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Effect of

Alkyl Substituents, Solvents, and Added Nucleophiles
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Abstract:

Vinyl solvolyses are somewhat anomalous when compared with the behavior of saturated analogs.

There is evidence of nucleophilic solvent involvement of alkyl-substituted vinyl substrates (72 and / values are of
intermediate magnitude and the effect of changes in solvent nucleophilicity at constant ionizing power is signifi-
cant), but, in contrast, the carbonium ion character is high (p* is large for alkyl substitution) and added strong

nucleophile, Br—, has no significant effect on rates or products.
substitution occurs with only partial inversion; there is no evidence for an SN2 reaction.
larger with substrates with trans 8 hydrogen than with trans B-alkyl groups.

Furthermore, the accompanying paper shows that
Nucleophilicity effects are
This anomalous behavior may be

due to solvation of an ion pair, but this solvation appears to occur at the 8 hydrogen or at other sites but not

directly at the rear of the carbon bearing the leaving group.

Although vinyl cations are less stable than com-
parably substituted aliphatic carbenium ions,™
vinylic substrates seem to be less prone toward rear-side
attack by solvent or nucleophiles.? «a-Phenethyl* de-
rivatives acetolyze with net inversion, but vinylic sub-
strates bearing an «-aryl group react with nearly com-
plete cis-trans randomization.® Simple primary and
secondary substrates react by SN2 or ion-pair SN2 path-
ways with considerable solvent assistance® and complete
inversion.®” In contrast, the acetolysis of alkyl-sub-
stituted vinyl substrates typically give only 30-407%]
inversion.'®® Extended Hiickel calculations indicate
the relative difficulty of SN2 reactions in vinylic sys-
tems.® When the SN1 pathway is not available, vinylic
in-plane SN2 processes are not observed, rather various
combinations of elimination-addition and addition—
elimination. 0
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971).

Despite this, there is some indication of solvent
participation with alkylvinyl sulfonates bearing 8
hydrogen trans to the leaving group. In the accom-
panying paper'®® it was shown that relatively un-
hindered 1 gave an unusually large per cent (80 %) of net
inversion on acetolysis. Dimethylvinyl sulfonates 2

n-CHy H Me H
/ AN /
C=C C=C
7N / AN
TfO D RSO0 Me
1 2

give >95% elimination suggesting attack by solvent on
hydrogen.t®11 In order to clarify the mechanism of
solvolysis of simple alkylvinyl substrates, we have ex-
amined the effect of substituents, solvents, and added
nucleophiles.

Results
A series of substrates (3) was prepared with varied alkyl
R; OSO,CF;
C=C
7N
R: R,
3

substituent patterns (Table I). Addition of triflic acid
to terminal acetylenes at —30°, followed by careful
neutralization to prevent acid-catalyzed rearrangement
of the double bond, gave triflates with terminal double
bonds.? This technique was also used to prepare the
isomers of 16 and 18. The tendency of vinyl triflates
with terminal double bonds to isomerize was utilized
to prepare the isomers of 8 and 14. An attempt to

CH:S0:H
HC=C—CH:R ——>
H oTf O\'I;f /R O{f /H
ye H+
\C=C —  C=C + C=C
S e AN 7 AN
H CH:R CH; H CH; R

(10) For a review, see (a) Z. Rappoport, Advan. Phys. Org. Chem., 7,
1 (1969); (b) Z. Rappoport and A. Gal, J. Org. Chem., 37, 1174 (1972).

(11) P. E. Peterson and J. M. Indelicato, J. Amer. Chem. Soc., 91,
6194 (1969).
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Rate Constants for Solvolysis of Vinyl Triflates

Tablel.
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Table I (Continued)

R; oTf
>C=C<
Rz R1 Temp, AH:‘:, AS :’:,
Compd R, R, R; Solvent °C k,sec™la kcal/mol eu
609, EtOH 99.92 1.64 = 0.03 X 103 25.5 -3.4
74.96 1.30 = 0.02 X 10™*
75.0 1.31 X 10¢
50% EtOH 100.0 2.822=0.20 X 102 22.6 —10.0
75.15 2,98 &= 0.03 X 104
75.0 2.94 X 107¢
97% TFE¢ 100.2 3.71 =0.02 X 107¢ 21.2 —~18.0
74.85 4.33 &£ 0.03 X 10°¢
75.0 4.39 X 107
HOACc? 100.0 2.00 x 108 29.7 -0.9
75.0 1.05 x 107¢
12 Et Me Me 50% EtOH 75.12 2,26 4= 0.03 X 10~ 23.8 ~2.7
49.75 1.14 %= 0.01 X 10~¢
75.0 2.23 X 107+
13 i-Pr Me Me 50%, EtOH 49.90 1.77 = 0.02 X 10~¢ 22.7 —-1.0
25.00 8.51 =2 0.03 X 10°®
75.00 2.45 x 1072
(Z)-14 Me H Et 509 EtOH 75.00 3.22+0.02 X 103 21.9 -7.2
49.75 2.50 = 0.04 X 104
(E)>14 Me Et H 50% EtOH 88.90 1.90 = 0.02 X 10°¢ 22.6 —8.8
75.06 5.23 +0.03 X 104
75.00 5.20 X 10¢
(2)-15 Me H i-Pr 50% EtOH 49.75 4.75 = 0.02 X 1074 23.4 —-1.6
31.86 5.31 £ 0.01 X 10°®
75.0 7.18 X 1073
(E)-15 Me i-Pr H 509, EtOH 75.20 1.37 +0.03 X 10°¢? 22.6 —6.9
49.75 9.65 4+ 0.02 X 108
75.0 1.35 X 1078
(Z)-16 Et H Et 607, EtOH 74.96 4,27 4= 0.06 X 10°3 221 —6.2
50.01 3.36 = 0.02 X 10¢
75.0 4.29 X 10-¢
(E)-16 Et Et H 607 EtOH 74.96 1.02 = 0.01 X 10-3 23.9 -39
49.95 6.54 £ 0.04 X 107®
75.0 1.02 X 108
17 CD; Me Me 609, EtOH 74 .96 9.12 £ 0.04 X 1073
(Z)-18 Me D Me 60% EtOH 74.96 1.124£0.10 X 10™¢
(E)-18 Me Me D 60% EtOH 74.96 6.61 = 0.04 X 1075

2 Determined conductimetrically unless other indicated. Error limits are average deviations of duplicate determinations.
¢ Determined by glc.

buffered with 1 equiv of 2,6-lutidine. ? Reference 8a.

prepare 11 from isopropylacetylene in this manner led
to decomposition. Triflates 9~13, 15, and 17 were
prepared from the appropriate ketone and triflic anhy-
dride in the presence of sodium carbonate or 2,6-luti-
dine buffer.!? The assignment of Z and E stereochemis-
try!? was made on the basis of nmr chemical shifts and
the relative position of the infrared absorption of the
carbon-carbon double bond.!* Rate constants and ac-
tivation parameters for triflate solvolyses are listed in
Table I and relative rates in Table JI. In order to inter-
pret these data, it is necessary to make corrections for
varying ground-state stabilities. Series I and II (Table
11) are similar in having the «-alkyl group cis to a hy-
drogen; their ground-state strains should be com-
parable. Series III and IV both have the a-alkyl
group cis to methyl and their ground-state strains should
also be comparable. The relative stabilities of Z (series
I1) and E (series II1) isomers can be determined directly
by equilibration, at least in principle, and the resulting
data applied also to the interpretation of ground-state
steric effects in series I and 1IV. Unfortunately, except

(12) T. E. Dueber, P. J. Stang, W. D. Pfeifer, R. H. Summerville,
M. A, Imhoff, P. v. R, Schleyer, K. Hummel, S. Bocher, C. E. Harding,
and M, Hanack, Angew. Chem., Int. Ed. Engl., 9, 521 (1970).

(13) J. E. Blackwood, C. L. Gladys, K, L. Loening, A. E. Petrarca,
and J. E. Rush, J. Amer. Chem, Soc., 90, 509 (1968).

All runs were
¢ Trifluoroethanol.

for (Z)-8 and (E)-8 which give a Z/E ratio of 1.33 at
75°, triflates decompose rather than equilibrate in the
presence of strong acid. Enol acetates, which equili-
brate readily,!* were chosen as models for the steric
effects in triflates.’* Acid equilibration at 75° gave
Z/E isomer ratios of 2.9 for 20, 6.15 for 21, and 20.5 for
22. The relative ratios should correct, at least some-
what, for the use of acetates instead of triflates; based
on 1.0 for 20, these ratios are 2.1 for 21 and 7.1 for 22.
During the solvolysis of series Il and 1V compounds,
the a-alkyl substituent bends away from the cis 8-
methyl group, and ground-state strain is relieved.
Hence, the solvolysis rates of these compounds should
be enhanced sterically, relative to corresponding mem-
bers of series I and 1I. These steric enhancements can
be corrected by dividing the relative rates of each com-
pound of series 11l and IV by the appropriate Z/E ratio.
(Of course, this treatment is an extreme since it assumes
that all of the ground-state strain is relieved in the
transition state.) The resulting values are shown in
parentheses in Table II. Since differences in the 8 sub-

(14) H. O. House and V. Kramar, J. Org. Chem., 28, 3362 (1963).

(15) In some cases, acetates, trifluoroacetates, and trimethylsilyl
ethers give similar Z/E ratios under similar conditions; see (a) ref 8a;
(b) H. O. House, L. J. Czuba, M. Gall, and H. D. Olmstead, J. Org.
Chem., 34, 2324 (1969).

Journal of the American Chemical Society | 96:4 | February 20, 1974



1103

TableII. Relative Rates of Solvolyses of Substituted Vinyl Triflates in 509, FtOH at 75°

Rs OTf{
>C=C<
R: R; k rel
Series R; R; R; Me Et n-Bu i-Pr 7-Bu
I Varied H H 1 2.49 2.51 2.65
11 Varied H Me 1 1.3 2.46
I Varied Me H 1 5.59 44.5
(1) (2.61p (6.25y
v Varied Me Me 1 7.58 83.3
1y (3.54p 1.7y
Vv Me H Varied 1 0.97 2.17
VI Me Varied H 1 2.97 7.7
¢ 75.3°. U Corrected for ground-state steric effects (see text).
2 -
2
© 3 3
0
3 x
3
30
o
- 4 / .
e}
5L 97%
Dy TFE
5
g -
3 6l 0
! AcOH
s i )| 1 | A
-2 - 0 { 2 3
-2 -1 0 } 2 3 Y
Y. Figure 2. Plot of —log k (75°) for solvolysis of 3-methyl-2-buten-

Figure 1. Plot of —log & (75°) for solvolysis of (Z)-2-buten-2-yl
triflate {(Z)-8] (®) and (E)-2-buten-2-yl triflate [(E)-8] (O) vs. Y.
The lines represent the least-squares fit for the aqueous ethanol
solvents.

CH; OAc H OAc
N, /S N,
H CH; CH; CH;
(2)-20 (E)-20
CH;\ y OAc H OAc
/C=C\ >C=C/
H CH.CH; CH; \CH2CH3
(@)>-21 (E)21
CH;, OAc H OAc
N, 7 N
Cc=C c=C
/N 7N
H CH(CH3)2 CHa CH(CHs)z
)22 (Ey22

stituents employed have little effect on enol acetate
equilibria, !4 no corrections were applied to series V and
VI

Although the number of data points (Table II) is
limited, the relative rates of series VI as well as the cor-
rected relative rates of both series III and IV correlate
very satisfactorily with ¢* constants!® (correlation co-
efficient >0.999); values for p* are —4.2, —5.6, and
—4.7, respectively, The p* values for uncorrected
rates of series 111 and 1V were — 8.6 (correlation coeffi-

(16) R. W. Taft, Jr., J. Amer. Chem. Soc., 75, 4231 (1953).

2-yl triflate (11) (O) and 1-hexen-2-yl triflate (5) (@) vs. Y. The
lines represent the least-squares fit for the aqueous ethanol solvents.

cient 0.996) and -10.8 (correlation coefficient 0.999),
respectively. Series I (correlation coefficient = 0.89),
11 (correlation coefficient 0,96), and V (correlation coeffi-
cient 0.83) correlated poorly with ¢* giving lower p*
values of —1.4, —2.0, and —1.7, respectively.

The rates of solvolysis of (Z)-8, (E)-8, and 11 in
aqueous ethanol are well correlated with Winstein-
Grunwald Y values? (Figures 1 and 2). However,
weakly nucleophilic solvents, acetic acid and trifluoro-
ethanol, give solvolysis rates lower than expected on
this basis. These deviations do not appear to be a
leaving group effect. Triphenylvinyl triflate, which
solvolyzes by an SN1 pathway, reacts only 1.6 times
faster in 98 % ethanol than in acetic acid, *® a less nucleo-
philic solvent with the same Y value. The Y value for
97 % trifluoroethanol, which is dependent on the leaving
group and substrate type,!® was determined to be 0.93
for triflates using the average of data from 23 and 24.
These compounds must solvolyze by a limiting mech-
anism because solvent is blocked from backside at-

(17) (a) E. Grunwald and S. Winstein, J. Amer. Chem. Soc., 70, 846
(1948); (b) S. Winstein, E. Grunwald, and H. W. Jones, ibid., 73, 2700
(1951); (c) A. H. Fainberg and S. Winstein, ibid., 78, 2770 (1956); (d)
S. Winstein, A, H. Fainberg, and E. Grunwald, ibid., 79, 4146 (1957);
(e) see also T. W. Bentley, F. L. Schadt, and P. v. R. Schleyer, ibid., 94,
992 (1972).

(18) W. M. Jones and D. D, Maness, J. dmer. Chem. Soc., 92, 5457
(1970).

(19) (a) D. E. Sunko, 1. Szele, and M. Tomié, Tetrahedron Lett., 1827
(1972); (b) D. J. Raber, R. C. Bingham, J. M. Harris, J. L. Fry, and
P. v. R, Schleyer, J. Amer. Chem. Soc., 92, 5977 (1970); (¢) Z. Rappo-
port, private communication.
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Table II. Mechanistic Criteria for Solvolysis of Vinyl Triflates at 75°
me (aq (krom® 9/ (krom®?/
Compd ethanot) mb kacom)y KTFE' )Y mo.03
4 0.52 0.70 0.41 30
5 0.48 0.71 0.32 7.5 11.9
(Z)-8 0.52 0.71 0.40 15.9 15.9
(E)-8 0.57 0.76 0.15 2.3 3.0
11 0.62 0.85 0.12 2.5 2.2
23 0.77¢ 1.12¢
24 0.667 0.920
MeOTs 0.23» 0.30% 1.00% 974
2-PrOTs 0.46¢ 0.61% 0.35% 4.2¢ 12,34
2-Adamantyl OTs 0.787 1.0¢ 0.0¢ 0.19/ 0.217,m

@ Calculated from log (k/k¢) = mY using only aqueous ethanol solvents.
using log (k/ko) = mY + IN (ref 17b,d) with 2-adamantyl tosylate and methyl tosylate as standards (ref 17¢).
flates in AcOH (—1.64) and 979 TFE (0.93) were multiplied by 0.78 to place them on the tosylate scale.
4 Rates were calculated using the mY relationship and the rate constants for other aqueous ethanol mixtures (Table I).
¢ Calculated from data in ref 20.
= R. E. Hall, A.B. Thesis, Princeton University, 1970.

Y = 0.93.
ref 31. 7 Calculated from data in ref 28.

7 97% wiw trifluoroethanol (Y = 0.93).
k 50°. t25°,

TableIV. Products of Solvolysis of Vinyl Triflates

¢ Calculated for all solvents except 609 EtOH and CF,CO.H
The usual Y values for tri-
¢ Aqueous ethanol, ¥ = —1.64.
¢ Aqueous ethanol,

* Reference 27a, p 64. * Calculated from data in

Temp, —_ —Normalized product compositions,® 7
Compd Solvent °C Allene Acetylene Ketone Others
5 907, EtOH 100 17.6 73.0 9.0
80% EtOH 100 17.5 70.7 11.8
507, EtOH 100 18.6 62.8 18.6
309 EtOH 100 17.9 57.2 25.0
97% TFE 100 17.0 61.8 21.2
AcOH 100 21.7 60.8 17.5
7 509 EtOH 75 75 2 23¢
(Z)-8 80% EtOH 105 98.9 1.1
5097 EtOH 105 97.3 2.7
97% TFE 105 1.6 95.4 3.0
AcOH 101 95.3 4.7
TFA 75 91.3 8.7¢
(E)-8 807, EtOH 75 15.7 56.4 27.7
105 12.8 56 31
607, EtOH 75 19 53 28
50% EtOH 75 7.3 51.4 41.8
97% TFE 105 3.1 92.0 4.9
AcOH 100 4.7 77.6 17.7¢
TFA 75 95.0 5.04
i1 607 EtOH 75 44 56
CD;CO.D 100 37¢ 63/
809 MeOD 100 38/ 62/
50% pyridine 100 36¢ 64/
(Z)-16 607, EtOH 75 6.8 89.8 3.4
(E)-16 609 EtOH 75 34.6 48.8 16.6

e Determined by glc unless otherwise indicated.
Dueber, and P. J. Stang, J. Amer. Chem. Soc., 92, 3802 (1970).
/ Determined by nmr.

OTf OTf

23 24

tack.?2! The m values for aqueous ethanol, m and /
values determined for the more complete Winstein—
Grunwald equation log (k/ko) = mY + IN,de

(20) W. D, Pfeifer, C. A. Bahn, P. v. R. Schleyer, S. Bocher, C. E.
Harding, K. Hummel, M. Hanack, and P. J. Stang, ibid., 93, 1513
(1971).

(21) The Y value used for trifluoroacetic acid (3.8) was calculated
for a vinyl tosylate [Z, Rappoport and J. Kaspi, Tetrahedron Lett.,
4039 (1071)] as other substrates give different values [Z. Rappoport,
private comrmunication]. Also, triflate/tosylate ratios, usually con-
stant ~10%,22 may be abnormally low in trifluoroacetic acid.?$

(22) T. M. Su, W. F. Sliwinski, and P. v. R. Schleyer, J. Amer. Chem,
Soc., 91, 5386 (1969).

(23) G. A, Dafforn and A, Streitwieser, Jr., Tetrahedron Lett., 3159
(1970).

® M. A. Imhoff, R. H. Summerville, P. v. R. Schleyer, A. G. Martinez, M. Hanack, T. E.
¢ Rearrangement products.

4 Enol trifluoroacetates. ¢ Enol acetates.

values of (kROH/kAcOH)Y and (kROH/kTFE)y=o.93 for vinyl
triflates along with methyl, 2-propyl, and 2-adamantyl
tosylates, are listed in Table III. Product analyses as
determined by glc or nmr are given in Table IV. No
substrate isomerization was detected during these
reactions.

Concerted elimination in (Z)-8, if present, should be
sensitive to added base; hence, the effect of 0.115 M
NaOH on the reaction of vinyl triflates including cyclo-
hexenyl trifiate (25) and phenyl triflate (26) in 50%; di-

OTf OTf

of ©f

25 26

oxane was examined. The rate and product data for
these reactions are presented in Table V.
The tendency of 4 and 11 to react with strong nucleo-
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Table V. Effect of 0.115 M NaOH on the Solvolyses of
Vinyl Triflates in 50%; Dioxane at 49.9°

Normalized product
composition,© %

104om, Al-  Acet-  Ke-
Compd 10%k, sec™? sec™1a,¢ lene ylene tone
(Z2)-8 2.30 £ 0.01% 98 ~2
9.35+0.87 48 52
(E)-8 0.077 + 0.01® 8 62 30
4.78 +=0.73 ~2 ~98
25 0.000003¢ 100
2,464+ 0.11 100
26 NR¢
>100 100¢

o Pseudo-first-order rate constant, ¢ Determined by conduc-

series III and IV are large.
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Even with correction for
steric effects, the solvolyses of series III, IV, and VI
have an average p* of —4.8, indicating a greater re-
sponse to electron-donating substituents than the ter-
tiary chlorides. Ab initio calculations indicate that
vinyl cations should have larger substituent effects
than aliphatic carbenium ions in the gas phase.?? Sub-
strates with an alkyl group trans to the triflate and
substrates with hydrogen trans to the leaving group are
clearly divided into two sets by their magnitude of
response to substituent effects. The latter set, series I,
II, and V, gives p*’s only slightly larger than the satu-
rated secondary systems under these conditions.3
This is certainly consistent with the possible presence of
nucleophilic assistance.

tance. ¢ Determined bygle. ¢ In60% EtOH, calculated from data 4 )
inref20. ¢ Phenol. Deuterium isotope effects in vinylic solvolyses are
Table VI. Rate Constants and Products from Vinyl Triflate Solvolyses in Trifluoroethanol at 90.05° ¢
Salt 104, Normalized product composition, 9t———————
Triflate (concn) sec™l6 k rel Allene Acetylene Ether Bromide
4 1.45+0.01 1 9.8+1.2 72.1+0.4 18.1 4+ 0.8¢
LiClO; 3.30+=0.04 2.27 11.0+0.6 77.1%+1.4 11.8+1.9¢
(0.137 M)
LiBr 3.22+=0.14 2.22 8.7+0.7 68.2+ 2.6 14.6 £ 2.4¢ 8.5+0.8
(0.137 M)
11 15.65+=0.05 1 38.7+0.7 61.3+0.7
LiClO, 39.84+0.6 2.55 36.2+0.5 63.8+£0.5
(0.137 M)
LiBr 33.1+1.0 2.12 31.1+0.5 64.6=0.5 4.34+0.0
0.137 M)

2 0.02 M substrate, 0.04 M in 2,6-lutidine.
tone was the isolated product.

¢ Determined by glc.

philes?4 was probed in trifluoroethanol in the presence
of bromide ions;* perchlorate ions were used as a
non- or weakly nucleophilic reference (Table VI). In
order to check the effectiveness of 0.137 M bromide ion
as nucleophile, 2-propyl tosylate was solvolyzed under
the conditions used for the vinyl triflates and found to
give more than 509 2-propyl bromide.

Discussion

Substituent Effects. The magnitude of substituent
effects measured by the Taft p*1¢ is proportional to the
degree of charge development in solvolysis reactions.?’
For simple aliphatic secondary systems p* varies from
nearly 0 in ethanol® to —7 in trifluoroacetic acid;?®
in 509 ethanol the value is —1.6 at 75°.% The p* for
saturated tertiary chlorides in 807 ethanol is —3.3.%7=
The uncorrected p* values, — 8.6 and — 10.1, for the vinyl

(24) (a) C. K. Ingold, “Structure and Mechanism in Organic Chem-
istry,” Cornell University Press, Ithaca, N. Y., 1969; (b) L. C. Bateman,
M. G. Church, E. D. Hughes, C. K. Ingold, and N. A. Taher, J. Chem.
Soc., 979 (1940).

(25) The often used nucleophile, azide ion,?¢ could not be em-
ployed because the product vinyl azides are unstable above room tem-
perature; see A. Hassner and F. W. Fowler, J. Org. Chem., 33, 2686
(1968).

(26) D. J. Raber, J. M, Harris, R. E. Hall, and P. v. R. Schleyer,
J. Amer. Chem. Soc., 93, 4821 (1971).

(27) Reviews: (a) A. Streitwieser, Jr., “‘Solvolytic Displacement
Reactions,” McGraw-Hill, New York, N. Y., 1962; (b) E. R, Thornton,
“*Solvolysis Mechanisms,” Ronald Press, New York, N. Y., 1964,

(28) P. v. R. Schleyer, J. L. Fry, L. K. M. Lam, and C. J. Lancelot,
J. Amer. Chem. Soc., 92, 2542 (1970).

(29) P. E. Peterson, R. E. Kelley, Jr., R, Belloli, and K. A, Sipp,
ibid., 87, 5169 (1965).

(30) In 50% EtOH at 75°, the relative rates of 2-propyl, 3! 2-butyl, 32
and 3-pentyl?®? tosylates are 1.0, 1.50, and 2.05, respectively.

(31) R. E.Robertson, Can.J. Chem., 31, 589 (1953).

(32) T.W. Bentley, unpublished data.

Error limits are average deviations of duplicate determinations.

¢ Ace-

larger than in saturated systems. For reaction of 11
and 17 in 609 ethanol at 75°, kcu,/kop, is 1.44. For
tert-butyl chloride at 25° in 60% ethanol, kcn,/kcp,
is 1.33; a lower value would be expected at 75°.4
However, kcon,/kcp, for isopropyl tosylate, which is 1.2
or less in aqueous ethanol,* does reach 1.46 in trifluoro-
acetic acid.?®*

Of particular interest is the magnitude of the effect of
substituent changes (R; in 3) trans to the leaving group.
These effects are almost as large as those at the « carbon
despite the extra bond between the substituent group
and the reaction center. This greater demand on the
position trans to the leaving group is also reflected in
the magnitude of isotope effects. For (Z)-8 and (Z)-18
in 6097 ethanol at 75°, ku/kp is 2.02 while for (E)-8 and
(E)-18 the isotope effect is 1.23.

Although the magnitude of the former value sug-
gests a primary isotope effect in a concerted elimina-
tion,®¥ an analogous spread in cis and trans isotope
effects was observed by Maness and Turrentine for 27,
28, and 29 which do not eliminate.?® The rate of

(33) L. Radom, R. C. Hariharan, J. A. Pople, and P. v. R. Schleyer,
J. Amer. Chem. Soc., 95, 6531 (1973).

(34) A. Streitwieser, Jr., and G. A. Dafforn, Tetrahedron Lett., 1263
(1969).

(35) Reference 4b, p 213.

(36) D. D. Maness and L. D, Turrentine, Tetrahedron Lett., 755
(1973).
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acetolysis of 27 at 53° was 1.57 times faster than 28
and 1.10 times faster than 29. These results suggest
that the transition state for ionization of vinyl substrates
is bent with the electron deficient orbital interacting with
the trans substituent.®

The substituent effects in these vinylic systems, al-
though quite large, are less than those observed for 1-
cyclohexenyl triflate where each methyl substituent in
the 2, 3, or 6 position increases the rate by approximately
a factor of 10.% This may be due to. ground-state
steric strain, or it may be due to ion pair behavior.

For a simple model process involving competitive
solvent capture or dissociation of an ion pair (Scheme
1), the observed rate constant, kr, is given by eq 1. If

Scheme I

ki - }“z —
RX T R'X_~> RT + X* — products
) ky
HOS

kr = kiks + ks)/(koy + ke + ks) (1)

there is no solvent attack on the ion pair (i.e., k; is
negligible), eq 2 pertains. If substituents influence k»

kr = kikof(koy + k2) )

more than ky or k_,, then the larger the relative magni-
tude of k; (solvent participation), the smaller the sub-
stituent effect on kr. However, even when there is no
solvent attack on the ion pair (eq 2), the degree to which
changes in k. are reflected in kr may depend on the
magnitude of k_;. This occurs when k_; >> ki
then kr = kiko/k_; and any changes in k. affect kr
directly. Thus, if k_; for cyclohexenyl triflate is greater
than k_, for the acyclic analog, the smaller acyclic sub-
stituent effects observed do not necessarily indicate sol-
vent participation. This might result if bending de-
stabilizes an ion pair less than a dissociated ion, so that
internal return predominates in the cyclic substrates.
When k_; < ks, kr =~ k, and changes in &, or k_; have
no effect on kr. Unfortunately, there is no way at
present to determine ki, k-1, and k; (eq 2) in these sys-
tems.

Solvent Effects. A variety of criteria, listed in Table
III, provide information concerning the mechanism of
solvolysis reactions.' %293  These criteria divide
the vinyl triflates we have studied into the same two sets
as did the effects of substituents. At 75° the aqueous
ethanol m values of cyclic vinyl triflates 23 and 24 (0.77
and 0.66)% are near that of 2-adamantyl tosylate (0.78),
a secondary substrate which solvolyzes by a limiting
mechanism.?®%.3% The aqueous ethanol m values of

(37) A similar trans effect is operative in saturated systems: {(a)
R. C, Bingham and P. v. R. Schleyer, Tetrahedron Lett., 23 (1971};
(b) R. C. Bingham and P. v. R. Schleyer, J. Amer. Chem. Soc., 93, 3189
(1971); (¢) R. Hoffmann, L. Radom, J. A. Pople, P. v. R, Schleyer,
W. J. Hehre, and L. Salem, J. Amer. Chem. Soc., 94, 6221 (1972).

(38) (a) J. L. Fry, C. J. Lancelot, L. K. M. Lam, J. M. Harris, R, C.
Bingham, D. J. Raber, R, E. Hall, and P. v. R. Schleyer, J. Amer.
Chem. Soc., 92,2538 (1970); (b) J. L. Fry, J. M., Harris, R. C. Bingham,
and P. v. R. Schleyer, ibid., 92, 2540 (1970).

(39) Although triarylvinyl substrates give low m values, steric hin-
drance to solvation by bulky 3 substituents has been invoked to explain
this anomaly as the mechanism of these substrates is clearly SN1.
If the bulky substituents are removed the m values approach those for
saturated tertiary systems; see (a) Z. Rappoport and A. Gal, J. Chem.
Soc., Perkin Trans., 2, 301 (1973); (b) J. Amer. Chem. Soc., 91, 5246
(1969); (c) Z. Rappoport and M, Atidia, Tetrahedron Lett., 4085 (1970);
J. Chem. Soc., Perkin Trans. 2,3216 (1972); Z. Rappoport and J. Kaspi,
J. Amer. Chem. Soc., submitted for publication.

4, 5, and (Z)-8 (0.52, 0.48, and 0.52) are lower and ap-
proach that of 2-propyl tosylate (0.46), a substrate which
reacts with considerable solvent assistance.?® The
relative rates in solvents of differing nucleophilicity but
similar ionizing power, (kror/Kscom)r and (kron/
krrE)y-o.03, and the / values also suggest that the reac-
tions of acyclic vinyl triflates 4, 5, and (Z)-8 depend on
solvent nucleophilicity. Indeed, the / values suggest
that these vinyl triflates are as responsive to nucleo-
philicity as 2-propyl tosylate! The companion paper®®
shows that the acetolyses of these vinyl triflates do not
involve an addition-elimination mechanism. The
change in solvent from 509 aqueous ethanol to 979
trifluoroethanol resultsin an increase of the 5: 4 rate ratio
at 75° from 2.4 to 6. The increase in magnitude of
substituent effects in saturated secondary tosylates in
solvents of low nucleophilicity and high ionizing power
due to the more ionic nature of the reactions is analo-
gous.?®

Product analyses (Table I1V) provide little clear-cut
mechanistic information. 5, (Z)-8, and (E)-8 tend to
form more ketone product as the fraction of water is
increased in aqueous alcohol mixtures, but a similar
trend toward more substitution product is observed for
tert-butyl chloride.® Triflate (Z)-8 with H and OTf
trans gives > 9097 elimination; the product composition
from (E)-8 approaches that of (Z)-8 as solvent ionizing
power increases or solvent nucleophilicity decreases. 44!
Oddly, substrates most sensitive to solvent nucleophilic-
ity, 5 and (Z)-8, show the smallest product change
in going from 5097 ethanol to 97 ¢ trifluoroethanol.

Reactions with Added Base or Nucleophile. If the
reaction of (Z)-8, which gives >90%, 2-butyne, proceeds
by an E2 elimination with solvent as base, dramatic
acceleration by the strong base OH~ would be expected.
In fact, the results in Table V show that a change of
mechanism to S-O cleavage occurs. The rates of the
three vinyl triflates (Z)-8, (E)-8, and 25, which vary
by 10° in the absence of base, are within a factor of 4 in
the presence of OH-. The solvolytically inert??
phenyl triflate, 26, reacts much more rapidly with OH-
since phenoxide (pK, = 9.9) is a better leaving group
than the enolate ions (pK. ~ 15).#2 Nucleophilic
attack on sulfur has been observed for phenyl,*? vinyl, **
and saturated*s tosylates, and for trifluoroethyl tri-
flate.*¢ The rate of elimination from (Z)-8 in the pres-
ence of 0.115 M sodium hydroxide is only a factor of 2

(40) (a) M. Cocivera and S. Winstein, J. Admer. Chem. Soc., 85, 1702
(1963); (b) F. Spieth, W. C. Ruebsamen, and A. R. Olson, ibid., 76,
6253 (1954); (c) XK. A. Cooper, M. L. Dhar, E. D. Hughes, C. K. In-
gold, B. J. MacNulty, and L. I. Woolf, J. Chem. Soc., 2043 (1948);
(d) G. JI. Frisone and E. R. Thornton, J. 4mer. Chem. Soc., 90, 1211
(1968).

(41) For a similar trend in a saturated system, see V. J. Shiner, Jr.,
W. Dowd, R. D. Fisher, S. R. Hartshorn, M. A. Kessick, L. Milakofsky,
and M. W. Rapp, J. Amer. Chem. Soc., 91, 4848 (1969).

(42) (a) D. J. Cram, *“Fundamentals of Carbanion Chemistry,”
Academic Press, New York, N. Y., 1965, p 11, 41; (b) H. O. House,
“Modern Synthetic Reactions,” 2nd ed, W, A. Benjamin, New York,
N. Y., 1972, p 494.

(43) J. Ferns and A. Lapworth, J. Chem. Soc. Trans., 101, 273 (1912);
C. A. Bunton and Y. F. Frei, J. Chem. Soc., 1872 (1951); J. F. Bunnett
and J. Y. Bassett, Jr., J. Amer. Chem. Soc., 81, 2104 (1959); J. Org.
Chem., 27, 1887, 2345 (1962); T. J. Broxton, Y. C. Mac, A. J. Parker,
and M. Ruane, Aust, J. Chem., 19, 521 (1966).

(44) N. Frydman, R, Bixon, M. Sprecher, and Y. Mazur, Chem.
Commun., 1044 (1969).

(45) P. Gassman, J. M, Hornback, and J. M. Pascone, Tetrahedron
Lett., 1425 (1971); F. G. Bordwell, B. M. Pitt, and M. Knell, J. dmer.
Chem. Soc., 73, 5004 (1951).

(46) A.Mendel, J. Org. Chem., 31, 3445 (1966).
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faster than that in neutral solution. This compares
with an increase of 780 observed for (Z)-30 with 0.5 N
sodium hydroxide in 809 ethanol.?® The reaction of
(E)-30 in 809 ethanol was not accelerated in the pres-

An Br H Br
N, 7 N, 7
C=C c=C
VRN VRN
H An An An
(Z2)-30 (E)-30

ence of base. Similarly, base had little effect on the
rate of reaction of a-bromo-p-aminostyrene in 5097
dioxane.#®* The acceleration observed for the reaction
of (Z)-8 in the presence of hydroxide ion seems too small
to be consistent with a concerted elimination, but may
indicate elimination from an ion pair.#

The trifluoroethanolyses of 4 and 11 are as fast or
faster in the presence of lithium perchlorate than
lithium bromide, indicating little sensitivity to a strong
nucleophile. In contrast to 2-propyl tosylate, which
gave ~5097 2-propyl bromide under these conditions,
there is little bromide incorporated in the products from
4 or 11. While vinyl solvolysis rates are somewhat
sensitive to solvent nucleophilicity, they do not appear
to be affected by strong nucleophiles. This fact and the
incomplete inversion observed in the products indicate
that the solvolyses of acyclic vinyl trifiates involve com-
petition between solvent capture and dissociation of an
ion pair; also, vinylic substrates are not as susceptible
to backside SN2 reactions as saturated secondary sub-
strates.’>® The shorter bondsin the vinylic systems, sp?-
sp? and sp2-sp?® vs. the sp®-sp® bonds in saturated sec-
ondary substrates, mean that substituents in the vinylic
substrates will have larger effects in stabilizing cationic
intermediates and in sterically hindering in-plane SN2
transition states.3%4 Extended Hiickel calculations in-
dicate the transition state for hydride attack on ethylene
(31) will have both entering and leaving hydride ions

H H T
/
=C—H
VAN
H H
31

bent away from the 3-CH bonds.® Vinylic SN2 reac-
tions are not observed under forcing conditions due to
the relative ease of addition—elimination and elimina-
tion-addition pathways. However, rate-determining
participation does occur with some intramolecular
nucleophiles.*® Thus, it is possible that the parent vinyl
triflate or primary vinyl triflates will react by an in-
plane SN2-like mechanism.

Conclusion

Our evidence indicates that solvolysis reactions of
alkyl-substituted vinyl triflates proceed through ion-
pair pathways. There is no evidence of direct SN2 or
E2 reactions of vinyl substrates with a strong nucleo-
phile, Br—, or a strong base, OH—. However, indirect
mechanistic criteria (/ and m values and dependence on

(47) (a) C. A. Grob and H. R. Pfaendler, Helv. Chim. Acta, 59, 2060
(1971). (b) The rate of hydrolysis of 2-propyl benzenesulfonate in
56 % acetone is increased only 8 % by 0.1 N NaOH at 50°: E. Tommila
and J. Juttla, Acta Chem, Scand., 6, 844 (1952),

(48) S. I. Miller, Advan. Phys. Org. Chem., 6, 265 (1968).

(49) P. E. Stang and T. E. Dueber, J. Amer. Chem. Soc., 95, 2683,
2686 (1973), and references cited therein.
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solvent nucleophilicity at constant ionizing power)
suggest that solvent nucleophilicity is important in these
reactions, particularly in substrates with § hydrogen
trans to the leaving group. Since the accompanying
paper shows that only partial inversion is observed in
these reactions, the nucleophilic sensitivity of vinylic
substrates must be due to specific solvation of a trans 8
hydrogen or other site not directly at the rear of the
reacting carbon.

Experimental Section

All boiling points are uncorrected. Nmr spectra were taken on a
Varian A60-A spectrometer using tetramethylsilane as an internal
standard. Infrared spectra were taken on a Perkin-Elmer Model
237 B grating spectrometer. Preparative gas chromatography was
performed on a Varian Aerograph Model 90-P gas chromatograph
using the following columns: A, 0.375 in. X 15 ft 209, Carbowax
20M on 45-60 Chromosorb W; B, 0.375 in. X 6 ft 209, Carbowax
20M on 45-60 Chromosorb W; C, 0.25 in. X 3 ft 209, Carbowax
20M on 45-60 Chromosorb W; D, 0.375in. X 15 ft 209, FFAP on
45-60 Chromosorb W; E, 0.375 in. X 15ft 15% SF-96 on 60-80
Chromosorb W. Analytical gas chromatography was performed on
a Varian Aerograph Model 1520 or a Perkin-Elmer Model 810 in-
strument equipped with flame ionization detector using the fol-
lowing columns: F, 0.125 in. X 10 ft 109 Carbowax 20M on 80—
100 Chromosorb W; G, 0,125 in. X 17 ft 109 Carbowax 20M on
Chromosorb W; H, 0.125 in. X 10 ft 109, QF-1 on 60-80 Chromo-
sorb G. Microanalyses were performed by Hoffmann-La Roche,
Inc., Nutley, N. J. Analytical samples for all vinyl triflates were
collected from column C at 50° with gas chromotograph injector
and detector temperatures no higher than 100°,

Materials. Trifluoromethanesulfonic (triflic) acid® was pur-
chased from 3M Co. and converted to the anhydride with P,O;.51
Acetylenes were purchased from Farchan Research Laboratories.
3-Methyl-1,3-butadiene, 2-bromopropene, 3-pentanone, 4-methyl-
2-pentanone, and 24-dimethyl-3-pentanone were obtained from
Aldrich Chemical Co. 2-Methyl-3-pentanone, 2-hexanone, and 3-
hexanone were purchased from Chemical Samples Co. Ethanol
was distilled from magnesium ethoxide as described by Lund and
Bjerrum.’? Dioxane was purified by the method of Fieser.® The
purified solvent was stored over sodium and distilled shortly before
use. For conductance experiments, commercial 2,22-trifluoro-
ethanol (Matheson Coleman and Bell) was distilled from aqueous
potassium carbonate, dried with P;O;, and fractionally distilled
through a 24-in. vacuum-jacketed column packed with glass helices,
bp 73.5-74.5°.41 Commercial trifluoroethanol (Aldrich Gold
Seal) was used without further purification for glc experiments be-
cause it contained the least amount of volatile impurities (~107% M),
These impurities, present in all commercial trifluoroethanol, could
not be removed by distillation.

Synthesis of Vinyl Triflates. The procedure used to prepare vinyl
triflates that might be sensitive to exce:s acid is ill.strated in the
preparation of propen-2-yl riflate,

Propen-2-yl Triflate (4). Propyne (4.0 g, 0.10 mol) was con-
densed in a via! and added to 20 ml of pentane in a 50-ml round-
bottomed flask equipped with magnetic stirrer and cooled to —30°.
Trifluoromethanesulfonic acid (8.0 g, 10.2 mmol) was added drop-
wise over 15 min. The cooling bath was then removed and as the
reaction warmed to 0°, saturated NaHCO; (15 ml) was added.
After this mixture had stirred for 5 min, the aqueous layer was re-
moved with a transfer pipet. The organic layer was washed twice
with saturated NaHCO; in this manner and dried over K.CO;.
The pentane was distilled at atmospheric pressure and the residue
distilled to give 6.8 g (67%) of 4: bp 25-27° (15 mm); nmr (CCl,) §
2.12 (s, 3 H, CHj), 4.97 (m, 1 H, vinylic H trans to OTf), 5. 07 (d,
J = 3.5 Hz, 1 H, vinylic H cis to OTY); ir (thin film) 1678 (C==C),
1413, 1251, 1220, 1170, 1135, 1006, 943, and 890 cm™1.

Anal. Caled for CH;F;0,S: C, 25.27; H, 2.65.
C, 25.13; H, 2.60.

Found:

(50) For information, see Minnesota Mining and Manufacturing
Co., Technical Information, “FC-24-Trifluoromethanesulifonic acid.”

(51) 7. Burdon, 1. Farazmand, M. Stacey, and J. C. Tatlow, J. Chem.
Soc., 2574 (1957).

(52) H. Lund and J. Bjerrum, Ber., 64, 210 (1931).

(53) L.F. Fieser, “Experiments in Organic Chemistry,” D. C. Health,
Boston, Mass,, 1941,
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1-Hexen-2-yl Triflate (5). 1-Hexyne (6.0 g, 0.073 mol) and
triflic acid (6.0 g, 0.040 mol) gave 6.5 g (70%) of 5: bp 67-69° (15
mm); nmr (CCly § 0.98 (m, 3 H, CH;), 1.50 (m, 4 H, CH,CH,),
2.37 (m, 2 H, allylic CH,), 492 (d, / = 4 Hz, 1 H, vinyl H trans to
OTY), 5.06 (d, / = 4 Hz, 1 H, vinyl H cis to the OTf); ir (thin film)
1672 (C==C), 1420, 1249, 1206, 1170, 1139, 1085, 945, 890, and 788
cm~1, The product was separated from ~5% of other isomers on
glc column B at 70°,

Anal. Caled for C'}ansoas:
C, 36.36; H, 4.64.

3-Methyl-1-buten-2-yl Triflate (6). 3-Methyl-1-butyne (5.0 g,
0.033 mol) gave 4.5 g (62%) of 6: bp 37-40° (15 mm); nmr (CCl,)
8 1.15(d, J = 6.5 Hz, 6 H, (CH;);C), 2.55 (septet, J = 6.5 Hz, 1 H,
allylic H), 4.88 (d, J/ = 3.8 Hz, 1 H, vinyl H trans to OTf), 5.01 (d,
J = 3.8 Hz, 1 H, vinyl H cis to OT{); ir (thin film) 1662 (C=C),
1417, 1245, 1204, 1142, 931,904, and 810 cm™!.

Anal. Calced for CHoF;0:S: C, 33.01; H, 4.16. Found: C,
33.49; H, 4.25.

3,3-Dimethyl-1-buten-2-yl Triflate (7). 3,3-Dimethyl-1-butyne
(3.0 g, 0.037 mol) and triflic acid (3.0 g, 0.020 mol) gave 2.3 g (49 %)
of 7: bp 45-50° (15 mm); nmr (CCly) 6 1.20 (s, 9 H, ¢-Bu), 4.91 (d,
J = 4.0 Hz, 1 H, vinyl H trans to OTf), 503 (d,J = 4.0Hz, 1 H,
vinyl H cis to OT{); and ir (thin film) 1655 (C=C), 1415, 1241,
1208, 1144, 1109, 1026, 941,921, and 888 cm™1.

Anal. Caled for CGHuF,SO;: C, 36.20; H, 4.77. Found:
C,36.22; H,4.72.

(Z)-2-Buten-2-yl-3-d, Triflate [(Z)-18] and (E)-2-Buten-2-yl-3-d;
Triflate [(E-18)]. 2-Butyne (3.0 g, 0.056 mol) and triflic acid-d
(3.0 g, 0.02 mol) gave 1.37 g (34%) of a mixture of trifiates, bp
39-40° (20 mm). The isomers, separated on glc column E at 100°,
were (£)-18 [80%; nmr (CCly) 6 1.77 (m, 3 H, 8-CHj3), 2.10 (m, 3 H,
a-CH3)] and (£)-18 [20%; nmr (CCly) § 1.80 (m, 3 H, 5-CH;), 2.17
(m, 3 H, a-CHs)].

(Z)-3-Hexen-3-yl Triflate [(Z)-16] and (E)-3-Hexen-3-yl Triflate
[(E)-16]. 3-Hexyne (3.0 g, 0.036 mol) and triflic acid (3.0 g, 0.020
mol) gave 3.0 g (65%) of a mixture of triflates, bp 58-60° (18 mm).
This mixture was separated on glc column E at 120° into (£)-16
[559; nmr (CCly) 6 1.10(t,J = 8.0Hz, 3 H, CH,), 1.24 (t,J = 8.0
Hz, 3 H, CHy), 2.54 (m, 4 H, both CH.’s), 548 (t,/ = 8.0 Hz, 1 H,
vinyl H); ir (thin film) 1715 (C=C), 1230, 1155, and 890 cm~!] and
(E)-16 [45%; nmr (CCly) 6 1.12(t,J = 8.0 Hz, 3 H, CH.;), 2.36 (m,
4 H, both CHy’s), 5.78 (t, J = 8.2 Hz, 1 H, vinyl H); ir (thin film}
1675 (C=C), 1215 and 1150cm™1].

Reaction of Acetylenes with Excess Triflic Acid. If excess acid is
present during distillation of unbranched vinyl triflates partial
equilibration of the double bond occurs. The procedure for this
type of preparation is given for addition of triflic acid to 1-pentyne.

Addition of Triflic Acid to 1-Pentyne. Preparation of (Z)-2-
Penten-2-yl Triflate [(Z)-12] and (E)-2-Penten-2-yl Triflate [(£)-12].
1-Pentyne (4.0 g, 0.059 mol) was dissolved in 25 ml of pentane in a
50-ml flask equipped with magnetic stirrer and cooled to 30°.
Triflic acid (9.8 g, 0.065 mol) was added dropwise over 15 min with
vigorous stirring. After addition of the acid was complete, the
reaction was allowed to warm to room temperature, After the
pentane was distilled at 1 atm, the residue was distilled at reduced
pressure to give 6.2 g (48%) of a mixture of triflates, bp 33-56°
(15 mm). The individual isomers, (Z)-12 [469; nmr (CCly) &
1.01 (t, J = 7.0 Hz, 3 H, CH:.CH,), 2.03 (s, 3 H, a-CH3;), 2.18
(quintet, J/ = 7.0 Hz, 2 H, CH,), 5.18 (t,J = 7.0 Hz, 1 H, vinyl' H);
ir (thin film) 1702 (C=C), 1413, 1378, 1241, 1208, 1159, 1138, 1106,
990, and 910 c¢cm™!], unidentified component (11%;), and (E)-12
[37%; nmr (CCl4) 6 1.07 (t,J = 7.5 Hz, 3H, CH:,CH3), 2.03(s, 3 H,
a-CH3), 2.11 (m, 2 H, CH,), 5.51 (t, J = 7.5 Hz, 1 H, vinyl H); ir
(thin film) 1690 (C=C), 1456, 1412, 1247, 1205, 1152, 1135, 1088,
1062, and 988 cm™1], were separated on glc column A at 70°.

Anal. Caled for CiHoF;0;S: C, 33.01; H, 4.16. Found for
(Z2)-12: C, '33.09; H, 4.25. Found for (E)-12: C, 33.20; H,
4.04.

(Z)-2-Buten-2-yl Triflate ((Z)-8] and (E)-2-Buten-2-yl Triflate
[(E)-8). 2-Butyne (3.0 g, 0.055 mol) and triflic acid (10.5 g, 0.069
mol) gave 7.6 g (68 %) of a mixture of trifiates, bp 35-37° (15 mm).
In order of elution on preparative glc column A at 50° the indi-
vidual isomers were (Z)-8 {65%; nmr (CCly) 6 1.74(d of q,Ja = 7.0
Hz, J4 = 1.4 Hz, 3 H, 8-CHj3;), 2.07 (m, 3 H, «-CH3), 5.33 (q of q,
J = 7.0 and 1.2 Hz, vinyl H, 1); ir (thin film) 1706 (C=C), 1409,
1240, 1201, 1151, 1130, 1021, 933, and 872 cm™!] and (E)-8 {35%;;
nmr (CCL) 6 1.72(d of q, Ja = 7.0Hz, J, = 0.9 Hz, 3-CHj,, 3), 2.03
(m, CHj, 3), 5.56 (q of q, J = 7.0 and <1 Hz, vinyl H, 1); ir (thin
film) 1696 (C==C), 1416, 1244, 1201, 1149, 1127, 1074, 1004, 953,
868 cm™1].

C, 36.20; H, 4.77. Found:

Anal. Caled for C:H,F;0,S: C, 29.41; H, 3.46. Found for
(Z)-8: C, 29.38; H, 3.42. Found for (E)-8: C, 29.43; H, 3.37.

1-Butyne (4.0 g, 0.074 mol) and triflic acid (12 g, 0.08 mol) gave
8.1 g(54 %) of a mixture of (Z)-8 (60 %) and (E£)-8 (40%).

Vinyl Triflates from Ketones. Vinyl triflates are produced by the
reaction of enolizable ketones and (CF;SO,):0 in the presence of
sodium carbonate!? or 2,6-lutidine buffer. The procedure is illus-
trated for 11,

3-Methyl-2-buten-2-yl Triflate (11). 3-Methyl-2-butanone (2.0
g, 0.023 mol) and 2,6-lutidine (2.5 g, 0.023 mol) were dissolved in
10 ml of pentane in a 50-ml round-bottomed flask equipped with
magnetic stirrer, The mixture was cooled to —20° and (CF;-
S0,):0 (6.5 g, 0.023 mol) was added over a 20-min period. The
reaction was allowed to warm up overnight. The mixture was
washed successively with 10-ml portions of 209, HCIl, water, and
saturated NaHCO;, and dried (K.CO;). Distillation gave 3.1 g
(60%) of 11, bp 43-45° (15 mm). Separation from ~5% of 6 on
glc column B at 70° gave pure 11 [nmr (CCl,) 6 1,78 (broad s, 6 H,
B8-CHy’s), 2.05 (m, 3 H, o-CHjy); ir (thin film) 1713 (C=0), 1412,
1251, 1201, 1132, 1074, 892, and 794 cm™1].

Anal. Caled for GGH,O;F;S: C, 33.01; H, 4.i6. Found: C,
33.10; H, 4.23.

(Z)-2-Penten-3-yl Triflate {(Z)-9] and (E)-2-Penten-3-yl Triflate
[(E)9]. 3-Pentanone (2.0 g, 0.023 mol), 2.6-lutidine (2.5 g, 0.023
mol), and (CF;S0,),0 (6.5 g, 0.023 mol) reacted to give 2.1 g (41%)
of an inseparable m’xture of triflates (Z2)-9 and (E)-9: bp 47-52°
(15 mm); nmr (CCly) 1.10 (m, 6 H, CH,CH; for both isomers),
1.72 (m, 6 H, 3-CHy’s), 2.42 (m, 2 H, CH,’s), 5.30 and 5.31 (over-
lapping g’s, 1 H, vinyl H’s trans and cis to OTf); ir (thin film) 1705
cm~! (C=C). In benzene-ds, the nmr vinyl proton absorptions at
54.55[(Z)-9] and 5.10[(E)-9] were in aratio of 2.3:1.

Anal. Caled for CgH F;0:S: C, 33.01; H, 4.16. Found: C,
33.20; H, 4.09.

(Z)-4-Methyl-2-penten-3-yl Triflate [(Z)-10], (£)-4-Methyl-2-
penten-3-yl Triflate [(E)-10], and 2-Methyl-2-penten-3-yl Triflate
(12). 2-Methyl-3-pentanone (2.0 g, 0.02 mol), 2,6-lutidine (2.5 g,
0.023 mol), and (CF380),0 (6.5 g, 0.023 mol) gave 2.3 g of a liquid
mixture, bp 59-65° (15 mm). Separation on glc column A gave 2-
methyl-3-pentanone (14 %), (Z)-10, and (E)-10 [47%; as an insep-
arable mixture; nmr (CCly) 6§ 0.95(d, J = 6.5 Hz, 6 H, both (CHj;).-
C), 1.74 d,J = 7 Hz, 6 H, both 5-CH,’s), 2.80 m, 1 H, both
C-H’s), 5.33 and 5.49 (overlapping q’s, J = 7 Hz, 1 H, vinyl H
trans and cis to OTY); nmr (CsD¢) vinyl protons at § 4.84 [(Z)-10]
and 5.28 [(E)-10] in a ratio of 1.3:1; ir (thin film) 1700 cm~1 (C=C)]
and 12 [(399%); nmr CCly) 6 1.16 (t, J = 7.0 Hz, 3 H, CH;CHb),
1.81 (broad s, 6 H, (CH;).C), 247 (q, J = 7.0 Hz, 2 H, CHy); ir
(thin film) 1702 (C=C), 1462, 1406, 1241, 1198, 1134, 1095, 1012,
933, and 900 cm™1].

Anal. Caled for C;HyF30:8: C, 36.20; H, 4.77. Found for
10: C,36.15;H,4.70. Foundfor12: C,36.34;H,4.71.

2,4-Dimethyl-2-penten-3-yl Triflate (13). 2,4-Dimethylpentanone
(2.0 g, 0.02 mol), 2,6-lutidine (2.5 g, 0.023 mol), and (CF;80,),0
(6.0 g, 0.21 mol) gave 1.4 g (3097) of 13, bp 83-85° (15 mm). Pure
13 [nmr (CCly) § 1.12(d, J = 7.5 Hz, 6 H, (CH,):CH), 1.80 (s, 6 H,
(CH):C==C), 2.95 (septet, J = 7.5 Hz, 1 H, (CH,),CH); ir (thin
film) 1682 (C==C), 1401, 1250, 1204, 1140, 992, 910, and 841 cm™']
collected from glc of column C at 50° decomposed slowly at room
temperature.

(Z)-4-Methyl-2-penten-2-yl Triflate [(Z)-15] and (E)-4-Methyl-2-
penten-2-yl Triflate [(E)-15]. 4-Methyl-2-pentanone (2.0 g, 0.02
mol), 2,6-lutidine (2.0 g, 0.019 mol), and (CF;S0,),0 (6.0 g, 0.021
mol) gave 1.0 g of a liquid mixture, bp 58-62° (15 mm), which was
separated on glc column A at 75° into starting ketone (30%;) (£)-15
[40%; nmr (CCl,) 6 1.01 (d, J = 6.5 Hz, 6 H, (CH;)C), 2.02 (broads,
3 H, a-CHy), 2.75 (m, 1 H, (CH),CH), 4.99 (d of q, Ja = 9.0 Hz,
Jq > 0.9 Hz, 1 H, vinyl H); ir (thin film) 1702 (C=C), 1412, 1240,
1209, 1164, 1139, 1086, 937, and 900 cm™!], 4-methyl-1-penten-2-yl
triflate [20%; nmr (CCly) 6 0.98 (d, J = 6.8 Hz, 6 H,(CH;),CH), 2.15
(m, 3 H, CH and CH,), 4.88 (d, J = 4 Hz, 1 H, vinyl H trans to
OTY), 5.10(d, J = 4 Hz, 1 H, vinyl H cis to OTY); ir (thin film) 1671
(C=C), 1467, 1415, 1256, 1208, 1137, 1091, 974, 938, and 927 cm™1],
and E-15 [10%; nmr (CCl,) 8 1.07 (d, J = 7.0 Hz, 6 H, (CH,).CH),
2.06 (broad s, 3 H, a-CH5), 2.30 (m, 1 H, (CH,);CH), 5.32(d,J =
9.5 Hz, 1 H, vinyl H); ir (thin film) 1694 (C=C), 1467, 1410, 1248,
1202, 1159, 1140, 1069, 958, and 894 cm™1].

Anal. Caled for G;HuF:0,8: C, 36.20; H, 4.77. Found for
(Z)-15: C, 36.35; H, 4.83. Found for 4-methyl-1-penten-2-yl
triflate: C, 36.65; H, 4.83. Found for E-15: C, 36.52; H, 4.80.

Deuteration of 3-Methyl-2-butanone. 3-Methyl-2-butanone (21
g, 0.25 mol), 15 mt of D,O (Diaprep, 99.8%), and P.05 (0.5 g) were
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placed in a 100-ml flask with a reflux condenser and heated to reflux.
At 10-hr intervals the mixture was cooled and the aqueous layer
drawn off and replaced with fresh D,O and P;Os. The procedure
was repeated six times, then the aqueous layer was saturated with
NaCl. The organic layer was separated, dried (K,COj;), and dis-
tilled to give 15 g of ketone, bp 91-95°, 98 deuterated by nmr,

3.Methyl-2-buten-2-yl Triflate-/,f,/-d; (17). Reaction of the
deuterated ketone (1.5 g, 0.017 mol), sodium carbonate (1.5 g, 0.014
mol), and (CF;S0.),0 (7.0 g, 0.025 mol) in 10 ml of pentane gave 1.1
2 (29%,) of 17, bp 44-48° (15 mm) [nmr (CCl,) & 1.80 (broad s); ir
(thin film) 1700 (C=C), 1450, 1405, 1257, 1202, 1135, 1080, and 994
cm™Y], 93.5 % deuterated by nmr.

Attempted Equilibration of Vinyl Triflates. A 20-ml portion of
each isomer of 2-buten-2-yl triflate (8) was sealed with 0.5 ml of
triflic acid in five ampoules of 3-mm Pyrex tubing. After equili-
brating at 75°, ampoules were removed at 3-hr intervals. The
contents, 10 ul, were dissolved in 1 ml of pentane, shaken with 20
mg of NaOAc to remove strong acid and analyzed on glc column G
at 75°. After 9 hr, the mixtures from (Z)-8 and (E)-8 showed
equivalent ratios of 1.33 &= 0.02:1. Exposure of 6 as well as the in-
separable mixtures of 2-penten-3-yl triflate (9) and 4-methyl-2-
penten-3-yi triflate (10) to these conditions gave numerous decom-
position peaks on the glc.

Preparation and Equilibration of Enol Acetates. Enol acetates
were prepared by literature methods from 2-butanone,!®® 3-penta-
none,!* and 2-methyl-3-pentanone.'* The isomers were separated
on glc column A at 90°. A solution of enol acetate predominating
in each isomer (10 ul), acetic anhydride (10 gl), and triflic acid (0.5
wl) in 1 ml of carbon tetrachloride was sealed in 0.2-ml portions in
ampoules of 5-mm Pyrex tubing. After they equilibrated at 75°,
ampoules were removed at 5-min intervals. The contents were
shaken with ~20 mg of NaOAc to remove acid and analyzed on the
gle column G. All isomers were fully equilibrated after 10 min; a
slower decomposition process then occurred over a period of hours.
The Z:E ratios measured as peak areas were 2.90 & 0.02 for 2-
buten-2-yl acetates (20), 6.16 == 0.13 for 2-penten-3-yl acetates (21),
and 20.5 2= 0.7 for 4-methyl-2-penten-3-yl acetates (22).

Product Studies. Products of 5 and the isomers of 8 and 16 in
aqueous solvents were determined by glc on columns G and H
using authentic samples for calibration. The solutions were ~0.1
M in substrate and 2,6-lutidine buffer. Product determination at
different times indicated that products were stable to reaction con-
ditions. Products from 5 and the isomers of 16 were isolated (see
below). Products from (Z)-8 and (E)-8 had retention times iden-
tical with authentic samples on columns G and H.

Products of 11 were determined by nmr in 809 CH;0OD-D,O,
50% pyridine-D,0O, and CD;CO,D. Triflate 11 (17 wl), pyridine
(15 wl), and 0.3 ml of the solvent were sealed in an nmr tube and
heated at 100° until starting material disappeared. In methanol
or aqueous pyridine the nmr signals of the dimethyl doublet of 3-
methyl-2-butane and the dimethyl triplet of 3-methyl-1,2-butadiene
were integrated. In CD;CO,D the allenic proton absorptions were
compared to the total upfield methyl absorptions of the allene and
3-methyl-2-buten-2-yl acetate .5+

The products of reaction of 4 and 11 in anhydrous trifluoro-
ethanol were estimated from uncalibrated peak areas. All prod-
ucts from 11 had retention times identical with authentic samples.
The preparation of authentic 1,2-dimethylpropenyl trifluoroethyl
ether is described below. 2-Bromo-3-methyl-2-butene was pre-
pared by the method of Braude and Evans.?®

Isolation of Products from 1-Hexen-2-yl Triflate (5) in Aqueous
Ethanol. Triflate 5 (1.0 g) and pyridine (0.5 g) were sealed in an
ampoule with 10 ml of 50%, aqueous ethanol. This solution was
heated at 100° for 10 hr, cooled, and poured into a 50-ml volumetric
flask containing 40 ml of saturated sodium chloride solution.
This mixture was shaken and the organic layer removed with a
transfer pipet and dried (KCO;). The products separated from
this mixture on glc column A at 75°, 1,2-hexadine (25 %), 1-hexyne
(65%), and 2-hexanone (10%7), had nmr spectra identical with
authentic samples.

Isolation of Products from 3-Hexen-3-y1 Triflates (16) in Aqueous
Ethanol. An unseparated mixture of (Z)-16 and (E)-16 (1.0 g)
and pyridine (0.5 g) were sealed in an ampoule with 10 ml of 509
aqueous ethanol. This solution was heated in a 100° bath for 6 hr,
cooled, and poured into 40 ml of water in a 50-m! volumetric flask.

(54) An authentic sample of the acetate was prepared as described
by the following authors: W, B. Smith and T. K. Chen, J. Org. Chem.,
30, 3095 (1965).

(55) E. A.Braude and E. A. Evans, J. Chem. Soc., 3324 (1955).
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The organic layer was removed with a transfer pipet and dried
(CaCly). This mixture was separated on glc column A at 75° into
2,3-hexadiene {nmr (CCly) § 0.95 (t, J = 6.8 Hz, 3 H, CH;CH,),
1.60(d of d,J = 6.5, 4 Hz, 3 H, vinyl CH3), 1.88 (m, 2 H, CH,), 4.95
(m, 2 H, vinyl H’s) and 3-hexyne and 3-hexanone (both gave nmr
spectra identical with those from authentic samples).

Preparation of 1,2-Dimethylpropeny! Trifluoroethy! Ether. In a
100-ml round-bottomed flask fitted with a gas inlet attached to a 50-
ml flask, an outlet attached to mercury bubbler, and a magnetic
stirrer were placed HgO (0.5 g), boron trifluoride etheratess (2
ml), and trifluoroethanol (14 g, 0.14 mol). Isopropylacetylene
(4.0 g, 0.06 mol) was placed in the 50-ml flask and warmed slightly.
Air initially passed out through the bubbler as the acetylene vapor
filled the system, then a vigorous reaction ensued and the pressure
decreased (mercury rose ~20 cm up the bubbler inlet tube). All
the acetylene was absorbed over a 10-min period. The reaction was
stirred for an additional 30 min, then poured into a mixture of 50
ml of ice-water and 25 ml of pentane. The organic layer was
washed with 50 ml of saturated NaHCO; and dried (K,CO;,). Dis-
tillation of this mixture from freshly powdered NaHSO.* (0.5 g)
gave 4.3 g of a liquid mixture, bp 90-110° (760 mm). This mixture
was separated on glc column D at 50° into 1-isopropylvinyl tri-
fluoroethyl ether [35%; nmr (CCl) 5 1.08 (d, J = 6.5 Hz, 6 H,
(CHj;).C), 2.38 (septet, J = 6.5 Hz, 1 H, CH), 3.96 (m, 4 H, CH,=C
and CH,CF;); ir (thin film) 1664 (C=C), 1458, 1423, 1275, 1227,
1165, and 1126 cm™!], 3-methyl-2-butanone (359;), and 1,2-di-
methylpropeny! trifluoroethyl ether [30%;; nmr (CCly) é 1.60 (m, 6
H, 8-CH5’s), 1.79 (m, 3 H, -CH3) 3.91 (q,J = 9Hz, 2 H, CH,CF3);
ir (thin film) 1694 (C==C), 1455, 1430, 1388, 1374, 1235, and 1150
cm™1,

Anal, Caled for CGGHuF;0: C, 49.99; H, 6.59. Found for 1-
isopropylvinyl trifluoroethyl ether: C, 50.53; H, 6.69. Found for
1,2-dimethylpropenyl trifluoroethyl ether: C, 50.13; H, 6.73.

Isolation of Products from Propen-2-yl Triflate (4) in Trifluoro-
ethanol. Propen-2-yl triflate (4) (1.0 g) was sealed in an ampoule
with 0.5 g of 2,6-lutidine, 0.5 g of lithium bromide, and 6 ml of
anhydrous trifluoroethanol. The ampoule was heated at 90° for
12 hr, cooled, and opened. The solution was injected in 1-ml por-
tions on glc column A at 60°. The gaseous products were col-
lected in a gas phase ir cell, but only propyne was observed in the
spectrum. The third peak had an nmr spectrum identical with 2-
bromopropene. The fourth peak was identified as acetone from
its nmr and ir spectra.

Kinetic Methods. Rates in agueous solvents were determined
conductimetrically with a Wayne-Kerr Model B331 Impedence
Bridge capable of 0.1 % accuracy. The conductivity cells used had
bright platinum electrodes, cell constants of 0.2-0.4, and volumes
of approximately 25 ml. In a typical experiment, enough sub-
strate to make a 1072 M solution was placed in the conductivity cell
and 20 m! of solvent was added. The cell was then sealed and
equilibrated with stirring for 5 min in the constant-temperature
bath. The usual number of measurements was 20. All solvolyses
displayed good first-order kinetics to 909, reaction.

Solvolysis rates of 4 and 11 in anhydrous trifluoroethanol and
(Z)-10 and (E)-10 in 50 7 ethanol wére determined by glc on column
F. Solutions 0.01-0.02 M in substrate were prepared in 1 ml of
solvent buffered with 0.04 M 2 6-lutidine, and sealed in 0.1-ml por-
tions in ampoules made from 5-mm Pyrex tubing. The ampoules
were equilibrated with shaking for 30 sec in the constant-tempera-
ture bath. At appropriate times ampoules were removed, cooled
in an ice bath, and opened. Substrate peak heights, which were
proportional to concentration and reproducible within 2%, were
measured for a constant injection size, usually 2 ul. Good first-
order kinetics were observed for 2 half-lives.

Reaction rates in 50% dioxane containing 0.115 M NaOH were
determined by glc on column F. Substrate and an internal stan-
dard (acetone for (Z)-8 and (E)-8 and rerr-butylbenzene for 25 and
26) 0.02 M in 1 ml of dioxane were mixed with 1 ml of a stock solu-
tion of 0.2 M aqueous NaOH, The procedure was identical with
that given above except that the ampoules were opened immediately
after quenching and the contents shaken with 30 mg of Rexyn 300
ion exchange resin to remove all salts. Glc analysis involved de-
termining the relative peak heights of substrate and internal stan-
dard. These reactions gave reasonable first order kinetics to 2
half-lives.

(56) G. F. Hennion, D. B. Killian, T. H. Vauaghn, and J. A. Nieuw-
land, J. Amer. Chem. Soc., 56, 1130 (1934),

(57) Hoffmann-La Roche Inc., British Patent 897,685 (1962); Chem.
Abstr., 57,12323 (1962).
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All kinetic data were fitted to the first-order rate equation using a
modified version of the LsKIN% computer program.
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Abstract:

Vinyl cation intermediates are formed in the protonation of allenes and acetylenes in triffuoroacetic acid.

The 2-buten-2-yl cation produced by protonation of 1,2-butadiene or 2-butyne captures solvent to give Z in prefer-

ence to E product in ratios of 3.3:1 at 75.3°, 4.2:1 at 49.8°, and 5.1:1 at 35°,

An attractive effect between the 3-

methyl group, rendered electron deficient by hyperconjugation, and the attacking nucleophile is postulated to ex-

plain the preference for Z product.

Trifluoroacetolyses of (Z)- and (E)-2-buten-2-yl triflate give >9097 2-butyne

plus trifluoroacetates with Z/E ratios of 4.4 and 8.0, respectively. The difference in solvolysis product ratios can be

expiained by an ion pair mechanism giving rise to only 7.4 %, net inversion. .
In general, it appears that vinyl! triflates solvolyze through an ion

are found with a larger fraction of inversion.

Acetolysis products of viny! triflates

pair mechanism in spite of the high energy of the cations involved, rather than by direct solvent displacement (SN2).

Vinyl cation intermediates, although less stable than
the corresponding aliphatic carbenium ions,® are
clearly accessible in both solvolysis and addition reac-
tions.* While reactions involving vinyl cations have
direct analogies in aliphatic systems, interesting con-
trasts in behavior are to be expected. Planar aliphatic
carbenium ions (1),° with R; » R, s R, (point group

+
C—R;

R, R.
1 2

C,), present equivalent faces to nucleophilic attack.
Thus, the stereochemistry of substitution reactions of
chiral substrates, R;R:R3CX, is directly interpretable
mechanistically because enantomeric reactants, transi-
tion states, and products are of equal energy.®

Although vinyl cations, 2, with R; = R, are expected
from theoretical calculations to prefer linearity (point
group Cs,),% % 4&7 situations when the 3 substituents are
different presents another picture. Vinyl cations 2,

NLo=
C=C—R1

(1) For a preliminary account of part of this work, see R. H. Summer-
ville and P. v. R, Schleyer, J. Amer. Chem. Soc., 94, 3629 (1972).

(2) National Science Foundation Predoctoral Fellow, 1969-1972.

(3) L. Radom, P. C. Hariharan, I. A. Pople, and P. v. R. Schleyer,
J. Amer. Chem. Soc., 95, 6531 (1973),

(4) For reviews, see (a) P. J. Stang, Progr. Phys. Org. Chem., 10, 205
(1972); (b) G. Modena and U. Tonellato, Advan. Phys, Org. Chem., 9,
185 (1971); (¢) Z. Rappoport, T. Bissler, and M. Hanack, J. Amer.
Chem. Soc., 92, 4985 (1970); (d) M. Hanack, Accounts Chem. Res., 3,
209 (1972), (¢) H. G. Richey and J. M. Richey in “Carbonium Ions,”
Vol. I, G. A. Olah and P. v. R. Schleyer, Ed., Wiley, New York, N. Y.,
1970, p 899.

(5) D. Bethel and V. Gold, “Carbonium Ions,” Academic Press,
New York, N. Y., 1967, p 4.

(6) For a discussion of stereoisomeric relationships, see K. Mislow
and M. Raban, Top. Stereochem., 1,1 (1967).

(7) (a) A. C. Hopkinson, K. Yates, and I. G. Csizmadia, J. Chem.
Phys., 55, 3835 (1971); (b) P. C. Hariharan, W. A. Lathan, and J. A.
Pople, Chem. Phys. Lett., 14, 385 (1972), and earlier references cited in
these papers.

with R; # Rj, cannot be exactly linear (£C=C—
R; = 180°; point group C, ~ C)) and possess di-
astereotopic® sides that must capture nucleophiles or
solvent at different rates even though the deviations of
the cations from linearity are small. Furthermore, sub-
stitution reactions are complicated by the nonequiv-
alence of transition states and intermediates generated
from each isomer of an E-Z8 pair of vinylic reactants,
R3R2C=CR1‘—X.

In practice, substitution reactions at saturated carbon
rarely involve free cations. Simple secondary sub-
strates react by pathways involving considerable solvent
assistance? and complete or nearly complete inver-
sion.*® Even tertiary and phenyl-substituted secondary
substrates which solvolyze with little, if any, kinetic
solvent assistance frequently give product with net in-
version.!t12 These observations are accommodated
by the assumption of ion-pair intermediates.®~!2 Onthe
other hand, several solvolyses apparently involving
free!? vinyl cations stabilized by cyclopropyl or aryl

(8) For the definition of the E~Z nomenclature, see J. E. Blackwood,
C. F. Gladys, K. L. Loening, A. E. Petrarca, and J. E. Rush, J. Amer.
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