
4824 

The Effect of Substitution on Homoallenic Participation 
in Solvolyses’ 

Thomas L. Jacobs and Roger S. Macomber2 

Contribution No. 2312 from the Department of Chemistry, 
University of California, Los Angeles, California 
Received December 7, 1968 

90024. 

Abstract: Eight /3-allenic alcohols were synthesized and the tosylate and brosylate [3,5-dinitrobenzoate (VIe) 
in the case of 2-methy1-4,5-heptadien-2-01] of each prepared. The rates of acetolysis (hydrolysis in the case of VIe) 
were determined titrimetrically. Solvolysis products were isolated and their structures assigned on the basis of 
spectra and properties. Each compound studied except VIe, exhibited a significant ka (assisted solvolytic rate) 
when compared to the saturated analog. The fact that VIe underwent hydrolysis only one-third as fast as 2- 
methyl-2-butyl 3,Sdinitrobenzoate is attributed to the rate-retarding inductive influence of the allene moiety. 
It was observed that 4,5-hexadien-2-yl tosylate (Ib) rapidly rearranged during acetolysis, but all other substrates 
could be recovered unchanged after partial acetolysis. The fraction of cyclized or rearranged solvolysis products 
ranged from 0% for VIe to 100% for esters of 2,2-dimethyl-3,4-hexadienol (Va). The results are interpreted as 
evidence for homoallenic anchimeric assistance in the transition states for solvolysis ; the intermediates have been 
formulated as bicyclobutonium ions except in the case of VIe. 

lthough a large body of literature has accumulated A dealing with the phenomenon of homoallylic 
participation, only recently has the ability of a p-allenic 
system to participate in solvolyses been examined. 
Bertrand and Santelli reported4 that hydrolysis of 43 -  
hexadien-2-yl p-toluenesulfonate (tosylate) (Ib) led to 
67 % cis- and trans-2-methylcyclopropyl methyl ke- 
tones and 30 unrearranged 4,5-hexadien-2-01 (Ia). 
Similar treatment of 4-methyl-4,5-hexadien-2-yl tosylate 
gave a mixture containing 67% cis- and trans-1,3-di- 
methyl-2-methylenecyclobutanols, 17 % 1,4-dimethyl- 
2-methylenecyclobutanol, and 16 % unrearranged al- 
cohol. Later these authors founds that hydrolysis of 
optically active Ib gave the cyclic ketones with activity 
retained, but the isolated alcohol (Ia) was completely 
racemic. 

It has also been reported6 that, under a variety of 
solvolytic conditions, 0-naphthalenesulfonates of 3,4- 
pentadien-1-01 (IIa) and 3,4-hexadien-l-ol (IIIa) yielded 
substantial amounts of alkyl cyclopropyl ketones, to- 
gether with hydrocarbons, acetates of the unrearranged 
alcohols, and unidentified compounds in varying 
amounts. Unfortunately the lack of definitive kinetic 
data did not permit these authors to  detect homo- 
allenic participation in the transition states of these 
solvolyses, nor was it possible to  decide whether non- 
classical carbonium ion intermediates were involved. 

Finally, Bly and coworkers have reported’ that ace- 
tolysis of 2,2-dimethyl-3,4-pentadien-l-yl p-bromoben- 
zenesulfonate (brosylate) yielded a mixture comprising 
2-methyl-4,5-hexadien-2-~1 acetate (77 %), and the 
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related hydrocarbons 2-methyl-l,4,5-hexatriene (12 %) 
and 2-methyl-2,4,5-hexatriene (1 1 %). Noticeably ab- 
sent were products with unrearranged carbon skeleton 
such as 2,2-dimethyl-3,4-pentadien-l-yl acetate, and 
cyclic products such as 2,2-dimethylcyclopropyl methyl 
ketone. Similarly absent were any products, such as 
3-methyl-4,5-hexadien-3-yl acetate, which would have 
arisen from methyl migration, a rearrangement com- 
monly encountered in the solvolysis of neopentyl com- 
pounds.8 Ethanolysis and hydrolysis of the brosylate 
gave the related rearranged ether and alcohol, respec- 
tively, together with the hydrocarbons. 

Comparison of the kinetics of this acetolysis with 
those of the related homoallyl and saturated neopentyl 
compounds (Table VI) clearly indicated homoallenyl 
participation in the transition state of the rate-deter- 
mining step. These comparisons were made even more 
striking by including an estimate of the rate-retarding 
inductive effect of the allenyl group compared to that of 
the saturated group. These data were interpreted as 
evidence for a delocalized transition state which opened 
to  a product-determining classical ion. It was men- 
tioned that the gem-dimethyl group not only inductively 
stabilized the rearranged classical ion, but also aided in 
the formation of the bridged transition state. 

Thus, although there have been several examples of 
the intervention of a P-allenic system in solvolytic re- 
actions, the widely varied conditions under which these 
observations have been made make meaningful com- 
parisons and generalizations difficult. It was the pur- 
pose of the present work to reexamine the solvolytic 
reactivities of the key compounds mentioned so far, 
together with some additional compounds, under a 
fixed set of conditions, then compare the results with 
suitable saturated model compounds and homoallylic 
systems to assess the significance and generality of 
homoallenic participation. 

Syntheses. The eight 0-allenic systems I-VI11 were 
prepared for study, Syntheses given in the literature 
were used for Ia,4 IIa,6 IIIa,6 and Va;9 IVa was pre- 

(8) For example see R. D. Guthrie, ibid., 89, 6718 (1967). 
(9) T .  L. Jacobs, R. Macomber, and D. Zunker, ibid., 89,7001 (1967). 
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development control would favor equatorial -OH, but 
steric approach control often leads to  axial -OH owing 
to  the fact that equatorial approach of the hydride 
donor is favored over axial approach. However, ex- 
amination of molecular models suggests that steric ap- 
proach control should not be as important as the sta- 
bility of the product. 

Experimentally it was found that lithium aluminum 
hydride reduction of the allenic ketone afforded two 
isomers in the ratio 5 :  1. Spectral analysis of the mix- 
ture clearly indicated that the major component was 
the desired allenic alcohol. On the basis of the com- 
plex coupling of the proton geminal to  the -OH, the 
product was assigned the equatorial configuration. 
The nmr absorption of this proton very closely resembled 
that of l-menthol,13 which is known to possess the all- 
equatorial configuration. l 4  The minor component of 
the mixture was apparently not the axial epimer, but 
rather the conjugated isomer, based on an infrared ab- 
sorption at 1640 cm-’ and an ultraviolet absorption 
A,,, 255 mp (log E 3.57). The mixture could not be 
further separated, so succeeding studies were carried 
out with allowances made for the conjugated isomer. 
The conclusions drawn from the acetolysis of VIIIb 
should be considered tentative until both epimers have 
been isolated and studied separately. 

=dx =wx \ ” I r \ X  
I I1 I11 

IV VI 

VI1 VI11 
a ,  X = OH; b, X = OTs; c, X = OBs; d, X = OAc; 

e, X = 3,5-dinitrobenzoate 

pared by a sequence analogous to that for IIIa. Be- 
cause acetolysis of 2,2-dimethyl-3,4-hexadien-l-y1 tos- 
ylate (Vb) led exclusively to  esters of 2-methyl-4,5- 
heptadien-2-01 (VIa) and related hydrocarbons (vide 
infra), a solvolytic route was chosen for the synthesis 
of VIa. Because the tosylate of VIa could not be pre- 
pared, owing presumably to  its high reactivity, the 3,5- 
dinitrobenzoate ester was synthesized for study. 

The preparation of 3-methyl-3,4-pentadien-l-01 (VIIa) 
involved the addition of “dibromocarbene” to  the tetra- 
hydropyranyl ether of 3-methyl-3-buten-1-01, reaction 
of the dibromocyclopropane with methyllithium, and 
hydrolysis. This probably represents the most general 
synthetic route to  /3-allenic alcohols, as it is limited 
only by the availability of the starting olefinic alcohol. 

Finally, 5-methyl-2-( 1 -methylpropadienyl)cyclo- 
hexanol (VIIIa) was synthesized by the method of 
Bertrand and Santellilopll (eq 1) in order to examine the 

(+) pulegone I 

Y Y 
VIIIa 

possible effect of ring strain on solvolysis rates and 
products. These investigators did not discuss the 
stereochemistry of the cyclic alcohol. When the exo- 
cyclic double bond in pulegone is isomerized during 
formation of the ketal, the sterically favored isomer 
would be the one with the trans (diequatorial) arrange- 
ment of the methyl and 2-propenyl groups. This con- 
figuration should persist through to the allenic ketone. 
The question then arises, however, as to  which epimer 
(-OH equatorial or axial) will result from attack of 
hydride at the carbonyl. It is often difficult to  predict 
the epimeric constitution of such mixtures. l 2  Product 

(10) M. Santelli, Compt. Rend., 261, 3150 (1965). 
(11) M. Bertrand and M. Santelli, ibid., 262, 1601 (1966). 
(12) H. 0. House, “Modern Synthetic Reactions,” W. A. Benjamin, 

Inc., New York, N. Y., 1965. 

Results 
The rates of acetolyses of the allenic arenesulfonates, 

determined in anhydrous acetic acid buffered with so- 
dium acetate and containing -1 % acetic anhydride, were 
followed titrimetrically as described in the Experimental 
Section. Rate constants were calculated on an IBM 
360 computer, using the initial substrate concentration 
as opposed to  the infinity titer method, because the 
former method is a more sensitive test for return to  a 
less reactive substrate. The titrimetric rate constants 
and associated activation parameters are given in Table 
I. 

Generally, the plots of In (Co/C,) us. time were 
strictly linear to 70-90 % completion, with the probable 
error in the values of the rate constants less than 1.5 %. 
To estimate the sensitivity to  added sodium acetate con- 
centration, additional runs were made with double the 
original salt concentration. The results, listed in Table 
11, include an estimate of the b value for added sodium 
acetate, calculated from Winstein’s equation for normal 
salt effectsI6 

k = ko(1 + Cbic i )  
i 

where ko is the apparent first-order titrimetric rate con- 
stant at zero ionic strength, and bi is the numerical de- 
pendence of the titrimetric rate on ci, the concentration 
of salt,. The derived b values are typical for solvolyses 
in which anchimeric assistance may be imp~r t an t . ’~  

It was discovered that compounds Ib and c exhibited 
very rapidly decreasing values of the integrated rate con- 

(13) “High Resolution NMR Spectra Catalog,” Vol. I,  Varian Asso- 

(14) E. L. Eliel, “Stereochemistry of Carbon Compounds,” McGraw- 

(15) K. L. Servis and J. D. Roberts, Tetrahedron Leffers ,  1369 (1967). 
(16) A. H. Fainberg and S.  Winstein, J .  Am. Chem. SOC., 78, 2763 

(17) See, for example, R. K. Bly and R. S. Bly,J. Org. Chem., 31, 1577 

ciates, Palo Alto, Calif., 1962. 

Hill Book Co., Inc., New York, N. Y., 1962, p 220. 

(1956). 

(1966). 
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Table I. Titrimetric First-Order Rate Constants for Acetolyses of p-Allenic Arenesulfonate Esters" 

A H + ,  AE*, k B r o s I  
Compd Temp, "C k t ,  sec-1 kcaljmol AS*, eu kcal/mol krelb k T o s  - 
IIb 65.0 (7.10 f 0.10) X lo-' 25.0 -12.9 25.70 f 0.05 1.00 

100.0 (2.57 f 0.02) x 10-5 
IIC 100.0 (6.38 f 0.01) x 10-6 2.48 
IIIb 50 .4  (2.44 f 0.02) X lo-' 

85.2 (6.07 f 0.05) X 

65.0 (1.59 f 0.01) X 26.7 -6 .3  27.40 f 0.15 2.22 
85.0 (1.50 f 0.01) X 

IIIC 85.1 (4.82 i 0.02) x 10-5 3.21 
IVb 50.5 (2.75 f 0.02) X 10-7 

65.0 (1.57 f 0.01) X 25.8 - 9 . 2  26.42 f 0.10 2.21 
85.0 (1.43 f 0.01) X 

IVC 85.0 (4.64 f 0.02) x 10-5 3.24 
Ibc 50.1 (2.27 f 0.03) X 10-6 

(1.03 f 0.01) X lo-' 
65.0 (1.16 f 0.02) X 24.6 -8 .5  25.29 f 0.39 
85.0 

d 65.0  2 .8  x 10-5 39 
ICC 85 .0  (3.23 f 0.02) X 10-4 3.14 
Vb 40.0 (1.83 f 0.01) X 

50.0 
65.0 (3.21 f 0.02) X lo-' 23.5 -5 .4  24.14 f 0.12 452 

v c  40.0 (6.43 f 0.07) X 3.51 
50.1 (2.13 i 0.02) x 10-4 3.58 
65.0 (9.93 f 0.31) X lo-* 22.4 - 6 . 5  23.02 f 0.27 3.10 

80.0 (4.44 f 0.06) X 

85.0  (1.27 f 0.00) X 

(5.96 f 0.02) X 10-5 

VIee 65 .0  (1.21 =t 0.03) X 19.9 - 27 20.56 

VIIb 65.0 (1.64 f 0.01) X 24.7 -12.1 25.39 f 0.40 2.40 

VIIC 85.0 (3.89 i 0.03) x 3.07 
VlIIbf 65.0 (1.41 f 0.02) X 25.7 -5 .0  26.36 19.9 

100.0 (5.73 f 0.06) x 10-5 

85 .0  (1.26 f 0.01) X 10-4 

a [ROS02Ar]i - 0.10 M ;  [NaOAc] - 0.11 M. At 65" for tosylate. The quoted uncertainty in the apparent first-order rate constant is 
the probable error as defined in H. Margenau and G. M. Murphy, "Mathematics for Physics and Chemistry," D. Van Nostrand Co., New 
York, N. Y . ,  1956, p 519. Returns to B less reactive substrate, giving a nonlinear plot. Value calculated to 30% reaction. See text. Cor- 
rected for rearrangement. e For hydrolysis in 65% aqueous dioxane. f Calculated rate constants based on infinity titer rather than initial 
substrate concentration owing to impurity of substrate (see Experimental Section). 

Table 11. Effect of Added Acetate Ion on @-Allenic 
Tosylate Acetolysis 

Temp, 
Compd "C k, ,  sec-1 a , b  

IIb 100.0 (2.57 i 0.02) x 10-5 
(3.46 i 0.02) x 10-5 

IVb 85.0 (1.43 i 0.01) x 
(1.89 i 0.01) x 10-5 

I& (1.03 i 0.01) x lo-' 
(1.42 i 0.01) x 10-4 

Vb 65.0 (3.21 f 0.02) x 10-4 
(3.00 i 0.03) x 10-4 

[Na- 

0.1059 
0.2097 
0.1065 
0.2107 
0.1066 
0.2109 
0.1090 
0,2025 

OAC]~  

VIIb 85 .0  (1.27 i 0.00) x 10-5 0.0986 

VIIIbd (1.26 i 0.01) X lo-' 0.1031 
(1.57 I 0.01) X 0.2013 3 .0  

(1.37 i 0.01) X 0.1978 1 . 0  

extrapolation of the same plot to t -+ m ; the value was 
-0.65 X The value of k,  + k, was deter- 
mined as follows. Samples of Ib were allowed to 

~ S ~ O A O  undergo partial acetolysis for varying periods, then the 
unreacted tosylates were recovered. The relative 

7 .2  amounts of rearranged and unrearranged sulfonates 
were determined by examination of the nmr spectrum 

4 .6  of the mixture, and the data were reduced to kinetic 
7 , 5  form (see Experimental Section). A plot of In (Co/C,) 

us. time for disappearance of Ib was linear, with a rate 
- 0 . 6  constant of 2.8 X 10-5 sec-I at 65". Table I includes 

sec-l. 

a [ROTsIi - 0.10 M .  See footnote 6 ,  Table I. See footnote 
c, Table I. See footnotef, Table I. 

stant with time and that after two ''half-lives" no unre- 
arranged tosylate could be detected. In order to esti- 
mate the true ( i e . ,  closer in value to the ionization rate 
constant) titrimetric rate constant, the assumption was 
made that it could be better approximated as the sum of 
the observed titrimetric rate constant for acetolysis of 
Ib (k,) and the rate constant for return (k,) to a sub- 
strate which was less reactive than the starting mate- 
rial. The magnitude of kt (1.45 X 10-5 sec-' at 65") 
was determined by extrapolation of a plot of kinstantaneous 

us. time to t = 0. A crude estimate of the acetolysis 
rate constant of the rearranged tosylate was obtained by 

the "corrected" value for the acetolysis rate constant of 
Ib at 65". Therefore, k, = (kdisappearance - k,) has 
a value of 1.35 X 10-5 sec-'at 65". 

Rate constants for hydrolysis of 3,5-dinitrobenzoate 
VIe (Table I) were measured in 65 % (volume) aqueous 
dioxane by titrating liberated 3,5-dinitrobenzoic acid. 
Accumulation of 3,5-dinitrobenzoic acid in these un- 
buffered hydrolyses led to increasing values of the inte- 
grated rate constant with time, a positive salt effect of 
the type often encountered. Calculated rate constants 
had greater probable errors than with the acetolyses be- 
cause of this effect and because the concentration of 
titrant base varied (daily standardization required). 
The uncertainty is somewhat greater with 2-methyl-2- 
butyl 3,5-dinitrobenzoate. 

The behavior of the brosylate and tosylate of any 
given allenic alcohol was similar in  all cases. The ratio 
of reactivities (kBros/kTos) generally had the expected 
value of 3.3 * 0.2 (Table I). 
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Table 111. Titrimetric First-Order Rate Constants for Acetolyses of Alkyl p-Toluenesulfonatesa 

Compd Temp, “C kt ,  sec-l kcal/mol AS*, eu kcal/mol 
A H + ,  AE*, 

n-Pentyl 65. Ob 3.73 x 10-7 26.0 -11.5 26.63 
85.0 (3.40 i 0.07) X 

100.0 (1.53 i 0.02) x 10-5 

85.0 (3.94 i 0.04) X 
100.0 (1.59 f 0.02) x 10-5 

100.0 (1.59 i 0.02) x 10-5 

n-Hexyl 65. Ob 5.09 x 10-7 24.0 -16.8 24.63 

n-Heptyl 65. Ob 3.84 x 10-7 26.0 -11.3 25.95 
85 .0  (3.52 f 0.06) X 

2-Hexyl 65.0 (2.36 i 0.01) x 10-5 25.3 - 5 . 3  25.93 
85.0 (2.03 f 0.03) X 10-4 

2-Methyl-2-butyl 65. Od (3.62 f 0.12) X 1 0 P  
2,2-Dimethylhexyl brosylate 65.0” 1 .93  x 10-7 

tran~4-Butylcyclo hexyl 65. Ob 1.01 x 10-5 
tosylate 75. Oe 3.75 x 10-5 

100.0* 6.14 x 10-4 

3,5-dinitrobenzoate 80. Od (2.08 f 0.08) X 

5 See footnote a, Table I. b Extrapolated. 
Duke,J. Org. Chem., 25,2195 (1964). 
Holness, J.  Am. Chem. SOC., 77, 5562 (1955). 

c Extrapolated from data in E. N. McElrath, R. M. Fritz, C. Brown, C. Y .  LeGall, and R. B. 
e Extrapolated from data in S. Winstein and N. J .  d For hydrolysis in 65% (volume) aqueous dioxane. 

In order to assess the significance of homoallenic par- 
ticipation in the solvolysis transition state, it was also 
necessary to measure the solvolytic rates for judiciously 
chosen model compounds. ** The models chosen were 
generally the saturated analogs of the allenic compounds. 
For VIIb and VIIIb the models were n-pentyl tosylate 
and trans-4-t-butylcyclohexyl tosylate, respectively. 
The results are given in Table 111. As would be ex- 
pected, the primary model compounds (n-pentyl, n- 
hexyl, and n-heptyl) showed greater sensitivity to the 
depletion of acetate ion, resulting in somewhat greater 
curvature in the plots of In (C,/C,) GS. time. As a re- 
sult, apparent first-order titrimetric rate constants were 
calculated to -50 % completion. The 3,5-dinitroben- 
zoate of 2-methyl-2-butanol was selected as a model for 
the hydrolysis of VIe, and its hydrolytic data are also 
given in Table 111. 

Each of the allenic tosylates was subjected to prepara- 
tive acetolysis (hydrolysis in the case of VIe) carried to 
seven to ten half-lives. Preparative scale conditions 
were exactly the same as those for the kinetics investi- 
gation, except that the initial acetate ion and substrate 
concentrations were doubled to facilitate product iso- 
lation. The products were isolated, in most cases, by 
means of gas-liquid partition chromatography (glpc) 
and were identified on the basis of their ir, nmr, and 
mass spectra, elemental analysis, and comparison with 
known compounds (when available). Spectral data 
and structural assignments are given in the Experi- 
mental Section. Relative amounts of products were 
determined from crude analytical glpc peak areas. 
Each isolated product was rechromatographed as a test 
for isomeric purity and stability under the separation 
conditions. To ensure that the isolated products were 
indeed primary products, small amounts of the acetol- 
ysis mixture were removed after ca. one half-life and 
analyzed by glpc. Only if this early analysis differed 
significantly ( > 5 % )  from the later analysis, or if an ob- 
vious product was not observed were the isolated prod- 
ucts more carefully examined for stability. 

The ratios of acetolysis products for compounds IIb, 
IIIb, and IVb are given in Table IV. The results for the 

(1 8) E. Kosower, “An Introduction to Physical Organic Chemistry,” 
John Wiley & Sons, Inc., New York, N. Y., 1968, p 102. 

Table IV. Acetolysis Products from 
RCH=C=CHCHKH*OTs 

R =  R =  R -  
H CHs GH5 

Product (IIbp (IIIb)b (1Vb)c 

[>-C=CR 31 28 
0 
It 

~ C C H ~ R  11 5 17 

RCH=C=CHCH=CH2 4 
OAc 

7 4 
I 

”-“” 
OAc 

I 
[>-C=CHR 

G O A ,  

3 8 4 

6 8 9 

‘R>OAc (Ident) 27 16 

RCH=C=CHCHzCHpOAc 76 14 12 
RC=-CCHZCHgCHzOAc 5 

loo”, seven half-lives, 4 %  unidentified. * 85O, ten half-lives. 
c 85 O ,  ten half-lives, 1 % unidentified. 

first two of these are considerably more complicated 
than the earlier reports shows. Significant is the fact 
that enol acetates (and related acetylenes), which were 
postulated but not isolated by the previous workers,6 
were isolated here. In these three cases there was no 
evidence for return of the starting material to a rear- 
ranged sulfonate. 

Allenic tosylate Ia gave the products shown in eq 2. 
The major product was unrearranged acetate Id even 
though Ia rearranged rapidly to a tosylate believed to 
have the cyclopropylvinyl structure shown. Further 
work will be carried out to see which products arise 
from rearranged tosylate and to examine the solvolysis 
with optically active Ib.5 

Acetolysis of Vb and c gave three principal products 
(Table V). Unrearranged acetate Vd was not detected 

Jacobs, Macomber 1 Homoallenic Participation in Solvolyses 
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8 5 O ,  10 half-lives 

0 
Ib J 

CH, 

Id, 65% 22% 2 isomers, 8 and 3% 
+ 2 unidentified esters ( 2 % )  

among these, although a sample prepared directly from 
Va was stable under the reaction and separation condi- 
tions. If present, this ester must constitute less than 
0.1 of the mixture, the limit of glpc sensitivity here. 
Two products were identified as 2-methyl-l,4,5-hep- 

Table V. Acetolysis Product Ratios of 
2,2-Dimethyl-3,4-hexadienyl Arenesulfonate Estersa 

Reaction* 
Compd period VId IX x Otherc 

Vb 5 49 23 18 10 
8 54 20 16 10 

v c  6 45 25 19 11 
10 55 16 18 11 

a Temperature 65"; values from uncorrected glpc peak areas 
(see Experimental Section). * In half-lives. Two components, 
probably conjugated trienes, in the ratio 2 :  1. 

tatriene (IX) and 2-methyl-4,5-heptadien-2-~1 acetate 
(VId). The third component was rechromatographed, 
revealing it to  be a mixture of three compounds in the 
ratio 5 :2: 1.  Elemental analysis was in agreement with 
the empirical formula CeHI2. A strong ir absorption at 
1960 cm- was indicative of an allenic compound as the 
major component of the mixture. The identity of this 
compound is most likely 2-methyl-2,4,5-heptatriene (X) 
on the basis of the ultraviolet spectrum [A,,, 232 mp 
(log E 4) ] and analogy with Bly's results.' A shoulder 
at 252 mp suggests that the other components of the 
mixture may be 2-methyl- and 6-methyl-l,3,5-hepta- 
triene; geometrical isomers are possible for both of 
these. The nmr spectrum of the mixture was in agree- 
ment with the proposed composition. Such trienes 
might arise from rearrangement of the allenic hydro- 
carbon products, although the composition of the mix- 
ture was essentially unchanged after subjection to  ace- 
tolysis conditions and rechromatography. Although 
hydrocarbon IX was stable to the reaction and separa- 
tion conditions, tertiary ester VId tended to  eliminate 
acetic acid to form the hydrocarbons. An nmr spectrum 
of the crude acetolysis product mixture showed the ester 
in amounts up to  85-90%, but glpc always indicated 
lesser amounts. Similar difficulties were encountered 
by Bly.19 Table V gives the product ratios from Vb 
and c as a function of time. It is clear as expected, that 
common intermediates are involved in both cases. 
Also significant is the fact that no products were de- 
tected which would have arisen from 1,2-methyl migra- 
tion. 

Acetolysis of optically active Vc, [ C ~ ] ~ $ D  -2.7" (from 
(-)Va,9 [ c ~ ] ' ~ D  -6.6"), gave optically active IX and 

(19) R. S. Bly and R. T. Swindell, J. Org. Chern., 30, 10 (1965). 

Vd, [ a ( I z 5 ~  -2.6 and -3.9", respectively. The hydro- 
carbon mixture (>60" X) was also active, [ a I z 5 ~  - 1.5". 

Hydrolysis of tosylate Vb in 50% aqueous acetone 
containing N 10 % pyridine gave only rearranged prod- 
ucts that would be expected by analogy with the acetol- 
ysis. As mentioned previously, this method was em- 
ployed on a preparative scale for the synthesis of Va. 
Neither under acetolysis nor hydrolysis conditions was 
there any evidence for return of Vb or c to a rearranged 
sulfonate. 

Hydrolysis of VIe in 65 % aqueous dioxane led to four 
products (eq 3) which were not isolated; the glpc reten- 
tion times of three of these were identical with times ex- 
pected for unrearranged alcohol VIe and related hydro- 
carbons IX and X. 

VIe 

L=J( + L=Jr\ + 
IX, 75% x, 3% 

L< + 2% unidentified hydrocarbons (3) 

VIe, 25% 

When VI1 was subjected to  acetolysis conditions, and 
the product mixture analyzed by glpc, only two com- 
ponents appeared. These were separable by distilla- 
tion, and the first was immediately identified as 1- 
methyl-2-methylenecyclobutyl acetate (XI). The 
second component exhibited a glpc retention time iden- 
tical with that of authentic VIId, but the nmr spectrum 
indicated that the unrearranged ester comprised only 
20%, while the major constituent was l-acetoxymethyl- 
2-methylcyclobutene (XII). A study of the fraction of 
XI us. reaction length indicates that XI is the major prod- 
uct, and that it slowly undergoes allylic rearrangement to 
XI1 (eq 6) .  This suggests that the related cyclobutenes 
from IIIb and IVb are also secondary products, i.e., they 
arise by rearrangement of one of the primary products, 
probably the methylenecyclobutanes. 

Cyclic allenyl tosylate VIIIb presented experimental 
difficulties in purification of the alcohol and tosylate as 
well as glpc separation of acetolysis products (see Ex- 
perimental Section); the results, shown in eq 4, are 

p 2  - a 

KGi7 HoAc H3C&J + 
VIIM, 50% 

I 
CH, 

I 
( 3 3 3  

XIII, 30% XIV, 20% 

therefore tentative, but are analogous to those from 
VIIb. Figure 1 shows the partial nmr spectrum with 
tentative assignments indicated. 
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Table VI. Estimated ka Values for 6-Allenic Ester Solvolyses at 65” 

Compd Model compound ksa kab k&,i kdka kdka,roi 

IIb +Pentyl tosylate 3.73 x 10-7 3.37 x 10-7 1 .oo 0 .90  1 .oo 
IVb n-Heptyl tosylate 3.84 X l e 7  1.19 x 10-6 3.54 3.10 3.44 
Ib 2-Hexyl tosylate 2.36 X 4 .4  x 10-c 13 0.19 0.20 

VIeg 2-Methyl-2-butyl 3.62 X Oh on oh oh 

IIIb n-Hexyl tosylate 5.09 X 1 .08 X 10-6 3.20 2.12 2.36 

d 2,2-Dimethylpentyl brosylate 1 .88 X 3.09 X 270f 1640 1820 
v c  2,2-Dimethylhexyl brosylate 1.93 x 10-7e 9.93 x 10-4 866/ 5150 5720 

3,5-dinitrobenzoate 
VIIb n-Pentyl tosylate 3.73 x 10-7 1.27 x 3.77 3.40 3.78 

0.44 VIIIb trans-4-t-Butylcyclohexyl tosylate 1.01 X 4.0 x 12 0.40 - 
(1 Estimated as the acetolysis rate of the model compound, Table 111. * ka = kt(siiene, - kt(modei). Using the corrected value for kt, see 

E Extrapolated from the data in footnote c ,  
* See text. 

Table I. 
Table 111. 

d 2,2-Dimethyl-3,4-pentadien-l-yl brosylate. Extrapolated from data in ref 7. 
J For ROTS, using kBros/kTos = 3.40. 0 For hydrolysis in 6 5 z  aqueous dioxane. 

Discussion 
The SN1 mechanism is now believed to proceed via 

ion pairs, zo formation of which is the rate-determining 
step. The inherent assumption in interpretation of the 
results is that the observed titrimetric rate constant (k,)  
directly reflects the rate of bond heterolysis when allow- 
ances are made for direct displacement by solvent (kD). 

a 

I I I I 
5 6 

Partial 60-Mcps nmr spectrum of product mixture from 

7 

Figure 1. 
acetolysis of VIIIb. 

The specific rate for ion-pair formation is the sum of the 
unassisted (k , )  and assisted (kA)  specific rates. It is 
believed that relief of steric strain on going from ground 
state to transition statez1 will be small in the compounds 
studied. If bridging is important in the transition state 
it follows from Hammond’s postulatez2 that the first- 
formed intermediate will also possess geometry-favoring 
delocalization. 

In examination of kinetic data, simple comparison of 
titrimetric rate constants is often misleading because 

pounds were studied and the usual assumption was 
made that kt(mode1) = ks(rnode1) + kD(mode1) = 
ks(a1lene) + kD(allene). Table VI gives the model com- 
pound used for each allene studied, kt(model), ka(allene) 
(estimated as ktcallene) - kt(model)), and associated param- 
eters. 

Judging from the work of Bly,’ the k, terms for the 
allenic sulfonates are probably less than those of the 

(20) S. Winstein, E. Clippinger, A. H. Fainberg, and G. C. Robinson, 

(21) H. C. Brown, Ckem. Eng. News, 45,86 (Feb 13, 1967). 
(22) G. S. Hammond, J .  Am. Ckem. Soc., 77, 334 (1955). 

kt = k,  + kD + kA. TO estimate kA, model com- 

J .  Am.  Ckem. SOC., 76, 2597 (1954), and other papers in the series. 

saturated models, owing to  the rate-retarding inductive 
effect of the allenyl moiety. Therefore the values of 
kA and especially k,lk, should be taken as lower limits to  
the “true” values. 

Additional support for the notion that a p-allenic 
group retards unassisted ionization is derived from the 
observation that hydrolysis of VIe is only one-third as 
fast as the saturated model compound. 

Except for VIe, each compound examined showed a 
ka of significant magnitude. Of these, unsubstituted 
3,4-pentadien-1 -yl tosylate (IIb) exhibited the smallest 
value, while the 2,2,5-trimethyl-substituted compound 
(Vb) had a ka 866 times as great. The accelerative 
effects of substitution on the acetolysis kA’s for 3,4- 
pentadien-1-yl tosylates (at 65 ”) relative to  the unsub- 
stituted compound are summarized in Figure 2. 

(ethyl) 3.55 
271 (gem-dimethyl) 

Figure 2. The effect ofsubstitution on the kA’S of 3,4-pentadien-l-y1 
tosylates relative to the unsubstituted compound. 

It is interesting that at least in the one instance where 
the additivity of the influence of methyl substitution on 
the ka’s can be checked with the compounds studied it 
comes out rather precisely. The ratio of kA’s for IIb 
and 2,2-dimethyl-3,4-pentadien-l-y1 tosylate (Table VI) 
is 270; for Vb and IIIb the ratio is 271. 

Methyl substitution at C1 (the ionizing center) has 
several effects. First, rearrangement to a less reactive 
substrate occurs. Also, in comparison to IIb, k A  is 
13 times as large, k, is 65 times as great, and kD has be- 
come much less important. As a result the ratio kA/ks 
is much smaller for Ib than for IIb, as would be expected 
on the basis of the fact that the more inherently stable 
(Le., due to classical effects) an incipient cationic center, 
the less it will rely on anchimeric a s s i ~ t a n c e . ~ ~  Since 
the absolute rate of rearrangement of Ib (1.35 X 
sec-l) exceeds ka, it is apparent that either the ks(model) 
value is not an accurate measure of ks(allene), or, some 
leakage from classical ion to bridged ion is taking place. 

Cyclic allenic tosylate VIIIb adds another dimension 
to  this study. Although the configuration of the -OH 

(23) S. Winstein, B. K. Morse, E. Grunwald, K. C. Schreiber, and 
J. Corse, ibid., 74, 1113 (1952). 
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group could not be established unambiguously, it is be- 
lieved, on the basis of the nmr spectrum and reactivity 
(vide supra), to  be the equatorial epimer. Examination 
of molecular models suggests that participation by the 
allenic system is virtually impossible with the -0Ts 
axial (provided the allenic moiety is equatorial). How- 
ever, such assistance appears to  be at least geometri- 
cally allowed when the tosylate group is equatorial as 
shown in eq 5 .  It is, in fact, found that VIIIb under- & 

II 

goes acetolysis 50 % faster than trans-4-t-butylcyclo- 
hexyl tosylate (diequatorial), with a kA 12 times greater 
than IIb. The fact that k A  for VIIIb is about as great 
as that of Ib suggests that, although the allenyl moiety 
is confined to a conformation favorable for participa- 
tion in the former case, ring strain counterbalances the 
effect by inhibiting formation of the bicyclic transition 
state for assisted carbonium ion production. 

To summarize, the kinetic evidence strongly supports 
the hypothesis that homoallenic anchimeric assistance 
is favorably competitive with “simple” s N 1  acetolyses 
in all cases studied except VIe. 

It is significant that in every case where participation 
is kinetically inferred, rearranged products are formed 
and that the relative amount of rearranged or cyclized 
products varies directly with the relative magnitude of 
k ,  (Table VII). This suggests that the unrearranged 

Table VII. Correlation of kA/k, Ratio with Fraction of 
Cyclized or Rearranged Product 

cyclized products 
Compd kAlk,.,.i at 65’ (temp, “C) 

VIe 
VIIIb 
Ib 
IIb 
IIIb 
IVb 
VIIb 
Vb 

0 
0.44 
0.50 
1 .OO 
2.36 
3.44 
3.78 

5720 

0 (65) 
50 (85) 
35 (85) 
24 (100) 
86 (85) 
88 (85) 
89 (85) 

100 (65) 

acetates arise mainly, if not exclusively, from classical 
ion intermediates (oia the k, route) while the cyclized 
and rearranged products arise specifically from bridged 
nonclassical intermediates. 

We have chosen to  formulate the first-formed inter- 
mediate as a bicyclobutonium ion, XV (in which the 
predominance of positive charge resides at CB and C,) ,  
in cases where homoallenyl participation is significant 
and have presented the discussion in terms of such ions. 
However, our work does not exclude formulation as a 

homoallyl cation, a cyclopropylcarbinyl cation, or some 
other ion. Interconversion of various bicyclobutonium 
ions3 or of these with the other varieties of ions men- 
tioned is easily envisaged. The problem was discussed 
recently’ for homoallenyl compounds and will not be 
examined further here. 

The observations that both optically active Ib and Vb 
yield optically active products require transition states 
and intermediates which retain their element of dissym- 
metry. Ion (or probably more precisely ion pair) XV 
is then trapped by solvent (as shown in Scheme I) unless 
a more stable classical ion is readily accessible. 
Scheme I 

OAc 
u 1  

r I ” 

/ 

xv 
*‘OH at tack 
at  C, I R-mD 

In the case of VIIb, the first-formed ion relatei. to  XV 
probably opens rapidly to tertiary allylic cation XVI 
which is product determining (eq 6 ) .  Similarly, bi- 
cyclic carbonium ion XVII from VIIIb undergoes 
opening to  XVIII, which is then trapped by solvent. 

XVI XI XI1 

XVII 

XVIII 

Slow rearrangement of methylene cyclobutanes to 
cyclobutenes, which is observed or implied in several of 
the product mixtures, is expected on the basis of the 
greater stability of the latter.24 

The first-formed intermediate from Vb and c, XIX, 
undergoes rapid equilibration to  XX which then opens 
irreversibly to  the more stable classical tertiary ion XXI, 
which is product determining (eq 7). 

It is significant that throughout this work, no prod- 
ucts arising from hydride or methyl migration were en- 

(24) K.  B. Wiberg and R. A.  Fenoglio, J .  Am. Chem. Soc., 90, 3395 
(1968). 
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products in all cases (except VIe) are best explained on 
the basis of homoallenic participation in the rate-deter- 
mining step of the solvolysis (illustrated by transition 
state XXII). 

Experimental Section 
Unless otherwise noted, analytical gas chromatography was 

carried out on a Perkin-Elmer Model 800 gas chromatograph (hy- 
drogen flame ionization detector, nitrogen carrier gas), fitted with a 
5 ft X lis in. column containing 1 2 z  Dow Corning Silicone Oil 
550 on 80-100 Chromosorb W. Product ratios were computed 
from analytical glpc peak areas, and are not corrected for differ- 
ences in detector response. A Loenco Model 160 Prep-Matic 
(thermal conductivity detector, helium carrier gas), fitted with a 
10 ft X 3/8 in. column packed with 2 0 z  D. C. Silicone Oil 550 on 
30-60 Chromosorb W, was used for preparative separations. 
Glpc conditions 100/110-30 are to be interpreted: column tem- 
perature 100"; injection block temperature 110"; carrier gas flow 
rate 30 ccjmin. Temperature programming is indicated by +150 
at 10, meaning the column was heated from initial conditions to 150 
at a rate of lO"/min. For components isolated by preparative 
glpc, rt = retention time (min); ra = relative abundance. 

Melting points were measured on a Biichi oil bath apparatus in 
open capillary tubes; Anshutz thermometers were used. Distil- 
lations were performed with Vigreux columns; boiling points and 
corresponding pressures (Zimmerli gauge) are uncorrected. Op- 
tical rotations were measured on a Perkin-Elmer Model 141 polar- 
imeter with digital readout, using 1.00-dm cells. 

Ultraviolet spectra were run in 1.00-cm cells on a Cary Model 14 
spectrophotometer. Infrared spectra were recorded on a Perkin- 
Elmer Infracord 137, with 0.42-mm cells, in carbon tetrachloride 
solution; absorption values are given in units of cm-l. Nmr spec- 
tra were taken at ambient temperature on a Varian A-60 (made 
available by funds from the National Science Foundation), with 
samples in carbon tetrachloride. Spectral values are reported as 
follows: T 3.9 (d, J = 9 cps, 2 H), to be interpreted as T ,  3.9, doublet 
(s = singlet, t = triplet, q = quartet, m = multiplet), J = 9 cps, 
relative integration two protons ( 3 ~ 5  %). Chemical shift values 
refer either to internal (ntms) or external (xtms) tetramethylsilane 
(T 10.0) as noted. All spectral assignments are in agreement with 
the expected values. 

cis- and rrans-Z-penten4yn-l-ol were prepared in 10% yield by 
the method of Hanack and Haffner,6 bp 62-65' (11.5 mm) [lit.6 
65-66" (12 mm)]; ir: 3400 (broad, OH), 2130 (C=C), 1650 
(C=C); nmr (ntms): 7 3.55 (t), 3.8 (5),4.1-4.6 (complex absorption), 
5.5-6.0 (broad envelope), 6.8 ( d , J  = 2 cps), and 7.1 ( d , J  = 2 cps). 

3,4-Pentadien-l-o1 (IIa). Reaction of the mixture of cis- and 
trans-2-penten-4yn-1-01s with an equimolar amount of lithium 
aluminum hydride according to the previously published procedure6 
afforded a 74% yield of 3,4pentadienol, bp 52-53" (10.5 mm) 
[lit.s 48' (10 mm)]. Glpc (90/105-30) showed only one peak at 2.4 
min; ir: 3400 (broad, OH) 1970 (C=C=C); nmr (ntms): T 5.0 
(4, J = 7 cps, 1 H), 5.37 (perturbed q, J = 3 cps, 2 H), 5.58 (s, 1 
H), 6.43 (t, J = 7 cps, 2 H), and 7.8 (symmetrical m, 2 H). 

Anal. Calcd for CsH80: C, 71.39; H, 9.58. Found: C, 
70.93; H, 9.53. 

3,4-Pentadien-l-y] Tosylate (1Ib). The p-toluenesulfonates and 
p-bromobenzenesulfonates used in this study were prepared sim- 
ilarly. Below is the typical procedure. To a cold (0') solution of 
5.25 g (27.5 mmol) of p-toluenesulfonyl chloride in 20 ml of dry 
pyridine was added 2.10 g (25.0 mmol) of 3,4-pentadien-l-ol. After 
gentle swirling, the solution was allowed to stand at -20" for 24 hr. 
(More hindered alcohols required up to 48 hr.) The resulting 
solution containing crystals of pyridine hydrochloride was poured 
onto 25 g of an ice-water slurry. The suspension was stirred until 
the ice had melted, then extracted with a total of 25 ml of ether, 
The ether solution was washed with 1 N hydrochloric acid (to pH 
l) ,  5 z sodium bicarbonate, and saturated sodium chloride, then 
dried at 0" over molecular sieves. Removal of solvent at the rotary 
evaporator, then evacuation at  0.2 mm for 1 hr left 5.5 g (93%) of 
the tosylate as a clear colorless oil; ir: (no OH), 1975 (C=C=C), 
1610 (aromatic C==C), and 1380 (-SO*-); nmr (ntms): 7 2.27 
(perturbed d, J = 7 cps, 2 H), 2.70 (perturbed d, J = 7 cps, 2 H), 
5.0(q, 1 H), 5.3 (m, 2 H), 5.99 ( t , J  = 6.5cps,2H),7.60(~,  3H),and 
7.7 (symmetric m, 2 H). 

Anal. Calcd for CI2H1,OIS: C, 60.50; H, 5.92. Found: 
C, 60.73; H, 5.86. 

3,4-Pentadien-l-yl brosylate (Iic) had an 83 yield as a clear color- 
less oil; ir : (no OH), 3120 (=CH,), 1980 (C=C=C), 1590 (aromatic 

XIX xx 

XXI 

countered. This indicates that participation by the 
allenyl moiety leads to  stabilized carbonium ions by way 
of a transition state lower in energy than one required 
for such migration. 

If the first-formed intermediate is indeed XV, then 
Hammond's postulate requires that the best represen- 
tation of the general transition state is the structure 
XXII. 

XXII 

The observed alkyl substitution effects can be qual- 
itatively rationalized on the basis of this structure. 
Methyl substitution at either Ca or C1 has the expected 
effect of stabilizing the transition state through hyper- 
conjugation and inductive interactions. gem-Dimethyl 
substitution at Cz facilitates closure of the assisted tran- 
sition state and is responsible for the largest rate en- 
hancement observed in this study: a factor of 5000 
over the saturated analog. The fact that a methyl 
group at C6 is only slightly less effective than a 3-methyl 
group in enhancing the solvolytic rate is further evi- 
dence for some type of "homohyperconjugative" inter- 
action as shown in XXIII. Such an effect has been pre- 
viously suggested to  explain the anomolous preference 
for terminal addition of 2,4-dinitrobenzenesulfenyl 
chloride to  2-methyl-2,3-butadiene. 2 5  

XXIII 

Conclusion 
On the basis of the evidence presented here, it is ap- 

parent that the allenyl system has the same versatility as 
the double bond for participation in the formation of p- 
carbonium ions. Although the question of which is 
more effective can only be resolved by additional work, 
it is clear that a p-allenyl moiety imparts a general en- 
hancement of reactivity to  systems undergoing solvol- 
ysis, except where the incipient cationic center is of suffi- 
cient inherent stability not to  require assistance (e.g., 
tertiary systems). As a result, k,  becomes competitive 
with k, t o  an extent which ranges from kA/ks of 0.90 for 
IIb to over 5000 for Vb. We feel that this enhanced 
reactivity and the observation of rearranged and cyclized 

(25) T. L. Jacobs and R. Macomber, J .  Org. Chern., 33, 2988 (1968). 
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C=C), and 1380 (-SOz-); nmr (ntms): 7 2.30 (s, 4 H), 5.0 (m, 1 
H), 5.3 (m, 2 H), 5.92 (t, J = 7 cps, 2 H), and 7.67 (symmetrical m, 
2 H). 

Anal. Calcd for CllHllBr03S: C, 43.57; H,  3.66. Found: 
C ,  43.82; H, 3.55 

3,4-Pentadien-l-yl Acetate (IId). The following is typical of the 
procedure for preparation of authentic acetate esters. A solution 
of 8.4 g (10 mmol) of 3,4-pentadien-l-ol and 1.12 g (11 mmol) of 
acetic anhydride in 8 ml of pyridine was heated over steam for 4 hr 
(more hindered alcohols require up to 10 hr). The solution was 
cooled and poured onto 15 g of an ice-water slurry, which was then 
extracted with a total of 15 ml of ether. The ether solution was 
washed and dried as in the preparation of the sulfonate esters. Re- 
moval of solvent and bulb-to-bulb distillation afforded 1.0 g (80%) 
of a sweet smelling liquid, bp 70" (15 mm); ir: (no OH), 1980 
(C=C=C), and 1755 (C=O); nrnr (ntms): 7 5.0 (q, 1 H), 5.3 (m, 
2 H), 5.95 (t,  J = 6.5 cps, 2 H), 7.7 (symmetric m, 2 H), and 8.03 
(s, 3 HI. 

Anal. Calcd for CiHI00z: C, 66.64; H,  7.99. Found: C, 
66.60; H, 8.23. 

Acetolysis of IIb. A solution of 13.0 g (0.055 mol) of the tosylate 
in 300 ml of preparative acetolysis solvent (uide infra) was heated to 
100.0" in an oil bath for 56 hr (ca. seven half-lives). The mixture 
was cooled to ambient temperature, diluted with an equal volume of 
water, then extracted with a total of 75 ml of petroleum ether (bp 
20-40'). This solution was washed twice with 5 %  sodium bicar- 
bonate and once with water, then dried at 0" over sieves. The dry 
solution was subjected to analytical glpc to obtain product ratios, 
then -75% of the solvent was allowed to evaporate. The result- 
ing concentrate was separated into its components by preparative 
glpc, then each isolated component was resubjected to analytical 
glpc to assign the correct peaks and to test for stability under the 
separation conditions. Preparative glpc (100/145-180 for 9 min; 
then -+ 140 at 5) yielded the following compounds. 

First component: rt 7.3; ra 11 %; ir: 3020 (cyclopropyl CH), 
1710 (C=O), and 1030 (cyclopropyl CH2); nrnr (xtms): 7 7.90 
(s, 3 H,  Hb), 8.1 (m, 1 H, HJ, 9.2 (complex m, 4 H ,  Ha); assignment: 
cyclopropyl methyl ketone. 

Second component: rt 10.8; ra 4 % ;  ir: 3000-2800 (aliphatic 
and allenic CH), 1960 (C=C=C), 1720 (?, less intense than absorp- 
tion at 1960; not due to an impurity), 1440, and 1290; nrnr (xtms): 
T 4.95 (perturbed q, 1 H), 5.3 (m, 2 H), 6.52 (t, J = 7 cps, 2 H), and 
7.6 (broad envelope, 2 H). Although the nmr spectrum is very 
similar to that of Ha, there is no OH absorption in the ir spectrum. 
The tentative structure assignment is di(3,4-pentadien-l-y1) ether. 

Third and fourth components (these fractions were collected 
together-although analytical glpc definitely showed two com- 
ponents, they could not be resolved on the preparative instrument): 
rt 15.2; ru 9%. The mixture could not be isolated free enough 
from IId to allow meaningful spectra to be obtained. By their re- 
tention times they are undoubtedly acetates, and by analogy with 
the products from the acetolyses of 3,4-hexadienyl and 3.4-hepta- 
dienyl tosylates (cide infra) these compounds are most likely 2- 
methylenecyclobutyl acetate and I-cyclopropyl-1-acetoxyethylene. 

A m / .  Calcd for CiH1002: C, 66.64; H,  7.99. Found: C, 
66.24; H,  8.17. 

Fifth component: rr 22.1; ra 76%. This compound was identi- 
cal in all respects with authentic IId. 

Anal. Calcd for C ~ H I O O ~ :  C, 66.64; H,  7.99. Found: C, 
66.50; H, 8.36. 

Test for Return of IIb. A solution of 1.5 g of tosylate IIb in 25 mi 
of dry acetic acid containing 0.8 g of sodium acetate was heated to 
100" for 12 hr (-1.5 half-lives), then cooled and worked up as with 
the preparative acetolyses. Removal of solvent followed by vacuum 
removal of most of the volatile material a t  0.2 mm left 0.2 g of 
pale yellow oil. The nrnr spectrum showed only unrearranged 
Iib, contaminated with a small amount of unrearranged acetate 
Ild. 

2-Hexen-4-yn-1-01, Reaction of sodium propynide with epi- 
chlorohydrin in a manner exactly analogous to the preparation of 
2-penten-4-yn-1-01 gave a 45 % yield of cis- and trans-2-hexen-4-yn- 
1-ols, bp 63-77" (2.9 mm) [lit6 83-84" (7 mm)]. Glpc (125/145-30) 
showed peaks at 2.8 min (40%) and 4.0 min (60%); ir: 3400 
(broad, OH), 2250 (C=C), and 1650 (C===C); nrnr (xtms): T 3.5- 
4.6 (complex absorption), 5.6-6.0 (broad envelope), and 8.0 (two 
superimposed doublets); uv (methanol): A,,, 223 (log E 4.02) and 
231 mp (log E 3.95). 

Treatment of 2-hexen-4-yn-1-01 with 
a n  equimolar amount of lithium aluminum hydride (reflux time 
5.5 hr) afforded a 94% yield of 3,4-hexadienol contaminated with 

3,4-I-Iexadien-l-ol (IIIa). 

-10% of an isomeric conjugated diene. Distillation through a 
Nester-Faust spinning-band column gave IIIa, bp 63-66' (9 mm) 
[ lk s  64-65" (10 mm)], which was >98% pure by glpc (r t  2.2 at 
125/145-30); ir (neat): 3400 (broad, OH), 1975 (C=C=C); pmr 
(ntms): T 5.0 (m, 2 H), 5.58 (s, 1 H), 6.45 (perturbed t ,  J = 7 cps, 
2 H), 7.85 (symmetrical m, 2 H), and 8.4 (perturbed d of doublets, 
3 H). 

Am/. Calcd for C6HloO: C, 73.42; H,  10.27. Found: C, 
72.21 ; H, 10.43. 

3,4-Hexadien-l-yl tosylate (IIIb) was a clear, colorless oil prepared 
in 85% yield; ir: (no OH), 1975 (C=C=C), 1610 (aromatic 
C=C), 1370 (-SOz-); nrnr (xtms): 7 2.34 (perturbed d, J = 8 cps, 
2 H), 2.77 (perturbed d, J = 8 cps, 2 H), 5.1 (m, 2 H), 6.08 (t, J = 
7cps,2H),7.67(~,3H),and7.8(m,2H),8.51 (dofdoublets,3H). 

Anal. Calcd for Cl3H16O3S: C, 61.89; H,  6.39. Found: C, 

3,4-Hexadien-l-yl brosylate (IIIc) was prepared in 75 % yield; 
ir: (no OH), 1980 (C=C=C), 1580 (aromatic C=C), and 1380 
(-SO$-); nmr (xtms): T 2.30 (s, 4 H), 5.05 (m, 2 H), 5.93 (t, J = 
6.5 cps, 2 H), 7.7 (m, 2 H), and 8.42 (d of doublets, 3 H). 

Anal. Calcdfor CI2Hl3BrO3S: C, 45.44; H, 4.13. Found: C ,  
45.96; H,  4.42. 

3,4-Hexadien-l-yl Acetate (IIId). Ester IIId was prepared in 
80% yield; ir: (no OH), 1980 (C=C=C), and 1755 (C=O); nmr 
(xtms): T 5.2 (m, 2 H), 6.16 (t, J = 7 cps, 2 H), 7.9 (m, 2H), 8.25 
(s, 3 H), and 8.59 (d of doublets, 3 H). 

Anal. Calcd for C8HlzO2: C, 68.54; H,  8.63. Found: C, 
68.45; H ,  8.60. 

Acetolysis of IIIb. A solution of 10.5 g (42 mmol) of lIIb in 250 
ml of preparative acetolysis solvent was heated to 85" for 6 days 
(ca. ten half-lives). The solution was cooled and worked up as in 
the acetolysis of IIb, and the components were separated by prepar- 
ative glpc (135/170-180). 

First Component: rt 5.0; ra 31 %; ir: 3110, 3020 (cyclopropyl 
CH), 2150 ( e C ) ,  1725 (C=O from second component as im- 
purity), and 1040 (cyclopropyl CHZ); nmr (xtms): T 8.02 (sharp 
m, 1 H); 8.39 (d, J = 2 cps, 3 H), and 9.5 (in, 4 H); assignment: 
cy clopropylmeth ylacet y lene. 

Second Component: rt 11.5; ra 5 % ;  ir :  3020 (cyclopropyl 
CH), and 1710 (C=O); nrnr (xtms): 7 7.54 (q, J = 7 cps, 2 H), 
8.15 (m, 1 H), 9.11 (t, J = 7 cps, 3 H), and 9.3 (m, 2 H); melting 
point of 2,4-DNPH 154-156" dec; assignment: cyclopropyl ethyl 
ketone. 

Anal. Calcd for C6H100: C, 73.43; H, 10.27. Found: C, 
70.22; H, 10.29.*6 

Third component: rt 25; ra 7%;  ir: 1755 (ester C=O), 1650 
(weak C=C), and 850 (trisubstituted double bond); nmr (xtms): 
T 4.26 (broad s, 1 H), 4.9 (m, 1 H), 7.8 (m, 4 H), 8.11 (s, 3 H), 8.80 
(d, J = 6 cps, 3 H); assignment: 

rf 31 and 33; 
ra 7 and 8%, respectively; ir: 3100 (shoulder, cyclopropyl CH), 
1760 and 1750 (C=O), and 845 (trisubstituted double bond); nmr 
(xtms): T 4.4-5.3 (complex absorption), 7.7 (m), 8.05 and 8.14 
(singlets), 8.55 (d of doublets), 8.70 (d, J = 7 cps), and 9.6 (m); as- 
signment: the mixture contains syn- (on the basis of the lower field 
methyl absorption, aide infra) 2-ethylidenecyclobutyl acetate and 
cis- or trans- 1-cyclopropylpropenyl acetate. 

Anal. Calcd for CBH1*02: C ,  68.54; H,  8.63. Found: C ,  
67.07, H, 8.78. z6 

Sixth component: r f  38; ra 27%; ir: 1755 (C=O) (this 
spectrum is very similar to that of the preceding mixture); nmr 
(xtms): T 4.7 (m, 2 H), 7.6-8.3 (m, 4 H), 8.18 (s, 3 H), and 8.63 
(d of doublets, 3 H); assignment: because of the slightly higher 
chemical shift of the olefinic methyl group (8.63 tis. 8.55) and because 
of steric preference for this isomer by a ratio of 4:  1, this component 
is most likely anti-2-ethylidenecyclobutyl acetate. 

Anal. Calcd for C8H,,02: C, 68.54; H,  8.63. Found: C, 
67.67; H,  8.77.z6 

Seventh component: rt 43; ra 14%. The spectra of this 
compound were identical with those of authentic IIId. 

Anal. Calcd for CJ-IllOz: C, 68.54; H, 8.63; Found: C, 
67.18; H,  8.82.*6 

2-Hepten-4-yn-1-01. The reaction of epichlorohydrin with the 
sodium salt of butyne in liquid ammonia in a manner analogous to 

62.m: H, 6.42. 

1-cyclobutenylethyl acetate. 
Fourth and fifth components (collected together): 

( 2 6 )  Several of the acetolysis products isolated by glpc gave elemental 
analyses in which the value for carbon was low and the hydrogen high. 
This is believed due to the presence in the carrier gas of water which 
could not be successfully removed. Similar problems were encountered 
by Bly.lq 
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the preparation of 2-penten-4-yn-1-01 afforded a 15% yield of cis- 
and tran~-2-hepten-4-yn-l-ols, bp 73-77" (3 mm). Analytical glpc 
(125/145-30) showed peaks at  4.1 min (45%) and 6.5 min (55%); 
ir: 3400 (broad OH), 2240 (C%C), and 1650-1630 (C=C); nmr 
(ntms): T 3.7-4.7 (complex absorption, 2 H), 5.6 and 5.9 (doublets, 
2 H), 5.8 (broads, 1 H), 7.75 (m, 2 H), and 8.85 (t, J = 8 cps, 3 H); 
uv (methanol): Amax 227 (log e 4.17) and 235 ml.c (log c 4.10). 

In a manner exactly similar to the prep- 
aration of IIa, 2-hepten-4-yn-1-01 was refluxed with an equimolar 
amount of lithium aluminum hydride for 6 hr, then worked up as 
usual. As with IIIa, the product was contaminated with -15% 
conjugated diene isomers, which were removed through careful 
distillation with a spinning-band column yielding 75 of alcohol 
IVa, bp 67-68" (9.5 mm). Analytical glpc(ll5 /140-30) showed a 
peak at 3.8 min representing >99% of the sample; ir: 3400 (broad 
OH), 1975 (C=C=C), and 1050 (CO); nmr (ntms): T 4.9 (quintet, 
J = 5 cps, 2 H), 5.52 (s, 1 H), 6.4 (perturbed t, J = 7 cps, 2 H), 7.6- 
8.3 (m, 4 H), and 9.0 (perturbed t, J = 7, 3 H). 

Anal. Calcd for C7H120: C, 74.95; H ,  10.78. Found: C, 
74.85; H, 10.70. 

3,4-Heptadien-l-yl Tosylate (IVb). The usual method resulted 
in an 87% yield; ir: (no OH), 1980 (C=C=C), 1610 (aromatic 
C==C), 1370 (-Son-); nmr (xtms): T 2.33 (perturbed d, J = 8 cps, 
2 H), 2.77 (perturbed d, J = 8 cps, 2 H), 5.0 (m, 2 H), 6.05 (per- 
turbed t, J = 7 cps, 2 H), 7.65 (s, 3 H), 7.6-8.4 (m, 4 H), and 9.11 
(perturbed t, J = 7 cps, 3 H). 

Anal. Calcd for ClaH1803S: C, 63.14; H ,  6.81. Found: C, 
63.29; H, 6.89. 

3,4-Heptadien-l-yl brosylate (IVc) was prepared in 75 % yield; 
ir: (no OH), 1980 (C=C=C), 1590 (aromatic C=C), and 1390 
(d, -Sot-); nmr (xtms): T 2.31 (s, 4 H), 5.0 (m, 2 H), 5.97 (t, J = 
6.5 cps, 2 H), 7.5-8.3 (m, 4H), and 9.08 ( t , J  = 7cps, 3 H). 

Anal. Calcd for C13H15Br03S: C, 47.15; H, 4.57. Found: 
C, 47.25; H ,  4.65. 

3,4-Heptadien-l-yl acetate (IVd) was prepared in quantitative 
yield by refluxing the corresponding alcohol in acetic anhydride for 
10 hr; ir: (no OH), 1980 (C=C=C), 1760 (ester C=O); nmr 
(xtms): T 5.1 (m, 2H),6.12(t ,J  = 7cps,2H),7.7-8.4(m)and8.21 
(s) totaling 7 H ,  and 9.18 (t, J = 7 cps, 3 H). 

3,4-Heptadien-l-ol (IVa). 

Anal. Calcd for C&402: C, -70.10; H ,  9.15. Found: C, 
70.52: H ,  9.85. 

Acetolysis of IVb. A solution of 11.6 g (44 mmol) of IVb in 250 
ml of preparative acetolysis solvent was heated to 85" for 5 days 
(ca. nine half-lives) then cooled and worked up as usual. The 
product mixture was separated r;ia preparative glpc (135/170-180). 

First component: rt 5.5; ra 1 %; not identified. 
Second component: rt 7.5; ra 27%; mass spectrum (MS-9, 

70 eV): 3120 and 3030 (cyclo- 
propyl CH), 2250 (C=C), and 1725 (weak C=O due to third com- 
ponent as impurity); nrnr (xtms): I 8.0 (perturbed q of doublets, 
J = 7 cps, 2 H) and (m) totaling 3 H ,  9.01 (perturbed t, J = 7 cps, 
3 H), and 9.4 and 9.5 (sharp multiplets) totaling 4 H ;  assignment: 
cyclopropyleth ylacetylene. 

Ana/. Calcd for C7HI0: C, 89.30; H, 10.70. Found: C, 
84.63; H, 10.40.26 

Third component: rt 15; ra 16%; ir: 3100 and 3020 (cyclo- 
propyl CH), 1700 (C=O), and 1030 (cyclopropyl CH2); nmr (xtms): 
T 7.60 (perturbed t, J = 7 cps, 2 H), 8.08-8.8 (complex absorption, 
3 H), and 9.25 (m, 7 H); melting point of 2,4-DNPH 153-154"; 
assignment: cyclopropyl propyl ketone. 

Anal. Calcd for C7HI20: C, 74.95; H ,  10.78. Found: C, 
73.72; H, 10.70.26 

Fourth component: rt 23; ra 4 % ;  ir: 1970 (C=C=C), 1720 
and 1750 (C=C, not intense enough to be C=O); tentative assign- 
ment: 1,3,5-heptatriene. 

Fifth component: rt 33; ra 4%;  ir: 1755 (ester C=O) and 
865 (trisubstituted C=C); nmr (xtms): T 4.2 (sharp m, 1 H), 5.0 
(m, 1 H), 7.65 [sharp m, 3 H (theoretical 4 H)], 8.05 (s, 3 H), 8.5 
(q of doublets, J = 7 cps, 1,  2 H), 9.17 (t, J = 7 cps, 3 H); assign- 
ment: 1-cyclobutenylpropyl acetate. 

parent peak at 94 (C7Hlo); ir: 

Anal. Calcd for C9H1402: C, 70.10; H, 9.15. Found: C, 
69.02; H ,  8.66.2@ 

Sixth and seventh components (collected together): rt 37 and 40; 
ra 4 and 9%, respectively; ir: 1755 (broad, ester C=O) and 870 
(trisubstituted double bond); nrnr (xtms): T 5.2-6.3 (complex ab- 
sorption), 7.5-7.9 (m), 8.00 and 8.09 (singlets), 8.1-8.4 (m), 9.1 
(two superimposed triplets, J EZ 7 cps), and 9.55 (m); assignment: 
by analogy with the results from IIIb, the sixth component is cis- 
and/or trans-1-cyclopropyl-I-butenyl acetate, and the seventh is 
syn-2-propylidenecyclobutyl acetate. 
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Anal. Calcd for C ~ H I ~ O Z :  C, 70.10; H,  9.15. Found: C, 

69.88; H,  9.28. 
Eighth component: rt 48; ra 16%; ir: (very similar to that 

of the above mixture) 1765 (C=O) and 865 (trisubstituted C=C); 
nmr (xtms): T 4.5-5.0 (envelope, 2 H), 7.6-8.4 (multiplets) and 
8.13 (s) totaling 9 H, and 9.15 (t, J = 7 cps, 3 H); assignment: 
anti-2-propylidenecyclobutyl acetate. 

Anal. Calcd for C9H1402: C, 70.10; H ,  9.15. Found: C, 
69.83; H, 9.36. 

Ninth component: rt 58; ra 12%. The spectral properties of 
this component were the same as those of authentic IVd. 

Anal. Calcd for COH&: C, 70.10; H, 9.15. Found: C, 
69.93; H,  9.05. 

Tenth component: rt 70; ra 5 z ;  ir: 2250 (very weak, C*) 
and 1760 (ester C=O); nmr (xtms): T 5.95 (t, J = 6.5, 2 H); 
7.68.0 (m, 4 H), 8.07 (s, 3 H), 8.1-8.5 (m, 2 H), 8.96 (t, J = 7 cps, 3 
H); assignment: Cheptynyl acetate. This isomer was chosen 
instead of 3-heptynyl acetate owing to the absence of absorption at 
7 8.7. . 

Anal. Calcd for C~H1402: C, 70.10; H, 9.15. Found: C, 
70.04; H,  9.11. 

Test for Return of IVb. A solution of 3.0 g of IVb in 50 ml of dry 
acetic acid containing 20 mmol of anhydrous sodium acetate was 
heated to 85" for 20 hr (-1.5 half-lives). The solution was cooled, 
then extracted as in the preparative acetolyses. The petroleum 
ether solution was evaporated and the residue subjected to evac- 
uation at 0.2 mm for 3 hr to remove all volatile material. A nmr 
spectrum of the resulting oil was identical with that of unrearranged 
1Vb. A small amount of IVd was also observed. 

4,5-Hexadien-2-01 (Ia)4 was obtained in 95 z yield through the 
lithium aluminum hydride reduction of 3-hexen-1-yn-5-01, 27 which, 
in turn, was produced through acid-catalyzed rearrangement of 
trans-4-hexen-1-yn-3-01. 28 The spectral data for Ia were as follows: 
ir: 3400 (broad, OH) and 1975 (C=C=C); nmr (ntms): T 4.9 
(a of doublets, J = 7 and 2 CDS. 1 H). 5.4 (m. 2 H). 5.83 (broad s. 
l H ) , 6 . 2 ( q , J =  7 c p s , l H ) , 7 ~ 9 ( m , 2 H ) , 8 . 8 3 ~ d , J =  6cps;3H). ' 

Anal. Calcd for C6H100: C, 73.43; H, 10.27. Found: C, 
73.22: H. 10.35. 

4,5-Hexadien-2-yl tosylate (Ib) was prepared in 83 yield; 
ir: (no OH), 3020 (=CH2), 1960 (C=C=C), 1610 (aromatic 
C=C), and 1380 (-Sot-); nrnr (ntms): T 2.27 (perturbed d, J = 
8 cps, 2 H), 2.70 (perturbed d, J = 8 cps, 2 H), 5.2 (perturbed q of 
doublets, J = 8 and 2 cps, 1 H), 5.4 (m, 3 H), 7.63 (s, 3 H), 7.8 (m, 
2 H), and 8.76 (d, J = 6 cps, 3 H). 

Anal. Calcd for C ~ & ~ L ~ O J S :  C, 61.89; H, 6.39. Found: C, 
62.01; H,  6.52. 

4,5-Hexadien-2-yl brosylate (IC) was prepared in 75 % yield and 
showed the following spectral data; ir: (no OH), 3030 (=CH2), 
1970 (C=C=C), 1590 (aromatic C=C), and 1380 (-SO*-); nmr 
(ntms): T 2.30 (s, 4 H, this band had very slight fine structure), 
4.9-5.6 (m, 4 H), 7.7 (m, 2 H), and 8.68 (d, .I = 6 cps, 3 H). 

Anal. Calcd for C12H13Br03S: C, 45.44; H ,  4.13. Found: 
C, 45.80; H ,  4.34. 

4,5-Hexadien-2-yl acetate (Id) was prepared in 80% yield; ir: 
(no OH), 1980 (C=C=C), and 1770 (ester C=O); nmr (ntms): 
T 4.8-5.5 (two multiplets, 4 H), 7.8 (m, 2 H), 8.05 (s, 3 H), and 8.89 
(d, J = 6 cps, 3 H). 

Anal. Calcd for C8H1202: C, 68.54; H, 8.63. Found: C, 
68.28; H, 8.75. 

Acetolysis of Ib. A solution of 22.7 g (90 mmol) of Ib in 250 ml of 
dry acetic acid containing 100 mmol of anhydrous sodium acetate 
was heated to 85" for 27 hr (ea. ten half-lives). Work-up as usual, 
followed by preparative glpc (110 -t 150 at 2/158-180) afforded the 
following components. 

First component: rt 10.6; ra 22%; ir: 3000 (cyclopropyl CH) 
and 1705 (C=O); nmr (xtms): T 7.90 and 7.93 (singlets of essen- 
tially equal intensity), 7.8-8.3 (m),and 8.8-9.2 (complex absorption); 
melting point of 2,4-DNPH 115-118" (lit.* 122"); assignment: 
cis- and trans-2-methylc~clopro~~l methyl ketones. .. 

Anal. Calcd for C6HlOd: C, 73.43; H, 10.27. Found: C, 
70.63; H,  10.27.26 

Second and third components (collected together): rt 19-20; 
ra 8 and 3%, respectively; ir: 3100 (=CH2), 1760 (ester C=O), 
1690 (C=C, strained), and 890 (disubstituted C=C); nmr (xtms): 

(27) E. B. Bates, E. R .  H. Jones, and M. C. Whiting, J .  Chem. SOC., 
1854 (1954). 

(28) I. M. Heilbron, E. R. H. Jones, and B. C. L. Weedon, ibid., 81 
(1945); E. R. H. Jones, L. Skattebol, and M. C. Whiting, ibid., 4765 
(1 95 6). 
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4834 
T 5.5-5.8 (envelope, 3 H), 7.3 (envelope, 1 H), 7.8-8.3 (envelope), 
8.14 and 8.15 (singlets) totaling 5 H ,  8.91 and 8.93 (doublets, J = 
6 cps, 3 H); assignment: cis- and traris-3-methyl-2-methylenecyclo- 
butyl acetates. 

A d .  Calcd for C8H1202: C, 68.54; H, 8.63. Found: C, 
67.19; H,  8.65.26 

Fourth component: r f  23; ru 2 z ;  not identified, but most likely 
an ester judging from retention time. 

Fifth component: rt 25; ra 65 %. This compound was identical 
in all respects with authentic Id. 

A d .  Calcd for C8H120z: C,  68.54; H, 8.63. Found: C, 
68.51; H, 8.65. 

Test for Return of Ib. A sample (2.3 g) of Ib was dissolved in 50 
ml of dry acetic acid containing 15 mmol of sodium acetate, and 
the resulting solution was heated to 85" for 3.8 hr (ea. two half- 
lives). The unreacted tosylate was extracted into ether following 
the same procedure as for the isolation of acetolysis products. Re- 
moval of solvent and volatile products at  0.2 mm left an oil, the 
nmr spectrum of which showed (ntms): 7 2.23 (perturbed d, J = 
7 cps, 2 H, Ho), 2.67 (perturbed d,  J = 7 cps, 2 H, HI,), 5.1-5.5 (m, 
2 H, Hd), 7.60 (s, 3 H, Hs), 7.6-8.2 (envelope, 1 H, He), 8.75 (m 
containing doublet, 3 H, Hi), and 9.03 (sharp m, H,, Hh, and Hi). 
Comparison of this spectrum with that of the unrearranged starting 
material shows that essentially quantitative rearrangement has taken 
place to give cis- and/or tran~-(2-methylcyclopropyl)-l-ethenyl 
tosylate. 

d 
l r  h 

In order to ascertain the rate of disappearance of Ib at 65", 5.2 g 
of the allenic tosylate was dissolved in 100 ml of preparative ace- 
tolysis solvent, then heated to 65.0". At the intervals listed in Ta- 
ble VI11 25-ml aliquots were withdrawn and worked up as before. 

Table VIII. The Total Rate of Disappearance of I b  

Time, [Acid], [RTI," [Ibl, Ln 
104 sec I 3 / I c R 3  M M M ([IbIdIbl) 

0.0  0 . 0  0 .0  0.0 0.206 0 
3 . 0  0.436 0.0634 0.0624 0.081 0 .83  
5 . 9  0,694 0.103 0.712 0.032 1 .64  

a Ratio of the cyclopropyl proton integration to the tosyl methyl 
integration. This ratio is identical with the ratio [RT]/([RT] + 
[Ib]), where [RT] is the concentration of rearranged tosylate. 
Similarly ([RT] + [Ib]) is identical. by mass balance. to ([Ib],, - 
[acid]), the first term being the initial substrate concentration, the 
second being the concentration of liberated p-toluenesulfonic acid 
found by titration. 

The nmr spectrum of each sample was run and the series showed 
the following trends: the absorptions for the protons (aromatic 
and methyl) remained constant in position and intensity; the allenic 
proton absorption became very complex with the lower region dis- 
appearing completely; the multiplet at T -7.8 decreased with time; 
the allenic methyl doublet decreased rapidly, being replaced by an 
unstructured multiplet containing a new doublet; finally, a new 
sharp multiplet with a broad base (due to H,, HI,, and Hi in the 
above structure) appeared and increased rapidly in intensity. The 
integration of this latter absorption was well enough resolved from 
others that it was possible to compare its intensity with that of the 
tosyl methyl group. The ratio of the values approached 1.0 with 
time, confirming the assignment. Table VI11 lists the integration 
values and derived concentration ratios rs. time. A least-squares 
treatment of the data gives a first-order rate constant for the dis- 
appearance of Ib, 2.8 X sec-l. The k ,  = (kr~iinDpParnnce - 
kIltrimetric) has the value 1.35 X 
2,2-Dimethyl-3,4-hexadien-l-o1 (Va) had the following properties : 

i r :  3500 (broad, OH) and 1970 (C=C-C); nmr (neat, ntms): 
7 4.9 (m, 2 H), 5.70 (s, 1 H),  6.70 (s, 2 H), 8.4 (d of doublets. 3 H), 
and 9.01 (s, 6 H). Analytical glpc (86/121-30) showed a single peak 
a t  5.4 min. 

sec-'. 

Partial Resolution of Va. The allenic alcohol was partially 
resolved by fractional crystallization of the brucine salt of the 
phthalate half-ester.9 Decomposition of the concentrated solu- 
tions of the more soluble diastereoisomer afforded Va, [ a I z 5 ~  - 6.6" 
( c  6, ethanol). The spectra and chemical properties of the active 
and racemic alcohols were identical. 
2,2-Dimethyl-3,4-hexadien-l-y1 tosylate (Vb), a clear colorless oil, 

was prepared in 8 6 z  yield; ir: (no OH), 1980 (C=C=C), 1610 
(aromatic C=C), and 1380 (-SO2-); nmr (ntms): 7 2.25 (perturbed 
d, J = 8 cps, 2 H), 2.70 (perturbed d, J = 8 cps, 2 H), 5.0 (m, 2 H), 
6.33 (s, 2 H), 7.57 (s, 3 H), 8.4(d of doublets, 3 H), and 9.01 (s, 6 H). 

Anal. Calcd for CljHt003S: C, 64.26; H, 7.19. Found: C, 
64.40; H, 7.18. 
2,2-Dimethyl-3,4-hexadien-l-y1 brosylate (Vc), a slightly cloudy 

oil, was prepared in 9 7 z  yield. The oil could be crystallized by 
redissolving it in a minimum amount of boiling petroleum ether, 
then allowing the solution to stand at -20". Obtained in this way, 
the brosylate has mp 30.2-30.6". When active Va was employed, 
the resulting ester had [cY]"D -2.67" (c 8, carbon tetrachloride); 
ir: (no OH), 1980 (C=C=C), 1590 (aromatic C=C), and 1380 
(-SO2-); nmr (ntms): 7 2.23 (s, 4 H), 5.0 (m, 2 H), 6.23 (s, 2 H), 
8.4 (d of doublets, 3 H), and 9.00 (s, 6 H). 

Am/ .  Calcd for C14H17Br0,S: C, 48.70; H, 4.96. Found: 
C, 48.93; H,  5.09. 
2,2-Dimethyl-3,4-heptadien-l-yl acetate (Vd) was prepared in 80 

yield, bp -90" (15 mm); ir: (no OH), 1960 (C=C=C), 1750 
(ester C=O), and 1370 (acetate); nmr (ntms): T 4.9 (m, 2 H), 
6.18 (s, 2 H),  8.00 (s, 3 H), 8.3 (d of doublets, 3 H), 8.97 (s, 6 H). 
Analytical glpc (85/175-30 for 9 min, then +135 at 16) showed 
only one peak at  13.7 min. 

Anal. Calcd for Cl~H1602: C ,  71.39; H, 9.58. Found: C ,  
71.11; H, 9.44. 

Acetolysis of Vb. The tosylate (25 g, 90 mmol) was dissolved in 
500 ml of preparative acetolysis solvent and the solution was heated 
to 65" for 8 hr (11 half-lives). The solution was cooled and prod- 
ucts isolated as usual. Preparative glpc conditions were 110 -+ 155 

First com,ponent: rf 5.9; ra (uide irifra); ir: 3090 (=CH2), 
1980 (C==C=C), 1780 (6 CR=CH2), and 1655 (C=C); nmr (ntms): 
7 5.1 (m. 2 H), 5.3 (perturbed quintet, J = 1 cps, 2 H), 7.4 (m, 2 H), 
and 8.30 (s) and 8.4 (d of doublets) totaling 6 H ;  assignment: 2- 
methyl-l,4,5-heptatriene (IX). 

A m / .  Calcd for C8H12: C, 88.82; H, 11.18. Found: C, 
88.74; H, 11.20. 

Second component: rt 8.8; ra (cide Olfra). Analytical glpc (10 
ft x in column packed with 20% triscyanoethoxypropane on 
80-100 Chromosorb W, 85/147-30 for 5 min, then +lo5 at 48) 
revealed it to be a mixture of at least three components with reten- 
tion times 4.4 (15%), 5.1 (60"j), and 5.7-6.2 (30%); ir:  1960 
(C=C=C), 1740 (weak, C=C), 1625, 1645, and 1690 (C=C, 
conjugated), and 840 (trisubstituted C=C); uv (methanol): A,,, 
232 mp (log E 4.0), shoulder at  252 mp; nmr (ntms); T 3.7-4.5 (com- 
plex absorption), 5.0 (m), 8.18 and 8.23 (singlets of equal intensity 
with broad base); assignment: the major component is most 
likely 2-methyl-2,4,5-heptatriene (X) while the minor components 
are isomeric conjugated trienes. 

Anal. Calcd for CsH12: C, 88.82; H, 11.18. Found: C, 
88.34; H, 11.17. 

Third component: r /  18.9; ra (cide infra);  ir: 1980 (C=C=C) 
and 1755 (ester CEO); nmr (ntms): r 5.1 (m, 2 H), 7.6 (perturbed 
d of doublets, 2 H),  8.1 1 (s, 3 H), 8.4 (d of doublets, 3 H), 8.62 (s, 
6 H); assignment: 

A n d .  Calcd for C10H1602: C,  71.39; H, 9.58. Found: C, 
70.93; H ,  9.53. 

The relative abundances of these compounds were determined by 
preparative glpc peak areas (uncorrected), owing to the fact that no 
analytical column could be prepared that did not cause substantial 
elimination of the tertiary ester to give the hydrocarbons. This 
was not the case on the preparative column, however, each com- 
ponent being stable to the separation conditions. However, the 
precision is estimated to be i s % .  

A solution of 30 g (88 mmol) of Vc in 500 
ml of preparative acetolysis solvent was heated to 65" for 3 hr (15 
half-lives), then worked up as usual. Preparative glpc gave the same 
components as did Vb in essentially the same amounts (Table V). 
When optically active Vc was subjected to the same conditions, and 
the products isolated, they showed the following specific rotations : 
first component [ C ~ I ~ ~ D  -1.5" (c 3, ethanol); third component 
[ c Y ] ~ ~ D  -2.6" (c 2, ethanol). 

at 61160-300. 

2-methyl-4,5-heptadien-2-yl acetate (VId). 

The data are listed in Table V. 
Acetolysis of Vc. 
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moval, careful distillation (to preclude foaming) gave 64 g (95 %) 
of the tetrahydropyranyl ether, bp 53-55' (1.4 mm); ir: (no OH), 
3080 (shoulder, =CH2), and 1660 (C=CHz); nmr (ntms): T 5.30 
(sharp m, 2 H), 5.50 (sharp m, 1 H), 6.0-6.9 (complex m, 4 H), 
7.76 (t, J = 7 cps, 2 H), 8.27 (s, 3 H), and 8.4 (envelope, 6 H). 

Anal. Calcd for C10H1801: C, 70.54; H ,  10.66. Found: C ,  
70.50; H ,  10.79. 

3-Methyl-3,4-pentadien-l-yl Tetrahydropyranyl Ether. To a 
mechanically stirred slurry of 113 g (1.0 mol) of potassium t-but- 
oxide in 1-1. of dry pentane cooled in an ice-water slurry, was added 
54.7 g (0.32 mol.) of 3-methyl-3-butenyl tetrahydropyranyl ether. 
Over a period of 5 hr, 162 g (0.64 mol) of fresh bromoform was 
added with the mixture still at  0". After addition was completed, 
the mixture was stirred overnight at  ambient temperature. After 
hydrolysis with 500 ml of water the pentane layer was separated, and 
the aqueous phase containing some solid material extracted with a 
total of 100 ml of pentane. The combined pentane solutions were 
washed with water until the washings were clear, then with saturated 
sodium chloride solution, and finally dried over sieves. Removal of 
solvent and excess bromoform at 0.5 mm left 132 g of the crude di- 
bromocyclopropane as a dark oil. The crude product could not 
be distilled, and was used without further purification. 

The crude dibromocyclopropane was dissolved in 150 ml of dry 
(sodium hydride) ether, and the magnetically stirred solution was 
cooled to -78" under a stream of dry nitrogen. Cautiously 380 
ml of 1.6 M methyllithium in ether (0.38 mol) was added over a 
period of 1.5 hr. After an additional 1.5 hr at  -78", the solution 
was allowed to warm to ambient temperature and stir for 1 hr. 
Water (150 ml) was carefully added, the ether phase separated, and 
the aqueous phase extracted with 100 ml of ether. Combined 
organic phases were washed with saturated sodium chloride 
solution, then dried. Removal of solvent and careful distillation 
gave 40 g (60% for the two-step process) of a clear liquid, bp 58- 
60" (0.45 mm). Analytical glpc (120/150-30) showed one major 
peak at  20.5 min representing 96% of the product; ir: (no OH) 
and 1970 (C=C=C); nmr (ntms): T 5.45 (m containing q, J = 
3 cps, 3H), 6.0-6.8 (complex absorption, 4 H), 7.80 (heptet, J = 
3.5 cps, 2 H), and 8.1-8.7 (m containing t at  8.30, J = 3 cps, totaling 
9 H). 

3-Methyl-3,4-pentadien-l-ol (VIIa). The allenic tetrahydro- 
pyranyl ether (36.5 g, 0.20 mol) was dissolved in 300 ml of anhy- 
drous ethanol containing 0.8 g of ptoluenesulfonic acid. After 
refluxing 1.8 hr, the slightly brown solution was cooled, 0.5 g 
of sodium bicarbonate added, and the solvent removed under re- 
duced pressure. The residue was dissolved in 200 ml of ether, 
washed with saturated sodium chloride solution, then dried. After 
the solvent was removed, distillation through a spinning-band col- 
umn gave 11.5 g (59%) of VIIa, bp 61-64' (11.1 mm). A side 
product, 2-ethoxytetrahydropyran [6.5 g, bp 39" (11.1 mm)], was 
also collected during the distillation. The allenic alcohol gave the 
following spectral characteristics; ir : 3400 (broad, OH), 3050 
(shoulder, =CHI), and 1970 (C=C=C); nmr (ntms): T 5.44 (q 
with fine structure, J = 3 cps, 2 H), 5.99 (sharp s,  1 H), 6.40 (t, J 
= 7 cps, 2 H), 7.87 (septet, J = 3 cps, 2 H), 8.33 (t, J = 3 cps, 3 H). 

Anal. Calcd for CCHioO: C, 73.43; H, 10.27. Found: C, 
73.34; H, 10.14. 

3-Methyl-3,4-pentadien-l-yl tosylate (VIIb) was prepared in 90 
yield by the usual method, The oil solidified on standing at  -20°, 
but melted upon reaching ambient temperature; ir: (no OH), 
1970 (C=C=C), 1610 (aromatic C=C), and 1375 (-SOz-); nmr 
(ntms): T 2.23 (perturbed d, J = 8 cps, 2 H), 2.65 (perturbed d, 

7.59 (s) and 7.75 (septet, J = 3 cps) totaling 5 H, and 8.40 (t, J = 
3 cps, 3 H). 

Anal. Calcd for ClaHleOIS: C, 61.89; H, 6.39. Found: C, 
61.84; H ,  6.49. 

3-Methyl-3,4-pentadien-l-yl brosylate (VIIc) was prepared in 
85 % yield; it was an oil which solidified on standing at  -20". The 
melting point of the glass-like material was -33'; ir: 1980 
(C=C=C), 1590 (aromatic C=C), and 1380 (-SOz-); nmr (ntms): 

(septet, J = 3 cps, 2 H), and 8.38 (t, J = 3 cps, 3 H). 

J = 8 CPS, 2 H); 5.42 (q, J = 3 CPS, 2 H); 5.91 (t, J = 7 CPS, 2 H), 

T 2.25 ( s ,  4 H), 5.47 (q, J = 3 CPS, 2 H), 5.87 (t, J = 7 CPS, 2 H), 7.73 

Stability tif Acetolysis Products under Reaction and Isolation 
Conditions. Small samples (-0.1 g) of each component, and un- 
rearranged ester Vd (not observed as a product) were placed in 
separate ampoules to which was added 2 ml of acetolysis solvent. 
The tubes were sealed and heated to 50" for 2.25 hr. Each solu- 
tion was cooled and worked up in the usual manner, and subjected 
to analytical glpc. Components 1 and 2 and Vd were unchanged, 
but tertiary ester VId had undergone -60% elimination to the hy- 
drocarbons. Some of this decomposition took place on the glpc 
column. 

Test for Return of Vc. A sample of the brosylate was subjected 
to acetolysis conditions of 65" for lo00 sec (one half-life). The un- 
reacted brosylate was recovered by extraction as usual. An nmr 
spectrum was identical with the starting material, contaminated 
with a small amount of the rearranged acetate. 

A solution of 12.1 g of Vb 
in 200 ml of 50% (volume) aqueous acetone containing 20 g of 
pyridine was warmed to 50" for 48 hr. After cooling, the solution 
was extracted with a total of 100 ml of ether, which was then washed 
with 2 %  acetic acid, 5% sodium bicarbonate, and finally water. 
After drying (molecular sieves) most of the solvent was removed by 
careful rotary evaporation. Analytical glpc (95/100-30) showed the 
following components (by comparison of retention times with those 
of the acetolysis product): 2.1 rnin (6 %), 2-methyl-1,4,5-hepta- 
triene (IX); 2.6 min (trace), unidentified hydrocarbon; 3.7 (8 %), 
2-methyl-2,4,5-heptatriene (X); 6.8 (86 %), not 2,2-dimethyl-3,4- 
hexadienol. The last component was isolated by careful micro- 
distillation, yielding 3.0 g of a clear colorless liquid, bp 69-71" 
(13.3 mm); ir: 3300 (broad, OH), 1970 (C=C=C), and 1390 
(gem-dimethyl); nmr (ntms): T 5.0 (complex absorption, 2 H), 
7.07 (broad s,  1 H), 7.90 (perturbed d of doublets, 2 H), 8.38 (d of 
doublets, 3 H), 8.82 (s, 6 H); assignment: 2-methyl-4,5-heptadien- 
2-01 (VIa). 

Anal. Calcd for CsH,,O: C, 76.14; H ,  11.18. Found: C, 
76.16; H ,  11.18. 

2-Methyl-4,5-heptadien-2-yl 3,5-Dinitrobenzoate (VIe). The fol- 
lowing steps were carried out under a blanket of dry nitrogen. 
To a magnetically stirred solution of 2.52 g (20 mmol) of VIe in 
20 ml of dry tetrahydrofuran was added (cia syringe and septum) 
12.3 ml (-20 mmol) of a solution of 1.6 M butyllithium in hexane. 
After stirring 1 hr, the mixture was cooled in a Dry Ice-acetone bath 
and a solution of 4.8 g (22 mmol) of freshly recrystallized (carbon 
tetrachloride) 3,5-dinitrobenzoyl chloride in 10 ml of dry tetra- 
hydrofuran was admitted dropwise. The deep red mixture was 
allowed to warm to room temperature and stir overnight. The 
solution was refluxed 2 hr, then while still warm, the solvent was 
removed at the rotary evaporator. The residue was suspended in 
40 ml of ether, and the suspension filtered to remove inorganic 
salts. Removal of the ether left an oil which was recrystallized 
four times from 90% petroleum ether (bp 3G6OS)-ether, yielding 
2.4 g (38%) of pale yellow crystals, mp 55.5-56.5"; ir: 3100 (aro- 
matic CH), 1980 (C=C=C), 1740 (ester C=O, conjugated), 1640 
(aromatic C=C), and 1550 and 1350 (NOn); nmr (ntms): T 0.87 
(perturbed t, J = 2 cps, 1 H), 0.98 (perturbed d, J = 2 cps, 2 H), 5.0 
(m, 2 H), 7.4 (perturbed d of doublets, 2 H), and 8.34 (s and m 
totaling 9 H). 

Anal. Calcd for CibH1GN20,j: C, 56.35; H, 5.04. Found: C ,  
56.40; H, 5.00. 

Hydrolysis of VIe. The ester (1.0 g) was dissolved in 100 ml of 
65 % aqueous dioxane and the solution was heated to 85 for 7.0 
days (four half-lives). After cooling, the solution was extracted 
with 125 ml of ether, which was then washed with 5 %  sodium bi- 
carbonate and saturated sodium chloride solution. When dry, the 
solution was analytically gas chromatographed (95/100-30) showing 
peaks at  2.1 min (IX), 2.6 rnin (unidentified hydrocarbon), 3.7 rhin 
(X), and 6.8 min (VIa), but solvent (dioxane) made determination of 
the first component difficult. Most of the solvent was removed by 
careful rotary evaporation, and the remaining yellow solution was 
rechromatographed. The approximate composition was 2.1 min 
(70%), 2.6 min (273, 3.7 rnin (373, and 6.8 min (25%). Again, 
however, dioxane prevented exact determination of the relative 
amount of the first component. 

3-Methyl-3-buten-l-yl Tetrahydropyranyl Ether. A mixture of 
34.4 g (0.40 mol) of 3-methyl-3-buten-1-01 and 44 g (0.50 mol) of 
2,3-dihydropyran was cooled to 0" and 0.5 g of concentrated hydro- 
chloric acid was added with stirring. When the evolution of heat 
had ceased, the mixture was heated over steam for a period of 4 hr, 
then cooled and diluted with 200 ml of ether. The ethereal solu- 
tion was washed with 5 % sodium bicarbonate to pH -9, then with 
saturated sodium chloride solution. After drying and solvent re- 

Hydrolysis of Vb (Preparation of VIa). 

Anal. Calcd for ClZHl3BrO3S: C, 45.44; H ,  4.13. Found: 
C, 45.30; H, 4.33. 

3-Methyl-3,4-pentadien-l-y1 acetate (VIId) was prepared by the 
usual procedure in 75% yield, bp 65-70' (9 mm); ir: (no OH), 
1975 (C=C=C), 1755 (ester C=O), and 1245 (COC, acetate); 
nmr (ntms): T 5.37 (q, J = 3 cps, 2 H), 5.86 (t, J = 7 cps, 2 H), 
7.75 (septet, J = 3 cps, 2 H), 8.02 (s, 3 H), and 8.27 (t, J = 3 cps, 
3 H). 
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Anal. Calcd for C8HlZO2: C, 68.54; H,  8.63. Found: C,  
67.86; H, 9.02. 

Acetolysis of VIIb. A solution of 11.0 g of VIIb in 250 ml of 
preparative acetolysis solvent was warmed to 85" for 5.00 days 
(ca. seven half-lives). The solution was worked up in the usual 
manner, and the dried solution of acetolysis products subjected to 
analytical glpc (90/128-30). Only three components were indicated 
with retention times 4.3 min (56%), 7.0 min (1.4%), and 9.3 min 
(43%). The retention time of authentic VIId under these condi- 
tions was 9.4 min. Preparative glpc was abandoned in favor of 
microfractionation, which gave the following results. 

First fraction: bp 44-46" (12 mm); analytical glpc indicated less 
than 2 z  impurities; ir: 3090 (=CHz), 1750 (ester C=O), 1695 
(exocyclic C=C), 1255 (acetate COC), and 895 (1,l-disubstituted 
double bond); nmr (ntms): 7 4.92 (t, J = 2.5 cps, 1 H), 5.23 (t, 
J = 2.0 cps, 1 H), 7.4-8.0 (complex envelope, 4 H), 8.08 (s, 3 H), 
and 8.49 (s, 3 H); assignment: 1-methyl-2-methylenecyclobutyl 
acetate (XI). 

Anal. Calcd for C8H1202: C, 68.54; H ,  8.63. Found: C, 
68.70; H ,  8.66. 

Second fraction: bp 55-57" (1 i mm); analytical glpc showed 
three peaks: 4.1 min (19%), 7.0 min (573, and 9.3 rnin (76%); 
ir: very similar to that of the unrearranged acetate (VIId), except 
the allene stretch (1975 cm-l) was much less intense in comparison 
to the C=O absorption; nmr (ntms) subtracting the absorptions 
due to XI (19%) and VIId (20%) left the following: 7 5.60 (s, 
2 H), 7.68 (s, 4 H), 8.03 (s, 3 H), and 8.30 (s with additional fine 
structure which is probably due to the methyl triplet of VIId, 3 H). 
A second chromatography 6 ft X 
Carbowax 20M on 80-100 Chromosorb W (115/150-30) separated 
XI1 (rt 7.7, ra 70%) from VIId (rt 9.0, ra 30%); assignment: 1- 
acetoxymethyl-2-methylcyclobutene (XII). 

Anal. Calcd for CsH1202: C, 68.54; H ,  8.63. Found: C, 
68.66; H, 8.44. 

When a sample of the tosylate (VIIb) was allowed to undergo 
acetolysis at 65" for 6.0 days (1.5 half-lives), the product ratios 
were: first component 74%, third component 26%(no second com- 
ponent at  7.0 min was observed, indicating that it represents an 
ester which arises through rearrangement of one of the primary 
products). Assuming that the fraction of VIId in the third com- 
ponent was the same as for the run at higher temperature (aide 
supra), the latter 26 % was composed of 11 % VIId and 15 % XII. 

Test for Return of VIIb. A sample of VIJb (6.0 g) was dissolved 
in 200 ml of preparative acetolysis solvent and heated to 65". 
After 6.0 days (1.5 half-lives), the solution was cooled and worked 
up as usual. After analysis of the solution for acetolysis products 
by glpc, the solvent and all volatile materials were removed under 
reduced pressure. Only a yellow oil remained, the nmr spectrum 
of which was identical with that of the starting tosylate. 

Isopulegone Ethylene Ketal. A solution of 45.2 g (0.3 mol) of 
technical (+)-pulegone, 27.9 g (0.4 mol) of ethylene glycol, and 
0.4 g of p-toluenesulfonic acid in 450 ml of dry toluene was distilled 
slowly through a vacuum-jacketed 50-cm column. Additional dry 
toluene was added during the distillation to maintain the original 
volume. When 1 1. of distillate had been collected (bp 108-110"), 
the pot mixture was cooled and diluted with 500 ml of ether. This 
solution was washed with 5 % sodium bicarbonate and saturated 
sodium chloride, then dried over sieves. Removal of solvent left a 
golden oil which, upon distillation, yielded 35 g of impure ketal. 
Analytical glpc (Carbowax column, 150/185-34) showed the desired 
ketal (7.8 min, 70%) together with pulegone (6.8 min, 25%) and an 
isomeric ketal at 9.0 min. Because the desired ketal could not be 
separated from the impurities even by distillation through a spin- 
ning-band column, the material was dissolved in 400 ml of dry 
toluene containing 20 g of ethylene glycol and 0.1 g of p-toluene- 
sulfonic acid, and distilled as before until 700 ml of distillate had 
been collected. Work-up as before, then distillation afforded 31 g, 
bp 50-55" (0.58 mm) [lit.losll 62" (0.7 mm)], which was 87% pure by 
glpc. This material vias used without further purification; ir: 
3030 (-=CHz), no C=O, 1180, 1160, 1145, and 1075 (cyclic ketal); 
nmr (ntms): T 5.25 (d, J = 1 cps, 2 H), 6.23 (s, 4 H), 7.7-8.5 
(complex absorption containing t, J = 1 cps, at 7 8.24, totaling 10 
H), and 8.9-9.3 (m containing d at  7 9.12, J = 6, total area 4 H). 
5-Methyl-2-(l-methylpropadienyl)cyclohexanone Ethylene Ketal. 

Using a method identical with the preparation of 3-methyl-3,4- 
pentadienyl tetrahydropyranyl ether, 36 g (0.18 mol) of the 87% 
pure isopulegone ketal was allowed to react with 61.5 g (0.54 mol) 
of potassium t-butoxide and 91 g (0.36 mol) of bromoform. Work- 
up as before left 71 g of the crude dibromocyclopropane derivative. 
This was not purified further, but was treated with 110 ml of 1.6 

in. column packed with 15 

M methyllithium in ether. Hydrolysis followed by distillation gave 
20.1 g (54% for the two-step process) of a clear colorless liquid, bp 
64-72' (0.58 mm) [1it.lo,l1 62" (0.4 mm)]. Analytical glpc (Carbo- 
wax column, 150/185-34) showed a peak at  13.0 rnin representing 
>90% of the product; ir: 1950 (C=C=C) and 850 (=CHz); nmr 
(ntms): 7 5.50 (q, J = 3 cps, 2 H), 6.17 (s, 4 H), 8.0-8.8 (complex 
absorption containing t at  7 8.26, J = 3 cps, total area 10 H), and 
8.9-9.3 (m containing d at  7 9.10, J = 6 cps, totaling 4 H). 
5-Methyl-2-(l-methylpropadienyl)cyclohexanone. To a solution 

of the allenic ketal (20 g, 0.10 mol) in 350 ml of dioxane was added 
50 ml of 1 N perchloric acid, and the solution was stirred at  ambient 
temperature for 26 hr. Water (300 ml) was added, and the solu- 
tion was extracted with a total of 500 ml of ether. Removal of 
solvents and distillation gave 11.5 g (73%) of a pale yellow liquid, 
bp 59-64" (0.68 mm) [lit.lorll 56" (0.7 mm)]. Analytical glpc (Car- 
bowax column, 150/185-34) showed one major peak at  11.6 min 
representing 94% of the product. The remainder was divided 
among five impurities of lower retention time; ir: 1950 (C=C=C), 
1715 (C=O), 1640 (very weak, conjugated isomers), and 850 
(=CH2); nmr (ntms): T 5.44 (q with fine structure, J = 3 cps, 2 
H), 7.1-7.5 (envelope, 1 H), 7.5-9.4 [envelope containing t at  8.35 
( J  = 3 cps) and sharp m a t  9.0 totaling 13 H (theoretical 13 H)]. 
5-Methyl-2-(l-methylpropadienyl)cyclohexanol (VIIIa). To a sus- 

pension of 1.2 g (31 mmol) of lithium aluminum hyride in 100 ml of 
dry ether was added 10.2 g (61 mmol) of the allenic ketone in 
100 ml of dry ether over a period of 3 hr. The solution was stirred 
22 hr at  ambient temperature, then carefully hydrolyzed and worked 
up in a manner analogous to the preparation of Va. Removal of 
the ether and subsequent distillation afforded 8.0 g of a clear color- 
less liquid, bp 67-71' (1.5 mm). Analytical glpc (Carbowax col- 
umn, 150/185-34) showed two major peaks at  10.3 min (14%) and 
11.5 min (70%). The remainder was partitioned between three 
components: 6.0 min (273, 7.0 min (573, and 14.2 min (7%). 
The mixture was slowly redistilled and two cuts were taken: I, 
2.2 g: bp 69-70' (1.4 mm), glpc showing 86% of the two major 
components and 14% of side products with shorter retention times; 
11, 3.3 g, bp 70-71' (1.4 mm), glpc showing 98% of the two major 
components in the ratio 1 :5. The pot residue (-2 g) proved to 
be 75 % of the two major components. and 25 % of material with a 
higher retention time. The material in the second cut (two isomers 
in the ratio 1:5) gave the following spectra; ir: 3500 and 3400 
(sharp, OH), 1950 (C=C=C), 1640 (- half as intense as the band 
at 1950, conjugated C=C), and 850 (=CH2); nmr (ntms): T 5.4 (q, 
J = 3 cps, 2 H), 5.9-6.9 (complex envelope, 1 H), 7.4 (broad absorp- 
tion, 1 H), 7.8-9.4 [complex envelope containing t at 8.33 ( J  = 3 cps) 
and d at  9.1 ( J  = 3 cps)]; uv (methanol): A,,, 255 mp [log 6 (based 
on the minor component) 3.571; assignment: the major component 
is the desired cyclic allenic alcohol (VIIIa), with -OH equatorial 
based on the similarity of the absorption due to the proton geminal 
to the hydroxyl group to the analogous proton in I-menthol. 1 3 ,  l 4  

The minor component is not the corresponding epimer (-OH 
axial), but rather a conjugated isomer. 

Anal. Calcd for CllHlsO: C, 79.46; H, 10.91. Found: C, 
79.05; H, 11.01. 

Tosylate of VIIIa. A solution of 1 equiv of VIIla and 1.4 equiv of 
p-toluenesulfonyl chloride in dry pyridine was allowed to stand at  
-20" for 48 hr. The resulting red solution was worked up as 
usual. Removal of solvent and volatile impurities left 0.7 equiv of 
an orange oil. The tosylate could not be completely freed from 
unreacted alcohol as the spectra indicate. Therefore the kinetics 
were calculated on the basis of infinity titer rather than initial sub- 
strate concentration; ir: 3500 (sharp, as intense as the ab- 
sorption at 1950), 1950 (C=C=C), 1600 (aromatic C=C), 1370 
(-SOz-), 850 (=CHx); nmr (ntms): 7 2.28 (perturbed d, J = 8 cps, 
2 H), 2.73 (perturbed d, J = 8 cps, 2 H), 5.6 (m, 2 H), 6.0-6.8 (m), 
7.60 (s, 3 H), 8.0-9.5 [envelope containing t at 8.33 (due to alcohol), 
t at  8.52 ( J  = 3 cps) and m at 9.11. 

Anal. Calcd for CI8Hz4O3S: C, 67.48; H ,  7.55. Found: C,  
68.86; H ,  8.15. 

Acetate VlIId was prepared by the usual method (reflux time 4 
hr). Short-path distillation gave a 7 0 z  yield of a clear colorless 
liquid, bp 70-72" (0.6 mm). Analytical glpc (Carbowax column, 
150/185-34) showed two peaks: 9.0 min (80%) and 11.8 rnin 
(20%); ir: (no OH), 1960 (C=C=C), 1740 (ester C=O), and 850 
(=CHz); nmr (ntms): 7 5.45 (4, 2 H), 6.2--6.5 (m, 1 H), and 7.8- 
9.6 [envelope containing s at  8.12 (with shoulder), t at 8.4 ( J  = 3 cps) 
and d at  9.0 ( J  = 4 cps)]; assignment: the major product is the au- 
thentic acetate VIIId; the minor component is presumably the ace- 
tate corresponding to the conjugated impurity in VIIIa. 
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(ester C=O), and 1640 (aromatic C=C); nmr (acetone-&, ntms): 
T 0.97 (m, 3 H), 8.0 (m, 2.8 H), 8.37 (s, 6 H), and 9.0 (t, J = 7 cps, 
3 H). 

Anal. Calcd for C12HllN206: C, 51.06; H,  5.00. Found: C, 
51.05; H, 4.99. 

Acetolysis Kinetic Determinations. A sample of the sulfonate 
ester (4 mmol) was precisely weighed by difference into a 50-ml 
volumetric flask, which was then filled to the mark with kinetic 
acetolysis solvent (cide infra) a t  ambient temperature. The flask 
was vigorously shaken, then -5.5-ml portions of the solution were 
pipetted into each of nine ampoules, which were then frozen in 
Dry Ice-acetone and sealed. The ampoules were placed in an oil 
bath at  the desired temperature, and upon reaching bath temper- 
ature ( r  = 0 sec) one was removed, quenched in Dry Ice-acetone, 
warmed to ambient temperature, then cracked open. Exactly 
5.00 ml was removed and titrated with standard perchloric acid 
(cide infra) to crystal violet end point. Similarly the remaining 
ampoules were removed at timed intervals and similarly titrated. 
From the titration values were calculated the rate constants and 
associated kinetic parameters by use of a FORTRAN IV computer 
program and an IBM 360-75 computer. 

fresh 
glacial acetic acid was refluxed 4 hr with 2Y, added acetic anhydride, 
then distilled. To 1 1. of the dry acid was added 1.5 g of acetic 
anhydride (0.01 M )  and 9.0 g anhydrous sodium acetate (providing 
an acetate ion concentration of 0.1 1 M ) .  The standard perchloric 
acid (0.10 M )  was prepared by dissolving 3.7 g of 70% perchloric 
acid in 250 ml of dry acetic acid. This was standardized against a 
solution of exactly known acetate ion concentration, formed by the 
reaction of a carefully weighed amount of dry lithium carbonate 
with dry acetic acid. The carbonic acid was removed by gently 
refluxing under anhydrous conditions. All solutions were kept 
scrupulously free of moisture. 

Preparative Acetolysis Solvent. To 1 1. of dry acetic acid (uide 
supra) was added 1.5 g of acetic anhydride and 17 g of anhydrous 
sodium acetate, to provide an acetate ion concentration of 0.2 M. 

Hydrolysis Kinetic Determinations. Hydrolysis kinetics of the 
3,5-dinitrobenzoates were followed using the ampoule technique 
described above, but the solvent was 65% (vjv) aqueous dioxane. 
The titrant consisted of 0.4 g of sodium hydroxide in 500 mi of 65% 
aqueous dioxane, and it was standardized daily against 3J-dinitro- 
benzoic acid to bromothymol blue end point. About 1.0 mmol of 
the ester was weighed accurately into a 50-ml volumetric flask, and 
after dilution to the mark, nine ampoules were filled and the run was 
begun as in the acetolyses. The volume of titrant required at  t = 
0 was subtracted from each of the succeeding values. The 
data were evaluated by a computer program similar to the one 
mentioned above. 

The kinetic acetolysis solvent was prepared as follows: 

Anal. Calcd for C I ~ H Z O O ~ :  C, 74.96; H, 9.68. Found: C, 
75.16; H, 9.81. 

Acetolysis of VIIIb. A solution of 2.8 g of the tosylate in 50 ml 
of preparative acetolysis solvent was warmed to 85" for 19 hr (eight 
half-lives), then worked up as usual. Analytical glpc (Carbowax 
column, 150/185-34) showed one broad peak at  9.0 min, with at  
least two shoulders at  slightly higher retention time, This peak 
represented greater than 96% of the product mixture. Distillation 
of the product mixture gave 1.0 g of a clear colorless liquid, bp 
68-71 ' (0.7 mm), the glpc of which still showed at  least three com- 
ponents; ir : virtually identical with authentic VIIId, with slight 
variations in relative intensities. In addition to the absorptions 
attributable to VIIId, the following nmr peaks were observed 
(ntms): T 4.98 (d, J = 3 cps), 5.22 (d, J = 3 cps), 5.64 (broadened 
s), 8.15 (s), 8.16 (s), 8.41 (s), and 8.64 (s); assignment: because of 
the complexity of this spectrum and the inability to effectively sep- 
arate the components, these assignments should be considered ten- 
tative. Elemental analysis and spectral comparison with products 
from VlIb indicate that the three major products are those indi- 
cated in eq 4. The approximate ratios were estimated from the 
nmr integration. 

Anal. Calcd for C1,H2,02: C, 74.96; H, 9.68. Found: C, 
76.19; H, 9.89. 

Test for Return of VIIIb. After 3000 sec (one half-life) a 5-ml 
aliquot was withdrawn from the above preparative acetolysis 
mixture. Work-up as usual left a yellow oil, the nmr spectrum of 
which was identical with that of starting material. The main im- 
purity was unreacted VIIIa, the amount of which had increased with 
respect to the tosylate. 

Tosylates of Saturated Alcohols. Using the usual method, 20 
mmol of the respective alcohol was allowed to react with 4.2 g (24 
mmol) of p-toluenesulfony! chloride. The products were oils which 
were not purified further. The ir spectra of these tosylates were all 
virtually identical, showing only the expected bands. The yields 
and nmr spectral values for each is given below. 

91 %; (ntms): T 2.30 (perturbed d, J = 8 cps, 
2 H), 2.71 (perturbed d, J = 8 cps, 2 H), 6.07 (t, J = 6 cps, 2 H), 7.58 
(s, 3 H), and 8.3-9.3 (complex envelope containing sharp peak at  
9.15, 9 H). 

Anal. Calcd for Ci2H1803S: C, 59.49; H, 7.49. Found: C, 
59.47; H, 7.46. 

n-Hexyl tosylate: 9 2 z ;  (ntms): T 2.27 (perturbed d, J = 
8 cps, 2 H), 2.68 (perturbed d, J = 8 cps, 2 H), 6.04 (t, J = 6 cps, 
2 H), 7.58 (s, 3 H), 8.2-9.4 (complex envelope, 11 H). 

Anal. Calcd for ClaH200tS: C, 60.92; H,  7.87. Found: C,  
60.83; H, 7.87. 

n-Heptyl tosylate: 80p7,; (ntms): T 2.25 (perturbed d,  J = 
8 cps, 2 H), 2.67 (perturbed d, J = 8 cps, 2 H), 6.03 (t, J = 6 cps, 
2 H), 7 . 6 0  (s, 3 H), and 8.1-9.4 (complex envelope, 13 H). 

Anal. Calcd for CI4Hz2O3S: C, 62.20; H, 8.20. Found: C, 
62.42; H, 8.06. 

2-Hexyl tosylate: 85%; (ntms): T 2.30 (perturbed d, J = 8 
cps, 2 H), 2.73 (perturbed d, J = 8 cps, 2 H), 5.47 (q, J = 6 cps, 1 H), 
7.60 (s, 3 H), 8.3-9.1 (envelope) and 8.80 (d, J = 6) totaling 9 H, 
and 9.2 (m, 3 H). 

Anal. Calcd for CI3Hz0O3S: C,  60.92; H, 7.87. Found: C, 
60.53; H, 7.76. 

2-Methyl-2-butyl 3,5-Dinitrobenzoate. Using the same procedure 
as for the preparation of VIe, the ester was synthesized in 6 4 z  
yield, mp 115.5-117" ( W Z 9  117"); ir: 3100 (aromatic CH), 1740 

n-Amyl tosylate: 

(29) R. L. Shiner, R. C. Fuson, and D. Y. Curtin, "The Systematic 
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