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mixture was stirred for 3 hr during which time it slowly warmed
to —20° and was flash-distilled into a Dry Ice-acetone trap.
The distillate after drying (CaS0,) was shown by glpe (column
A) to contain a 69:31 ratio of 3-chloro-1-butene and 1-chloro-
2-butene in an overall yield of 929,. Concentration of the solu-
tion followed by preparative glpe (column P) gave 4.6 g (48%)
of (—)-chloride 13: o®p —30.8° (neat) (50.4% optically
pure!'); nmr (CCl) § 1.58 (d, 3, J = 6.5 Hz, methyl), 4.42
(m, 1, consisting of a quartet, J = 6.5 Hz, each line of which is
further split into a doublet of doublets, J = 7.0 and 0.8 Hz,
methine), 5.00 (d of d, 1, J = 10.0 and 0.8 Hz, terminyl vinyl),
and 5.86 (m, 1, consisting of a doublet of doublets, J = 10.0
and 7.0 Hz, each line of which is further split into a 1:1:1 triplet,
J = 2.5 Hz, internal vinyl).

Reaction of Optically Active 3-Chloro-cis-1-butene-1-d (13)
with Phenyllithium.—Optically active (—)-chloride 13, 4.0 g
(0.044 mol), in ether was added to 0.8 N phenyllithium in ether
according to the general procedure of the previous paper.? Anal-
ysis of the crude reaction mixture by glpe (column B) revealed
a 73%, yield of three hydrocarbons in a ratio of 86.0:13.5:0.5.
Preparative glpe (column Q) of a small portion of the crude
product led to isolation of the major component, 1-phenyl-
trans-2-butene-1-d (15), identified by comparison with unlabeled
material and by its nmr spectrum (CCL) & 1.65 (m, 3, methyl),
3.2 (m, 1, methine), 5.4 (m, 2, vinyl), and 7.0 (m, 5, aromatic).
A small sample of the next most abundant product was similarly
isolated and identified as 1-phenyl-cis-2-butene-1-d (16). The
third component was not present in sufficient quantity to permit
isolation, but its structure was confirmed as 3-phenyl-1-butene
(presumably deuterated at C; with cis geometry, 17) by glpe
comparison (columns B, C, and D) with authentic unlabeled
material,
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Distillation of the crude produet yielded 2.80 g of a mixture of
15, 16, and -17 in a ratio of 86.0:13.5:0.5, bp 62-64° (10 mm).
A 2.500-g portion of this distillate was diluted to 9.500 g with a
mixture of optically inactive compounds in exactly the same
ratio. Careful distillation through a spinning band column gave
5.15 g of a mixture containing only hydrocarbons 15 and 16
in a ratio of 86.5:13.5 which was then diluted to twice its weight
with 5.15 g of the identical mixture of unlabeled materials.
This mixture (containing 13.2%, of deuterated optically active
hydrocarbons) was separated into two portions.

A 5.0-g portion (0.038 mol) was reduced by diimide [formed by
treatment of 30.0 g of anhydrous hydrazine in 50 ml of ethanol
(containing a few crystals of CuSO,) with oxygen, 30 ml/min
for 24 hr}.® After the usual work-up, the organic layer was dis-
tilled through a 6-in. Vigreux column yielding 2.94 g (599,) of
1-phenylbutane-1-d (18a): bp 62° (10 mm); [a]¥D ~—0.780°
(neat).

From a 5.3-g portion, preparative glpe (column Q) gave 4.30
g of pure trans olefin 15 which was reduced with diimide to 2.30 g
(83%) of l1-phenylbutane-I-d (18b): bp 62° (10 mm); [a]¥D
—1.02° (neat).

Registry No.—6, 29333-27-5; 7, 29333-28-6; 8,
20333-29-7; 9, 29333-30-0; 10, 29333-31-1; (+)-11,
29333-32-2; (4-)-12, 29453-55-2; (—)-13, 29333-33-3;
(—)-18, 29453-61-0; (+)-18, 14159-12-7; phenyl-
lithium, 591-51-5.

(20) E. J. Corey, W. L. Mock, and D. J. Pasto, Tefrahedron Lelt.,, 347
(1961).
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The reduction of 8 diketones with lithium aluminum hydride (LiAlH.) under forcing conditions affords prod-

ucts of elimination as well as the expected 1,3-diols.

tained in yields which correspond to the enol content of the starting diketone.

The elimination products (unsaturated alcohols) are ob-

The reaction is highly stereospe-

cific, giving rise to trans olefins exclusively. The unsymmetrical diketone, 2,4-hexanedione, affords two unsatu-
rated alcohols, 3-hexen-2-ol and 2-hexen-4-ol, with the former predominating. The ratio of these two products
and their stereochemistry are discussed in light of the most likely reaction mechanism.

The reduction of enolizable g-keto esters,’? malonic
enolates,® and 8 diketones!4-¢ with lithium aluminum
hydride (LiAlH,) gives rise to products of elimination
as well as the expected 1,3-diols. In discussing the
mechanism of the reaction, Dreiding and Hartman!
proposed that the elimination products (unsaturated
aleohols) resulted from the action of LiAIH, on the enol
forms of the compounds, the diols arising from the
nonenolized portions. The applicability of Dreiding
and Hartman’s mechanism to systems other than ali-
cyclic or aromatic B-dicarbonyl compounds has been
questioned by other investigators. Marshall, Ander-
sen, and Hochstetler? reported that the proposed
mechanism could not account for the saturated mono-

(1) A.S. Dreiding and J. A. Hartman, J, Amer. Chem. Soc., T8, 939 (1953).

(2) E. Romann, A. J. Frey, P. A. Stadler, and A. Eschenmoser, Helv.
Chim. Acta, 40, 1900 (1957).

(3) (a) J. A. Marshall, N. H. Andersen, and A. R, Hochstetler, J. Org.
Chem., 83, 113 (1967); (b) W. J. Bailey, M. E. Humes, and W. A. Klein,
ibid., 28, 1724 (1963); (c¢) W. F. Gannon and E, A, Steck, bid., 27, 4137
(1962).

(4) A.8.Dreiding and J. A. Hartman, J. Amer. Chem. Soc., 78, 3723 (1953).

(8) L. A.Pohoryles, 8. Sarel, and R. Ben-Shoshan, J. Org. Chem., 24, 1878
(1959).

(6) (a) G. Stork and ¥. H. Clarke, Jr., J. Amer. Chem. Soc., 88, 3114
(1961); (b) A. Luttringhaus and N. Engelhard, Angew. Chem., 78, 218
(1961).

aleohols observed by them in the reduction of malonic
enolates and suggested a considerably more complicated
reaction scheme. Pohoryles, Sarel, and Ben-Shoshan®
reacted acetylacetone with lithium aluminum hydride
under forcing conditions and observed a higher ratio
of elimination product to diol than would be expected
from the enol content of acetylacetone. None of these
investigators report on the stereochemistry of the un-
saturated reaction products.

We have examined the reductions of acetylacetone
and 2,4-hexanedione with LiAlH, in some detail. We
were especially interested in identifying all reaction
produets, in determining the direction of the elimination
in the case of the unsymmetrical dione, and in eluci-
dating the stereochemistry of the reaction. This report
describes our results and their bearing on the mechanism
of the reduction-elimination reaction. Of especial
interest is the stereochemical control exhibited during
the elimination. The unsaturated reaction products
are exclusively trans (Scheme I).

Results

Acetylacetone was a logical choice for most of our
studies, because it is the most readily available, sym-
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Scaeme I
O O OH OH OH OH
Lo, 2% o omdmon, + omduond é
CH;CCH.CCH; —> CH;CH=CHCHCH; + CH,CHCH,CHCH; + CH;CH,CH.CHCH;
1 3 (trans) 4 5

0 6] OoH OH

y} ﬁj LiAlH, é (L/
CH;CCH,CCH.CH; ——> CH;CHCH=CHCH.CH; + CH;CH=CHCHCH.CH,

2 6 (trans) 7 (trans)
+
OH OH OH OH

CHséHCHzéHCI‘hCHa + CHgéHCHgCHgCHgCHg -+ CH:,‘CHzéHOHzCH?CHs

8

metrical 2,4 diketone and because the products of the
reduction—elimination reaction are easily separated and
identified. The selection of 2,4-hexanedione as a model
of an unsymmetrical system was dictated not only by
its convenience but also because we were interested in
this compound in another connection.

The LiAlH, reduction of these diones proceeds well
only under forcing conditions. A sixfold excess of
hydride and 16 hr in refluxing ether were required to
complete the reaction.

The results of the LiAlH, reductions carried out in
this study are given in Table I. The data obtained

TasLe 1
Repuction-EriMiNaTIONS wiTH LiAlHe
% of
Product produet isolated? % yield®
Acetylacetone (1) (Excess LiAlH,)
trans-3-Penten-2-ol (3) 85.5 82.5
2,4-Pentanediol (4) 11.5 11.0
2-Pentanol (5) 3.0 3.0
Acetylacetone (1) (Stoichiometric LiAlH,)e
trans-3-Penten-2-ol (3) 78
3-Penten-2-one (12) 20
2,4-Pentanediol (4) 2
2-Pentanol (5) Trace
2,4-Hexanedione (2) (Excess LiAlHy)
trans-3-Hexen-2-o0l (6) 52.0 41.0
trans-2-Hexen-4-ol (7) 21.0 17.0
2,4-Hexanediol (8) 18.5 14.5
2-Hexanol (9) 6.5 5.0
3-Hexanol (10) 2.0 1.5
3-Penten-2-one (Methyl Propenyl Ketone, 12)
3-Penten-2-0l¢ 95.5
2-Pentanol (5) 3.5
1,3-Pentadiene® 1.0
cis-3-Penten-2-0l
c18-3-Penten-2-ol 100
trans-3-Penten-2-ol (3) 0
2-Pentanol (5) 0
2,4-Pentanediol (4)
2,4-Pentanediol (4) 100
3-Penten-2-0l (3) 0
2-Pentanol (5) 0

* Similar reaction conditions for all reductions. ? Expressed
as mole per cent. °Product breakdown was not obtained ‘ac-
curately, since more than 909, of the starting material was re-
covered. Ratio of 3-penten-2-ol to 3-penten-2-one was 3.5:1.
Presence of a trace of 2-pentanol was indicated but not confirmed.
No yield data were obtained. ¢ Stereochemistry undetermined.
° Apparently an artifact arising from pyrolysis of the 3-penten-
2-olin the entry port of the gas chromatograph.
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for acetylacetone and 2,4-hexanedione were confirmed
in duplicate experiments. The reaction of LiAlH, with
acetylacetone was especially clean. Only three com-
pounds were obtained, frans 3-penten-2-ol (3), 2,4-
pentanediol (4), and 2-pentanol (5), and these accounted
for 969, of the starting material. The reduction of
2,4-hexanedione was more complicated. Two unsat-
urated and two saturated alcohols are possible as well
as the diol” and all were observed.

The various reaction products were identified by
direct comparison of their gas chromatographic be-
havior and spectral properties with those of authentic
samples. The cis and trans isomers of 3 were prepared
as shown in Scheme IT.

Scueme I1
CHsCHO
CH,CH.MgBr + CH;C=CH —> CH,;C=CMgBr ——>

H:/Pd-BaS0.

CH;C=CCHCH: 3 (cis)
quinoline
LiAngl OH
3 (trans)

The corresponding isomers of both 3-hexen-2-ol (6)
and 2-hexen-4-ol (7) were synthesized in an analogous
fashion. The cis and trans forms of the various unsat-
urated alechols are readily separable by gas chromatog-
raphy.® The nmr spectra (see Table II) allowed an
unambiguous assignment of the stereochemistry of the
double bonds of all of the alechols. The olefinic protons
for the trans configuration are grouped at r 4.43-4.50
while the olefinic protons for the cis configuration are
at  4.62. The ir spectra provided confirmatory evi-
dence for our assignments. The structures of all inter-
mediates leading to those olefin alcohols which we syn-
thesized were confirmed by their nmr and ir spectra.

The amount of elimination vs. reduction correlates
very well with the enol content of the two diones under
the reaction conditions (Table III). The per cent of
the enol form in ether and CDCl; was estimated from
the nmr speetra by comparing the integrated inten-
sities of the singlets due to the enol (r 7.97 in CDCls,

(7) A referee has pointed out that 2,4-hexanediol (8) can exist as a mix-
ture of erythro and threo forms. We recognize this possibility but have ob-
tained no evidence that such a mixture actually exist in this instance. We
did observe what appeared to be a mixture of diastereomers for 2,4-pentane-
diol (4) in the nmr spectrum and on thin layer plates. Since the character
of these mixtures is not important to our discussion, we have chosen to avoid
confusion by referring to 4 and 8 in the singular throughout this paper,

(8) The cis forms have somewhat longer retention times. For example,
¢is-3-penten-2-ol has a retention time about 2 min longer than the trans
isomer on a 12-ft Carbowax 20M column at 40°. Further details on the
chromatography of these materials are given in the Experimental Section.



2112 J. Org. Chem., Vol. 36, No. 15, 1971

FRANKENFELD AND TYLER

TasLe IT
TaBULATION OF NMR SPECTRA

Chemioal shift, » (multiplicity,® coupling constant® ~

Compd (solvent) Registry no. a b [ d e f
CH3;COCH.COCH; (CDCls) 7.79 (8) 6.37 (s) 7.79 (s)
a b ¢
I
CH:COCH=COHCH; 1522-20-9 7.97 (8) 4.42 (s) 7.97 (s)
a b ¢ d
CHsCOCH:COCH;CH;: (CDCly) 7.81 (s) 6.43 (s) 7.48 (q, Jed 8.98 (t, Jea
a b” ¢ d = 7 Hz) = 7 Hz)
CH3;COCH=COHCH:CH3 20494-98-2  7.99 (s) 4.46 (8) 7.71 (q, Jde 8.90 (4, Jde
a b e d e = 7 Hz) = 7 Hz)
CH:C=CCHOHCH; (CDCls) 27301-54-8  8.21 (d, Jap 5.53 (qq, Jab  6.06 (s) 8.62 (d, Jpa
a b ¢ d = 2 Hz) = 2 Hg, = 6.5 Hz)
Jod = 8.5
. Hz)
CHiC==CCHOHCH:CH: (CDCls) 20739-59-7 8.18 (d, Jab 5.75 (tq, Jpd  6.05 (s) 8.82 (dg, Jba 9.03 (t, Jde
a b e d e = 2 Hz) = 7 Hz, = 7 Hz, = 7 Hz)
Jab = 2 Jde = 7
Hz) Hz)
CH3CH,C=CCHOHCH:; (CDCls) 109-50-2 8.88 (t, Jab 7.79 (da, Jab  5.49 (qt, Jee 5.99 (s) 8.59 (d, Jeo
a b ¢c d e = 7.5 Hz) = 7.5 Hg, = 7.5 Hz, = 7.5 Hz)
Jpe = 2 Jbe = 2
Hz) Hz)
trans-CH3CH=CHCHOHCH; (CCl) 8.36 (dd, Jan  4.48 (m) 5.85 (m) 5.64 (s) 8.86 (d, Joe
a b b ¢ d e = 5 Hz, = 6.5 Hz)
Jab’ = 1
Hz)
cts-CHsCH=CHCHOHCH; (CCl:) 24652-50-4 8,38 (d, Jab 4.62 (m) 5.44 (dg, Jv’s  5.73 (s) 8.84 (d, Jee
a b be d e = 5 Hz) = 6 Hz, = 6 Hz)
Jeo = 6
Hz)
trans-CHsCH=CHCHOHCH:CHs 8.34 (dd, Jap  4.50 (m) 6.13 (dt, Jn'e 5.76 (s) 8.48 (m) 9.14 (t, Jet
a b b ¢ d e f = 5 Hz, = 6 Hz, = 7 Hz)
(CCL) Jap’ = 0.5 Joo = 8
Hz) Hz)
¢1s-CH;CH=CHCHOHCH,CH3 29478-30-6  8.37 (d, Jab 4.62 (m) 5.73 (dt, Ju'e 5.96 (s) 8.48 (m) 9.14 (b, Jof
a b e d e f = 5 Hz) = 6 Hz, = 7 Hz)
(CCLy) Jee = 6
Hz)
trans-CHsCH,CH=CHCHOHCH; 9,02 (¢, Jab 7.98 (m) 4.48 (m) 5,78 (m) 6.23 (s) 8.80 (d, Jar
a b e ¢/ d e f = 7 Hz) = 6 Hz)
(CCly
cis-CH:CH;CH=CHCHOHCH; 29478-31-7 9.04 (t, Jap 7.93 (m) 4.63 (m) 5.41 (m) 6.58 (s) 8.82 (d, Jar
a b o ¢/ d e f = 7 Hz) = 6H)
(CCls)
trans-CHsCH==CHCOCH; (CDCls) 8.27 (dd, Jab  8.27 (dq, Jab  3.92 (dq, Jae  7.80 (s)
2 b ¢ d = 6.5 Hz, = 6.5 Hz, = 1.5 Hz,
Jae = 1.5 Jbe = 18 Jpe = 16
Hz) Hz) Hz)
CH;CHOHCH.COCH: (CDCls) 4161-60-8  8.83 (d, Jab 5.80 (tq, Jab 5.80 (9) 7.44 (d, Jrd 7.85 (s)
a b e d e = 6 Hz) = 6 Hz) = 6 Hz)
CH:CHOHCH.CHOHCH; 8.82 (d, Jab 6.04 (tq, Jab 5.21 () 8.49 (t, Jnd
a b e d b ¢ 8 = § Hz) = § Hz, = 6 Hz)
(CDCly)¢ Jbd = 6
Hz)
CH:CHCHOHCH;CHOHCH; 9.09 (t, Jab 8.40 (m) 6.14 (m) 5.16 (s) 8.52 (4, Jee 8.83 (d, Jot
a b ¢ d e ¢ d f = 6.5 Hz) = 6.5 Hz) = 6.5 Hz)
(CCly)°

e g = singlet, d = doublet, t = triplet, ¢ = quartet, m = multiplet.

=+0.5 Hz. ° Probably a mixture of diastereomers.

Tasre I1II

CoRRELATION OF ENoL CONTENT AND ELIMINATION
vs. REDUCTION

Elimina-
tion
produets, —~—————-Enol contents, %bm————
Compd Y% Ether CDCl Lit.
Acetylacetone 88.5 88.5 84.0 81,c 91,2 94¢
2,4-Hexanedione 81.5 80/ 80/

@ Includes unsaturated alcohols and saturated monoalcohols.
b Solutions 109, in dione. ¢ In cyclohexane: L. W. Reeves,
Can. J. Chem., 35, 1351 (1957). ¢In hexane: J. B. Conant
and A, F, Thompson, Jr., J. Amer. Chem. Soc., 54, 4039 (1932).
¢ In ether: K. H. Meyer, Ber., 47, 826 (1914). / Accurate de-
termination is difficult because of multiplicity of peaks and over-
lapping of signals.

r 8.05 in ether) and keto (r 7.79 in CDCl;, = 7.88 in
ether) methyls, the keto methylenes (r 6.39 in CDCl,

b The absolute values of the coupling constant are given to

obscured in ether), and the enol -CH= (r 4.42 in
CDCl;, 7 4.55 in ether).

The direction of elimination with the unsymmetrical
2,4-hexanedione (2) was in the favor of the ethyl-sub-
stituted olefin, 3-hexen-2-o0l (6). This isomer predom-
inated over 2-hexen-4-ol (7) by 2.5:1. This ratio was
constant throughout several repetitive experiments.

The stereochemistry of the elimination is especially
interesting; the products were trans in all cases. None
of the cis olefins were observed, indicating an extraor-
dinary degree of stereochemical control. The trans
forms of the olefins are apparently the primary reaction
products and do not result from rearrangement of
the cis isomers, since cis-3-penten-2-0l was recovered
unchanged when treated with LiAlH, under the same
conditions employed for reduction of the dione. The
corresponding keto alechols and 1,3-diols were similarly
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excluded as precursors of the transolefinic alcohols.
Reduction of 4-hydroxy-2-pentanone (11) with excess
TLiAlH, gave a quantitative yield of 2,4-pentanediol
(4). No unsaturated alecohol was observed. In a
separate experiment, 4 was recovered unchanged under
the conditions of the reduction—elimination reaction.

Methyl propenyl ketone (3-penten-2-one, 12), how-
ever, could not be excluded as an intermediate to 3-
penten-2-ol (3). In fact, evidence for its transitory
presence during the reaction was obtained. When
acetylacetone was treated with a limited quantity of
LiAlH,, 12 was obtained along with 3 in the ratio of
1:3.5.12 In addition, when 12, prepared by chromic
acid oxidation of 3, was allowed to react with LiAlH,
under the reduction-elimination conditions, both 3
penten-2-ol (3) and 2-pentanol (5) were isolated. The
stereochemistry of the double bond of all of these com-
pounds was found by their nmr spectra (see Table II)
to be trans and to remain so during all transformations.
The amount of 5 (39,) was virtually the same as that
obtained from the reduction-elimination of acetyl-
acetone (Table I). The possibility that 5 might have
arisen from 3 must be considered, since reduction of
allyl alechol to 1-propanol has been observed under
forcing conditions.’* However, 3 was recovered un-
changed when subjected to the reaction conditions
which produced 5 from both 1 and 12.

O
Cr0s g
3 ———> CH;CCH=CHCH;

acetone 12

lexcess LiAlH,
345

Discussion

Our results are consistent with reaction path 1.
The two forms of the diketones appear to react inde-
pendently, the enolic portions giving rise predominantly
to the elimination products 3, 6, and 7 along with the
saturated aleohols 5, 9, and 10, while the diketo forms
are reduced normally to the diols. This scheme is
supported by the data in Table III and by the fact
that we have shown that the intermediates which lead
to the diols, ¢.e., the hydroxy ketones, or the diols
themselves are not converted to elimination products

(9) The 4-hydroxy-2-pentanone (11) was prepared in surprisingly good
yield (50-60%) by the partial hydrogenation of acetylacetone over platinum
black., Previous attempts to hydrogenate acetylacetone to the ketol in
which other catalysts were employed have met with varying success. Poor
vields were obtained using Raney nickel!® while rhodium on carbon was more
effective.?* We found no difficulty in stopping at the ketol stage. Only
under forcing conditions was some 2,4-pentanediol observed. It appears
that good yields of hydroxy ketones such as 11 can be obtained by taking
advantage of the high enol content of the diketone. The olefinic function
apparently can be reduced preferentially. Our results suggest that platinum
black in ethanol is a good choice of catalyst and solvent for this transforma-
tion.

(10) P. 8. Stutsman and H. Adkins, J. Amer. Chem. Soc., 61, 3303 (1939),

(11} P, N. Rylander, “Catalytic Hydrogenation over Platinum Metals,”
Academic Press, New York, N. Y., 1967, pp 265-2686.

(12) The unsaturated ketone 12 was identified by gas chromatography
(retention time identical with an authentic sample) and time-of-flight mass
spectrometry. The intensity ratios of m/e 69:41 of near unity and the fact
that the intensity of the parent peak (m/e 84) is about 30% of the m/e 89
peak strongly suggests the trans configuration for 18; see A. Cornu and R.
Massot, “Compilation of Mass Spectral Data,” Heyden and Sons Ltd.,
London, 1966,

(13) F. A, Hochstein and W. G. Brown, J. Amer. Chem. Soc., 70, 3483
(1948).
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diketone > enol

| }

hydroxy ketone B-diketone enolate

| !

diol B-hydroxy ketone enolate (0]

unsaturated ketone

)

unsaturated alcohol + saturated
alcohol

under the conditions of the reaction. We also dem-
onstrated that compounds resulting from reduction of
the enol forms, the unsaturated ketones or unsaturated
aleohols, do not give rise to any appreciable quantities
of diols.™

The saturated alcohols 5, 9, and 10 arise from 1,4
addition of hydride to the enones 12, 16, and 17 which
appear to be true intermediates in the reaction scheme.
Several pieces of evidence point strongly in this di-
rection. In the first place, compounds such as 12, 16,
and 17 with carbonyl functions conjugated to double
bonds, frequently afford 1,4 addition products when
reduced by LiAlH; under forcing conditions,!3:1616
Secondly, a trace of 12 was actually isolated in some of
the acetylacetone reductions. Finally, when 12 was
reduced under the same conditions as acetylacetone,
2-pentanol (8) was obtained in the identical amount,
relative to 3-penten-2-ol (3), as in the case of the dike-
tone. It appears that elimination of one oxygen oceurs
before reduction at the second.

Dreiding and Hartman postulated analogous inter-
mediates in the reduction—elimination of alicyclic and
aromatic B-dicarbonyl compounds.b4 However, their
proposed mechanism has been criticized as failing to
account for the formation of fully saturated products
obtained in the reduection of malonic enolates, and
evidence was given for a somewhat more complicated
reaction scheme.?* In the case of malonic enolates,
the reaction may take a somewhat different course.

In the case of the unsymmetrical dione (2), the reac-
tion is somewhat more complicated as indicated by
Scheme ITI. Here we have used a convenient eyclic
representation for the intermediate enolate 13 although
& noneyclic form involving two complexed aluminum
atoms would serve as well. The initial hydride can be
attached either to a or b, and it is this which
ultimately determines the produect distribution (e.g.,
relative amounts of 6 and 9 vs. 7 and 10). The pre-
dominant attack occurs at b (adjacent to the ethyl
group) which is the more electropositive site. An
alternate scheme would involve representing the two
possible enols 18 and 19 as existing and reacting sep-
arately. The relative amounts of 6 and 7 would then

(14) It has been suggested by a reviewer that the enolate of a S-hydroxy
ketone, e.g., 14 or 15, could be reduced to the corresponding diol. We feel
this occurs to a very small extent if at all. " We have no direct evidence for
this but others®®* have reported the eomplete absence of such reductions
in the case of pre-formed enolates,

(15) N. B. Gaylord, ‘‘Reduction with Complex Metal Hydrides,” Inter-
science, New York, N. Y., 1956, Chapter 15.

(16) J. C. Richer and R. Clarke, Tetrahedron Lett., 935 (1964); M. Mous-
seron, R, Jaequier, M. Mousseron-Canet, and R. Zagdoun, Bull. Soc. Chim.

Fr., 19, 1042 (1952); W, R. Jackson and A, Zurquiysh, J. Chem. Soc., 5280
(1965).
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Scueme 111
rb
CHa/ (fu Hcon,cn,
0'M0
13
a b H
1 \ /
CHa——('ll/yf_;,\ccHzcﬁ3 CHsff (ECHchs
O\MC O\M/O
15
14
N H o g CHiCHs
YT EN
: ol \(ﬁCHchs CHsﬁ H
0 0
16
lMH MH
7+ 10 6 + 9

reflect the proportion of the two enolic forms (an allylic
rearrangement occurs during the reaction so that 18
gives rise to 7 and 19 10 6). Our results do not permit
a choice between these two schemes.

CHs(l?CH=CCHzCH3 CH:C=CHCCH,CH3;

|
H OH

18 19

’ !

16 —> 7 4+ 10 17 —>94+6

One of the most interesting aspeets of the reaction
is its high degree of stereospecificity. All of the unsat-
urated alcohols obtained were trans with no trace of the
cis isomers observed. As discussed above, the config-
uration of the double bond in the final products is fixed
by the elimination step (14 — 16 or 15 — 17 in Scheme
III). An examination of models as illustrated in
structures 20 and 21 shows that there is considerably
less crowding when the confirmation around the ineip-
ient double bond is trans than if it were cis. The
transition state (21) for the formation of ¢is-16 forces

1 5 8
C
--_Al |
\ VAN
\ C,—‘O Al\.o
4 ~5.
H CH,CH, (13{13\1{
21 20

the 1-methyl group into close proximity to the oxygen
at carbon 4 with the result of rather severe steric inter-
actions. In the transition state (20) for the formation
of trans-16, it is the hydrogen at carbon 2 that interacts
with the oxygen at earbon 4, with a resulting reduction
of steric erowding. An additional factor is the alu-
minum-oxygen bonding which we feel would constrain
the intermediate 14 or 15 in a cyclic configuration and
into a pseudoboat conformation. This would accen-
tuate the interactions deseribed above. It is most
probably the formation of the aluminum-oxygen bonds
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that provides most of the driving foree for this elim-
ination reaction.

The synthetic utility of the reduction—elimination
reaction has been recognized in only a few instances®!
and in these cases the stereochemistry was not impor-
tant. Because of its stereospecificity, however, the
reaction should have considerable value in the prep-
aration of pure trans-unsaturated aleohols. In such
syntheses the yield of elimination product can be im-
proved by conditions favoring a high degree of enoliza-~
tion in the parent dicarbonyl compound. This can
frequently be accomplished by converting the starting
material to its enolate prior to reduction with
LiAlH,?%Y or by addition of substances to the reaction
which stabilize the enol form of the dicarbonyl com-
pound.’® It should be emphasized that the effect of
such additions on the stereochemical control of the
reduction—elimination is not known.!®

Experimental Section®

General.—Commercial acetylacetone (Matheson Co.) and
2,4-hexanedione (Eastman Kodak) were used without purifica-
tion. Lithium aluminum hydride was obtained from Ventron,
Inc., Beverly, Mass. The 2-pentanol, 2-hexanol, and 3-hexanol
were obtained from the Matheson Co.; the 2,4-pentanediol from
Frinton Laboratories. Authentic samples of {rans-3-penten-2-ol
and trans-2-hexen-4-0l were obtained from Aldrich Chemical
Co. and J. T. Baker Chemical Co., respectively. The assigned
stereochemistry of these samples was confirmed by independent
synthesis and by comparison of their infrared traces with pub-
lished spectra.? The reduction-elimination products were
identified by comparison of gas chromatographic retention times
and, where appropriate, ir and nmr spectra with those of authen-
tic samples.

Reduction-Elimination of Acetylacetone (1) with LiAlH,.—
To a slurry of 13.0 g of LiAlH, in 100 cc of ether was added, drop-
wise, a solution of 10.0 g (0.1 mol) of acetylacetone in 100 cc of
ether. The resulting mixture was refluxed for 16 hr after which
the unreacted LiAlH, was decomposed by the successive addi-
tion of 13 m! of water, 10 ml of 209, NaOH, and 20 m] of water.
The inorganic salts were filtered and washed with ether. The
ether washings were combined and dried over Mg80,, and the
solvent was removed. An oily residue (9.4 g) remained. A
1.0-g portion of the residue was removed and analyzed by gas—
liquid partition chromatography (glpc). The results are given
in Table I. The remaining product was distilled. Two frac-
tions were obtained. The first (6.1 g, bp 115-121.5°) was
analyzed by glpe and found to contain 96% trans-3-penten-2-ol
(3) and 49, 2-pentanol (5). No other materials were detected.
The second fraction (pot residue, 2.0 g) was analyzed by glpc
and nmr. The two methods were in excellent agreement and
showed that the residue contained 50-527, trans-3-penten-2-ol
(3) and 48-509% of what was probably a mixture of diastereo-
meric 2,4-pentanediols (4). After adjusting for the aliquot
removed these two fractions amounted to a 969 recovery of
products. A duplicate experiment gave virtually identical re-
sults.

(17) J. A. Marshall and N. Cohen, J. Amer. Chem. Soc., 87, 2773 (1965);
J. A, Marshall and N. Cohen, J. Org. Chem., 30, 2475 (1965); J, A. Marshall
and R. D. Carroll, Tetrahedron Lett., 4223 (1965).

(18) For example, L. W. Reeves [Can. J. Chem., 85, 1351 (1957)] has
shown that acetylacetone is converted totally to its enol form in the presence
of triethylamine,

(19) Triethylamine, for example, forces enolization by coordinating
strongly with the enol hydroxy group of acetylacetone.’® This may inhibit
formation of intermediates such as 15 and thereby reduce the stereospecificity
of the reamction. In addition, as discussed above, the mechanism may
be different in the case of pre-formed enolates.

(20) The nmr spectra were obtained on a Varian A-80 spectrometer and
the infrared spectra on a Perkin-Elmer Model 137 spectrophotometer. Gas
chromatographic separations were made on either a F & M 500 (tc detector),
F & M 609 (flame ionization), or P & E 226 (capillary) gas chromatograph.
A summary of columns used and retention times is given in Table IV.

(21) R. Heilmann, G. de Gaudemaris, and P. Arnaud, Bull. Soc. Chim. Fr.,
119 (1957).
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TasLe IV
Gas CHROMATOGRAPHY DATA

Retention time (min) on column?®™®:
Compd Af B¢ cd Dé g Fe Ge

cts-3-Hexen-2-0l 21.57 37.57

trans-3-Hexen-2-0l (6) 21.67 9,80 42.0% 33.57 12.2¢

crs-4-Hexene-3-0l 22.7/

trans-4-Hexen-3-0l (7) 20.4/ 9.0¢ 40.0% 12.2¢ 4.0¢
2-Hexanol (9) 9.5¢ 3.0
3-Hexanol (10) 8.0¢ 2.87
2,4-Hexanediol (8) 5.57
cts-3-Penten-2-ol 22.5% 7.5

trans-3-Penten-2-ol (3) 21.0% 6.2¢ 7.0 0.8

2-Pentanol (5) 14.0% 4.8 5.0¢

2,4-Pentanediol (4) 5.0k
Acetylacetone (1) 2.1¢

3-Penten-2-one (12) 6.0°

¢ Column A, 50-ft capillary (0.02 in. i.d.) support coated with Carbowax 1540; B, 50-ft capillary (0.02 in. i.d.) support coated with
Carbowax 600; C, 12-ft stainless steel Chromosorb W; D, 10-ft stainless steel (0.25 in. i.d.) packed with 109 Carbowax 20M on Chro-
mosorb W; E, 10-ft stainless steel (0.25 in. i.d.) packed with 109, Carbowax 20M on Chromosorb W; F, 6-ft stainless steel (0.25 in.
i.d.) packed with 109, Carbowax 20M on Chromosorb W; G, 4-ft stainless steel (0.25 in. o.d.) packed with 109, Carbowax 20M on

Chromosorb W.
flame ionization detector.
chromatograph, tc detector. 7 At50°. ¢ At70°. *» At40°.

Reduction-Elimination of 2,4-Hexanedione (2) with LiAlH,.—
The reduction was carried out with 11.4 g (0.1 mol) of 2,4-hex-
anedione (2) and 6.5 g of LiAlH, as described above except that
the entire reaction mixture was distilled. (Before distillation
the crude mixture was analyzed by glpc. The results are shown
in Table I.) Three fractions were collected, weighed, and ana-
lyzed by glpe. The first (0.55 g, bp 100-139°) consisted of 609,
of a mixture of unsaturated alcohols 6 and 7 and a small amount
of 2- and 3-hexanol (9) and (10), 409 of solvent, and a small
amount of unreacted 2. Fraction two (6.0 g, bp 139.5-140°)
consisted of 909, of the two unsaturated alcohols, 8.5% of 9
and 2.0%, of 10, and less than 0.59%, of trace impurities. The
third fraction was the pot residue; it was analyzed by glpc and
nmr and was shown to be 959 2,4-hexanediol (8) (probably a
mixture of erythro and threo forms) and 59 of a mixture of
unsaturated and saturated alcohols similar to fraction two. The
product recovery amounted to 79%. The two unsaturated
alcohols, 6 and 7, were not separable readily by distillation.
Each of the above fractions and the crude product mixture were
analyzed by glpe using various columns and conditions (see
Table IV). In every case the mixture consisted of 719, trans-
3-hexen-2-ol (6) and 299, trans-4-hexen-3-ol (7). None of the
corresponding cis isomers were detected.

The reaction was repeated with similar results except that only
a 659, recovery of reaction products was obtained.

Reduction of 12 with LiAlH,.—To 2.2 g of LiAlH, in 25 ml of
anhydrous ether was added 2.0 g of 12 in 25 ml of anhydrous
ether. The reaction was refluxed overnight and worked up as
described above. The product was shown by glpe to contain
95.59%, 3, 3.69% 5, and 19, 1,3-pentadiene (see footnote ¢, Table
.

4-Hydroxy-2-pentanone was prepared by reduction of 40 g
of 1in 150 ml] of absolute ethanol over a total of 5.5 g of PtO,.
The catalyst was added in five equal portions during the uptake
of 1 molar equiv of hydrogen. The product was distilled after

® Du Pont Model 310 curve resolver was used in resolution.
4 Used in F & M Model 609 gas chromatograph, flame ionization detector.
At 75°.

¢ Used in P & E Model 226 capillary gas chromatograph,
¢ Used in F & M Model 500 gas

At 100°, * A$125°,

removal of the catalyst and solvent. It amounted to a 927,
yield, bp 110-112° (90 mm) {lit.?2 bp 74~75° (18 mm)].

Reaction of 2,4-Pentanediol (4) with LiAlH,—The diol 4, in
ether, was refluxed overnight with excess LiAlH,. The reaction
was worked up as described above and the crude mixture was
analyzed by glpec. Only unchanged starting material was iso-
lated.

Reduction of 4-Ketopentanol-2 (11) with LiAlH,—To a
vigorously stirred suspension of 3.2 g of LiAlH, in 50 ml of ether
was added, dropwise, 2.5 g of 11. The resulting mixture was
refluxed overnight and worked up as deseribed. The crude re-
action mixture was shown by glpe analysis to contain only 2,4-
pentanediol (4).

Reaction of cis-3-Penten-2-ol with LiAlH,.—A solution of 1.3 g
of ¢is-3-penten-2-ol (contaminated with 159, of the trans isomer)
in 10 ml of ether was dropped into a vigorously stirred slurry of
1.8 g of LiAlH, in 20 ml of ether. The resulting mixture was
refluxed overnight and worked up as described above. The sol-
vent was removed by distillation and the residue was analyzed
by glpe (Table IV). It contained the identical mixture of cis-
(859%,) and trans- (15%) 3-penten-2-ol as the starting material.

Registry No.—1, 123-54-6; 2, 3002-24-2; 3, 3809-

- 34-1; 4,625-69-4; 5, 6032-29-7; 6, 29478-26-0; 7, 29478-

27-1; 8, 19780-90-6; 9, 626-93-7; 10, 623-37-0; 12,
3102-33-8; lithium aluminum hydride, 16853-85-3.
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