decyne, 764-93-2; 1-decene, 872-05-9;
n-butyltriphenylphosphonium ylide, 3728-50-5.
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Complex Metal Hydride Reduction of Carbon-Carbon Unsaturation. I.
Sodium Borohydride Reduction of «-Phenylcinnamates and Related
Systems!?
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The substituted methyl cinnamates 4 and 5 have provided a unique system for the study of various mecha-
nistic aspects of the nucleophilic 1,4 addition of sodium borohydride to «,8-unsaturated esters. Competitive
rates of reduction for two sets of methyl a-phenyl~trans-cinnamates (4), para-substituted in the « and 8 rings,
respectively, correlate linearly with Hammett o, values. The similarity in p, (1.74) and ps (1.44) indicates that
the transition state for hydride transfer occurs before significant change in geometry of the @,3-unsaturated car-
bonyl system occurs. Competitive rate studies for methyl a-(para substituted phenyl)acrylates (2) and methyl
a-phenyl-cis- and -trans-crotonates (14 and 15) are corroborated by the data obtained for the cinnamates.

Carbon-carbon double bonds conjugated with strong
anion-stabilizing groups (e.g., COR, COsR, CN, SOsR,
NOg2) have occasionally been observed to undergo reduc-
tion with sodium borohydride.2-1* Although it is recog-
nized that sodium borohydride exhibits nucleophilic be-
havior,3-# little is known concerning the mechanism or
even the general structural requirements for the occur-
rence of such reactions.

This paper presents preliminary studies on the scope
and mechanism of the borohydride reductions of carbon-
carbon double bonds in a,3-unsaturated esters. Although
esters are less prone to undergo this type of reduction
than are more electrophilic systems such as ketones or
nitro compounds, reduction of the carbon-carbon unsatu-
ration was not complicated (in the cases studied) by sig-
nificant reduction of the ester function or by other side
reactions.

a,f-Unsaturated esters having an additional electron-
withdrawing substituent at the « position (e.g., la-f) are
known to undergo facile carbon-carbon double bond re-

R Y

R’ CG,C,H;
1

a, R=CH,;; R"=H; Y= CO,C,H,
b, R =R’ = CH;; Y = CO,C,H,
¢, R = Ph or substituted Ph;

R'=H; Y =CO,C,H;
d, R, R =(CH,),; Y=CN
e, R=R =H; Y=Ph
f, R=R =Ph; Y=CN
g, R=R' =Ph; Y =CO,C,H,



