3408

Me). 1.89 (s, 6. 2 Me), 4.21 (m, 4,2 OCH,). and 7.34 (quartet, 4,
aryl)). and diethyl m-phosphoryloxycumyl chloride (8) (NMR
(CDCl3) 6 1.34 (1.6, Jy-u=7.Jp-u = | Hz. 2 Me), 1.96 (s, 6.2 Me),
423 (m, 4,2 0CH,), and 7.3 (m. 4, aryl)).

Acknowledgments. Acknowledgment is made to the donors
of the Petroleum Research Fund, administered by the Amer-
ican Chemical Society, the National Research Council of
Canada, the National Institute of General Medical Sciences,
and the Undergraduate Research Fund of Scarborough Col-
lege for support of this work. We thank Professor de la Mare
for supplying the unpublished data in ref 11c.

References and Notes

(1) (a) Undergraduate research participant. (b) National Science Foundation
College teacher summer research participant from Winthrop College, Rock
Hill, S.C.

(2) (a)E. P. Lyznicki, Jr., and T. T. Tidwell, J. Am. Chem. Soc., 95, 4935 (1973);

(b) R. D. Frampton, T. T. Tidwell, and V. A. Young, ibid., 94, 1271

(1972).

C. Triantaphylides, G. Peiffer, and R. Gerster, Bull. Soc. Chim. Fr., 1756

(1973).

4) C. A. Bunton and L. Robinson, J. Am. Chem. Soc., 91, 6072 (1969).

F. W. Lichtenthaler and F. Cramer, Chem. Ber., 95, 1971 (1962).

A. Arcoria, S. Fisichella, and F. Sardo, J. Org. Chem., 37, 2612 (1972).
(a) D. S. Noyce and R. M. Pollack, J. Am. Chem. Soc., 91, 7158 (1969);
(b) D. S. Noyce and R. M. Pollack, ibid., 91, 119 (1969); K. Yates, Acc.
Chem. Res., 4, 136 (1971).

(8) E. K. Euranto and L. Hautoniemi, Acta Chem. Scand., 23, 1288 (1969).

(9) (@)K.Oyama and T.T. Tidwell, J. Am. Chem. Soc., 98, 947 (1976); (b) P.
Knittel and T. T. Tidwell, ibid., following paper in this issue; (c) W. K.
Chwang, P. Knittel, K. M. Koshy, and T. T. Tidwell, ibid., preceding paper
in this issue.

(10) D. G. Garratt, A. Modro, K. Oyama, G. H. Schmid, T. T. Tidwell, and K. Yates,
J. Am. Chem. Soc., 96, 5295 (1974).

(11) (@) T. G. Traylor and J. C. Ware, J. Am. Chem. Soc., 89, 2304 (1967); (b)
T.B. Posner and C. D. Hall, J. Chem. Soc., Perkin Trans. 2, 729 (1976).
Table 3 in this paper contains printing errors; the constant reported here
is that intended (C. D. Hall, private communication); (c) P. B. D. de la Mare,
N. S. Isaacs, and M. J. McGlone, ibid., 784 (1976); in unpublished results
privately communicated these authors have found values of o+ of —0.08
and 0.25 for p- and m-AcO, respectively. (d) The same NMR method was

also reported by A. Cornelis, S. Lambert, and P. Laszlo, J. Org. Chem., 42,
381 (1977).

(12) R. W. Bott, B. F. Dowden, and C. Eaborn, J. Chem. Soc., 6306 (1965).

(13) (a)F. B. Deans and C. Eaborn, J. Chem. Soc., 2299 (1959); (b) C. Eaborn
and P. M. Jackson, J. Chem. Soc. B, 21 (1969).

(14) C. H. Rochester, "’Acidity Functions'’, Academic Press, New York, N.Y .,
1970.

(15) N. C. Deno, J. J. Jaruzelski, and A, Schriesheim, J. Am. Chem. Soc., 77,
3044 (1955).

(16) H. C. Brown and M.-H. Rei, J. Org. Chem., 31, 1090 (1966).

(17) H. C. Brown, J. D. Brady, M. Grayson, and W. H. Bonner, J. Am. Chem. Soc.,
79, 1897 (1957).

(18) H. C. Brown and Y. Okamoto, J. Am. Chem. Soc., 80, 4979 (1958).

(19) (a) H. Gilman et al., J. Org. Chem., 19, 1067 (1954); (b) B. J. Jandorf, T.
Wagner-Jauregg, J. J. O'Neill, and M. A. Stolberg, J. Am. Chem. Soc., 74,
1521 (1952).

(20) E. C. Leisegang, J. C. Paterson-Jones, and A. M. Stephen, J. S. Afr. Chem.
Inst., 23, 1(1970); Chem. Abstr., 72, 1334825 (1970).

(21) A.J. Kresge, H. J. Chen, and Y. Chiang, J. Chem. Soc., Chem. Commun.,
969 (1972).

(22) E. P. Lyznicki, Jr., K. Oyama, and T. T. Tidwell, Can. J. Chem., 52, 1066
(1974).

(23) C. G. Swainand E. C. Lupton, Jr., J. Am. Chem. Soc., 90, 4328 (1968).

(24) D. H. McDaniel and H. C. Brown, J. Org. Chem., 23, 425 (1958).

(25) For references to saturation effects see ref 9a and A. J. Hoefnagel, M. A,
Hoefnaegel, and B. M. Wepster, J. Am. Chem. Soc., 98, 6194 (1976).

(26) E. W. Washburn, Ed. "’International Critical Tables'’, Vol. 3, McGraw-Hill,
New York, N.Y., 1928, p 56.

(27) (a) G. Sosnovsky, E. H. Zaret, and A. Gasiecki, Z. Naturforsch. B, 30, 724
(1975); (b) G. Sosnovsky and E. H. Zaret, Chem. Ind. (London), 1297
(1967).

(28) R. C. DeSelms and T.-W. Lin, J. Org. Chem., 32, 2023 (1967).

(29) N.D. Field and J. R. Schaefgen, J. Polym. Sci., 58, 533 (1962).

(30) (a)E. M. Gaydou, Can. J. Chem., 51, 3412 (1973); (b) E. M. Gaydou and J.
R. Llinas, Org. Magn. Reson., 6, 23 (1974),

(31) J. F. Allen and O. H. Johnson, J. Am. Chem. Soc., 77, 2871 (1955).

(32) P. A. Levene in ""Organic Syntheses”, Collect. Vol. Il, A, H. Blatt, Ed., Wiley,
New York, N.Y., 1943, p 88,

(33) R. E. Ireland and G. Pfister, Tetrahedron Lett., 2145 (1969).

(34) I. J. Borowitz, S. Firstenberg, E. W. R. Casper, and R. K. Crouch, J. Org.
Chem., 36, 3282 (1971).

(35) E. M. Kosower, W. J. Cole, G.-S. Wu, D. E. Cardy, and G. Meisters, J. Org.
Chem., 28, 630 (1963).

(36) J. F. Arens and T. Doornbos, Recl. Trav. Chim. Pays-Bas, 74, 79
(1955).

(37) J. A. Landgrebe and L. W. Becker, J. Am. Chem. Soc., 90, 395 (1968).

(38) B. Zwanenburg, Recl. Trav. Chim. Pays-Bas, 82, 593 (1963).

Acid-Catalyzed Hydration of 1,2-Disubstituted Alkenes
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Abstract: cis- and 1rans-1,2-dicyclopropylethylene are protonated by aqueous acid at rates 5.6 X 103 and 1.4 X 109, respective-
ly, times slower than their isomer 1,1-dicyclopropylethylene. cis- and irans-1-cyclopropylpropene are protonated at rates 3.2
X 10% and 7.4 X 103, respectively, times slower than the isomeric 2-cyclopropylpropene. The rate effects show that the position
of the proton in the transition state is highly unsymmetrical relative to the double bond, corresponding to the Agg2 mechanism
of rate-determining proton transfer to carbon. The effect of the substituent on the 8 carbon undergoing protonation can be ac-
counted for by consideration of the electron-donating ability of the substituent in the transition state and the effect of the sub-
stituent on the ground state stability of the olefin, The rates of the 1,2-disubstituted alkenes are quantitatively correlated by
the equation log k3 = =12.3[op* + 0.60(gw* + 0.08D — 0.084)] — 10.1 where o and o, * are the electrophilic substituent
constants for the @ and 8 substituents, respectively, and D is the double bond stabilization parameter for the 8 substituent.

In previous work in this laboratory! the rates of acid-cata-
lyzed hydration of 1,1-disubstituted alkenes (eq 1) were found
to be correlated with o, parameters of the substituents R by
eq 2. These results confirmed that these compounds were re-
acting by the Agg2 mechanism with rate-determining pro-
tonation on carbon giving a stabilized carbonium ion.

H+ + H>0
R,C=CH; —> R,CCH3; — R>COHCHj; H

slow

log k» = =12.3Z¢,% = 10.1 (2)

It appeared that the extension of our analysis to hydration
of alkenes substituted on both carbons of the double bond
would be informative. Previous correlations!-2 of hydration
data have not included such alkenes, and other electrophilic
additions for which such treatments have been reported often
involve fewer compounds, suffer from mechanistics compli-
cations such as bridging, and cover small ranges of reactivity.?
1t would seem particularly worthwhile to develop a consistent
picture of the effect of substituents on both the 1 and 2 positions
of alkenes in protonations as this is conceptually the simplest
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Table I. Rates of Hydration of 1,2-Disubstituted Alkenes in Aqueous Acid at 25 °C

Alkene H,S04, M@ H,SOq,, % H, Hg K obsds s~le Log k
c-PrCH=CH-c-Pr 1.92 16.9 -0.81 -1.55 1.76 X 104 -3.76
(cis) 2.37 20.4 -1.03 -1.98 3.39x 1074 -3.47

73 2.98 24.8 -1.38 —2.54 6.84 X 104 =3.16

3.85 30.8 -1.78 -3.36 2,39 X 1073 ~2.62

433 33.9 -1.98 -3.82 4.40 X 1073 -2.36

c-PrCH=CH-c-Pr 1.92 16.9 -0.81 -1.55 6.81 X 10~3 -4.17
(trans) 2.37 20.4 -1.03 -~1.98 1.18 X 10~4 -3.93

72 2.98 248 -1.38 —2.54 2.48 X 10—4 -3.61

3.85 30.8 -1.78 -3.36 8.75 X 10~4 -3.06

4.33 339 -1.98 -~3.82 1.49 X 1073 -2.383

c-PrCH=CHMe 0.500 4.8 0.13 0.03 426 X 1073 -4.37
(cis) 1.92 16.9 -0.79 -1.55 5.60 X 10~4 -3.25

7 2.37 204 -1.03 -1.98 115X 1073 -2.94

298 248 -1.38 —2.54 2.61 X 1073 —2.58

3.85 30.8 -1.78 -3.36 8.64 X 1073 -2.06

4.33 339 -1.98 -~3.82 1.31 X 1072 —~1.88

c-PrCH=CHMe 1.92 16.9 -0.81 -1.55 2.31 X 10—4 —3.64
(trans) 2.37 204 -1.03 -1.98 4.08 X 1074 -3.39

70 2.98 248 -1.38 —2.54 9.60 X 1074 -3.02

3.85 30.8 -1.78 -3.36 289 x 1073 —2.54

4.33 339 -1.98 -3.82 486 X 1073 -2.31

@ Determined by titration. # Calculated from molarity using standard tables. ¢ Average of at least two runs.

Table I1. 1sotope Effects on Acid-Catalyzed Hydration of 1,2-Disubstituted Alkenes

Alkene kobsd (3.85 M H,SOy). 5”1 kobsd (3.80 M D,SOy), s~1 kH/kD
¢c-PrCH=CH-c-Pr (cis) 239X 10 1.13 X 1073 2.1
¢-PrCH=CH-c-Pr (trans) 8.75X 10 4,12 X104 2.1
c-PrCH=CHMe (cis) 8.64 X 10 426 X 1073 2.0
c-PrCH=CHMe (trans) 2.89 X 10 1.63 X 10-3 1.8

of the electrophilic additions. There have been many studies
of the effect of substituents in 1,2-substituted alkenes for other
electrophilic additions such as brominations and oxymer-
curations, but the interpretation of these results is hampered
by the lack of a thorough understanding of the effects of the
substituents in hydrations, which appears to be a much simpler
reaction.

1t has been noted? that propene and the isomeric 2-butenes
undergo hydration at similar rates, and it was stated that this
“‘probably represents opposing effects of a small steric retar-
dation and a small general inductive acceleration”. In studies
of protonation of B-arylalkenes the 3-substituent effect was
attributed to transition state electronic factors* or ground state
stabilization. 1t was desirable to make a quantitative assess-
ment of these factors.

Accordingly we have undertaken the study of the rates of
acid-catalyzed hydration of alkenes substituted on both ends
of the double bond. Cyclopropylalkenes were chosen for study
because the general utility of these substrates for mechanistic
investigations! has already been established. Our goal was to
establish the major structural effects on reactivity and if pos-
sible to quantitatively account for the behavior in terms of a
simple theory based on well-established principles.

Results

Rates of hydration of nonterminal cyclopropylalkenes were
measured by observation of the disappearance of the olefin
absorption in the ultraviolet. Compounds examined were
trans-1-cyclopropylpropene (70), cis-1-cyclopropylpropene
(71), trans-1,2-dicyclopropylethylene (72), cis-1,2-dicyclo-
propylethylene (73), and tetracyclopropylethylene. The
numbering of the compounds is in accord with the sequence
we have used previously.! Rates for 70-73 in H,SO, are given
in Table 1 and rates in D,SO4 and calculated isotope effects
are given in Table 11.

The correlations of the rates with the acidity functions®’ Hg
and Hg were examined. The acidity functions were found to
give equally good straight line behavior when log kopsg Was
plotted against Hg or Hr. The rates for tetracyclopropyleth-
ylene were of the same order of magnitude as 70~73 but
showed appreciable random scatter. Presentation of the results
for this compound are therefore deferred to a later date.

The log k values were extrapolated vs. Hg to low acidity (Hg
= (.0) for calculation of hydronium ion catalyzed rate con-
stants, which are given in Table 111, along with relative rate
constants and cis/trans rate ratios, The choice of Hg = 0.0 as
the terminus of the extrapolation is based on the desire to ap-
proach relatively near the point where the Hgand pH functions
merge at low acidity, while minimizing the extrapolation from
the range of the experimental determinations. This point is
discussed in more detail in ref 1c. The data are correlated by
the equation log kousa = YHo + ¢, and the values of v and e for
each of the alkenes studied are included in Table III. All of the
available rate data for hydration of acyclic, vicinally substi-
tuted alkenes in H,O are collected in Table V. There is an-
other large body of data available for reactions in 80% diox-
ane-20% water, and there are five compounds for which rates
are available in both solvent systems. Inasmuch as the rate
ratios between the two solvent systems are nearly constant the
rates in 80% dioxane were converted to rates in water by ap-
plication of the average of the H>O/80% dioxane factor for the
compounds examined in both solvents. These data are collected
in Tables V and V1.

Data are also available for the acid-catalyzed isomerization
of cis-stilbenes (eq 3).4

H+ +
cis-ArCH=CHAr —> ArCHCH,Ar
= trans-ArCH=CHAr (3)
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Table III. Rates of Hydration of 1,2-Disubstituted Alkenes Extrapolated to Hy = 0.0

Alkene ky, M~ 1s~la krel Cis/trans b eb

¢c-PrCH=CH-¢-Pr 1.90 X 1075 (cis) 73 0.075 2.5 -~1.18 -4.72
7.41 X 1076 (trans) 72 0.029 -~1.15 -5.13

c-PrCH=CHMe 6.24 X 10~5 (cis) 71 0.25 2.3 -~1.19 -4.20
2.71 X 1075 (trans) 70 0.11 -~1.14 -4.57

C-Pr2C=CH2 10.6¢ 41700

¢-PrCH=CH; 2.54 X 10~4¢ 1.0

c-PrCMe=CH, 0.200¢ 787

@ Derived from the equation in footnote b at Hg = 0.0. ® Constants in the equation log kobsa = YHo + ¢, correlation coefficients 0.998, 0.997,
1.000, and 1.000, respectively. Constants in the equation log kopsa = YHR + € are 73, —0.62, —4.71, 1.000; 72, —0.60, —5.12, 0.999; 71, —0.66,
-4.29, 0.998; 70, —0.59, —4.55, 0.999; for v, ¢, and the correlation coefficients, respectively. ¢ Reference la.

Table IV. 3-Substituent Effects on Protonation of Alkenes, H,O, 25 °C

ki, M~ sl ks, M~ s K unsub/ K sub
Sub alkene Cis Trans Unsub alkene (unsub) Cis Trans
¢c-PrCH=CHMe~“ 6.24 X 1073 271 X 1073 ¢-PrCH=CH, 2.54 X 10~4 4.1 9.4
EtOCH=CHMe?* 0.476 0.159 EtOCH=CH,? 1.76 3.7 11
MeOCH=CHMe?* 0.254 0.0724 MeOCH=CH,? 0.762 3.0 11
(0.245)% (0.0818)*
MeOCH=CMe,* 0.0252 MeOCH=CHMe? 0.254 (¢) 10
0.0742 (1) 2.9

MeCH=CHMe* 8.32 X 1078 3.51 X 108 MeCH=CH;* 495X 1078 0.64 1.44
PhCH=CHMe*/ 1.12 X 10~7 PhCH=CH,¢ (1.15 X 10-6)¢ 10
EtCH=CHEt* 1.78 X 1077 2.11 X 1077 n-BuCH=CH,¢ 1.08 X 107 0.614 0514
Me,C=CHMe¢ 2.15x 1074 Me,C=CH,* 371 X 1074 1.7
(Me0),C=CMe-¢ 28.9 (MeQ),C=CH," 1.5 X 103 52X 103
MeOQCH=CMe,* 0.0252 MeOCH=CH,* 0.762 30
MeOCMe=CHPh/ 1.67 MeOCMe=CH,"/ 2.26 X 10?2 135
(EtO),C=CHCl¢ 1.5 x 104 (EtO),C=CH,* 106 67
¢c-PrCH=CH-¢-Pr? 1.90 X 10~5 7.41 X 1076 ¢-PrCH=CH, 2.54 X 1074 134 344
Me,C=CMe," 342X 1074 Me,C=CH,¢ 371 X 1074 1.14
PhCH=CHPh" 6.36 X 10~10 7.07 X 10~ PhCH=CH,? 3.72 X 1077 5854 5.3 X 103¢
MeOCH=CHEt* 0.333 0.0948 MeOCH=CH,? 0.762 2.3 8.0

¢ This work. # D. S. Sagatys, Thesis, lllinois Institute of Technology, 1970. ¢ Reference 3. Rates given are for cis- and 1rans-2-butene relative
to propenc of 1.68 and 0.71, respectively, and these were multiplied by the absolute rate for propene in ref 1a. The 2-methyl-2-butene rate cal-
culated in this way from the data of Taft (2.49 X 10~% M~! s~1) agrees well with the value here from H. J. Lucas and Y.-P. Liu, J. Am. Chem.
Soc., 56, 2138 (1934). 9 These ratios are doubled if the rate of the vicinally symmetrically substituted compound is divided by a statistical
factor of 2. ¢ Rates for kopsq in 48.7% H,SO4, K. Yates, G. H. Schmid, T. W. Regulski, D. G. Garratt, H.-W. Leung, and R. McDonald, J.
Am. Chem. Soc., 95, 160 (1973), were converted to k, values by division by sg of 1.78 X 103, The rate for styrene differs from that given below,
but is appropriate for this comparison under the same conditions. / Cis isomerizes to trans under these conditions. & T. S. Straub, Thesis, llinois
Institute of Technology, 1970. * A. Kankaanpera and H. Tuominen, Suom. Kemistil. B, 40,271 (1967). ' Rate for (EtO),C=CH, converted
by twice multiplying by the MeO/EtO factor 0.39. This factor is the average for the comparisons of ROCH=CHDMe (cis and trans, Table
V), ROCH=CHj, (Table 1V), and ROCPh=CHj (ref 1a). The rate for MeOCMe=CH, was obtained using the same factor. / Reference
5. % P. Salomaa and P. Nissi, Acia Chem. Scand., 21,1386 (1967). ' A. J. Kresge, H. L. Chen, Y. Chiang, E. Murrill, M. A. Payne, and D.
S. Sagatys. J. Am. Chem. Soc., 93,413 (1971). ™ Calculated by extrapolating the data of J. L. Jensen and D. J. Carré, J. Org. Chem., 36,
3180 (1971), to Hp = 0.0. " Reference 4, see text. © From the data of J.-P. Durand, M. Davidson, M. Hellin, and F. Coussemant, Bul/l. Soc.
Chim. Fr., 52 (1966), for reactions in sulfuric acid extrapolated to Hy = 0.0. For comparison the data of W. M. Schubert and B. Lamm, J.
Am. Chem. Soc., 88, 120 (1966), for reaction in HC1O, extrapolated to Hy = 0.0 gives k> = 9.96 X 10-8 M~ s~1,

The rate-limiting step in these reactions is protonation of the
double bond, and although the hydration product is formed in
the course of the reaction it is present only to the extent of 1%
at equilibrium in the case of stilbene.4® The protonation rate
for cis-stilbene, and that derivable for zrans-stilbene from the
free energy diagram for the reaction,* are included in Table
1v.

The products and stereochemical course of the hydration
of 70-73 are the subject of a separate study. The absorbance
decreased by at least 80% during the course of each of the re-
actions, indicating a large equilibrium constant for hydra-
tion.

Discussion

A striking feature of the relative rate data in Table 111 is the
106-fold diminution in reactivity of the isomeric 1,2-dicyclo-

propylethylenes 72 and 73 over 1,1-dicyclopropylethylene. This
enormous difference is a dramatic confirmation that the pro-
tonations occur by the Agg2 mechanism of rate-determining
proton transfer to carbon (eq 4). The dependence of the rates
upon acidity and the solvent isotope effects are also in accord
with this mechanism.

C=C — +C—C—H (4)

The I-cyclopropylpropenes 70 and 71 are similarly less re-
active than the isomeric 2-cyclopropylpropene by factors of
3000-7000. These facts further illustrate the highly unsym-
metrical nature of the transition state, and the greatly different
effects of substituents at the two ends of the double bond.
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R. Rs k(R,CH=CHRy)4/k(R,CH=CH,) Log owt(8) D(Ry)®
c-Pr Me 0.176 -0.754 -0.10 3.18
EtO Me 0.180 ~0.745 -0.10 3.18
MeO Me 0.214 ~0.670 -0.10 3.18
Me Me 0.5974 -0.224 -0.10 318
Et Et 0.900¢ ~0.046 -0.10 3.18
EtO Ph 0.208 X 10-2¢ ~2.682 0.11 4.90
Ph Ph 0.475 X 10-3d -3.323 0.11 4.90
c-Pr c-Pr 0.260 X 10~14 ~1.585 -0.05 4.40¢
EtO EtO 0.135 X 10-24 ~2.870 0.05/ 5.17/
EtO Br 0.206 X 10-2¢ ~2.686 0.40 0.31
EtO Cl 0.599 X 10-3¢ -3.223 0.40 1.80
MeO MeO 0.146 X 10~2¢.d -2.836 0.05 5.17
MeO Et 0.281 -0.552 -0.10 318

@ Average of cis and trans rates, from Table IV except as noted. The o, * value for Me is from E. Glyde and R. Taylor, J. Chem. Soc., Perkin
Trans. 2, 1463 (1975); that for c-Pr is the average of the values from Y. E. Rhodes and L. Vargas, J. Org. Chem., 38,4077 (1973). Others
from H. C. Brown and Y. Okamoto, J. Am. Chem. Soc., 80, 4979 (1958). ® Double bond stabilization parameter (kcal/mol) from ref 8. ¢ Derived
from data in ref 15 and T. Okuyama and T. Fueno, J. Polym. Sci., Part A-1, 9,629 (1971), and T. Okuyama, T. Fueno, and J. Furukawa,
Bull. Chem. Soc. Jpn., 43, 3256 (1970). 9 Rates statistically corrected. ¢ Taken equal to #-alkyl plus 1.2 kcal/mol, see text. / Taken equal

to MeO.

Table VI. Rates of Hydration of 1,2-Disubstituted Alkenes R,CH=CHR

No. R, Ry opt + 0.60(on™ + 0.08D — 0.084) ky M~1sml Log k>
70 c-Pra Me -0.43 0.271 X 10~ (trans) -4.57
71 0.624 X 1074 (cis) -4.21
74 EtO Me -~0.68 0.159 (trans) -0.80
75 0.476 (cis) -0.32
76 Ph Me ~0.14 0.112 X 1076 (trans) -6.95
77 MeO Me -~0.74 0.0724 (trans) —~1.14
78 0.254 (cis) ~0.60
79 Me Me -0.27 0.176 X 10~7 (trans)® -~7.75
80 0.416 X 10-7 (cis)® -~7.38
81 Et Et ~0.26 0.106 X 10-6 (trans)® -6.97
82 0.890 X 10~7 (cis)® -7.05
83 EtO Ph -0.47 0.261 X 102 (trans)¢ -~2.58
84 0.456 X 10~2 (cis) ¢ -2.34
72 c-Pre¢ c-Pr -0.34 0.370 X 10~5 (trans)® ~5.43
73 0.950 X 1073 (cis)® -5.02
85 EtO EtO ~0.49 0.939 X 10-3 (trans)b-< -3.03
86 0.370 X 102 (cis) o< -2.43
87 EtO Br -0.52 0.165 X 1072 (trans)® -2.78
88 0.545 X 10-2 (cis) ~2.26
89 EtO Cl -0.44 0.504 X 10~3 (trans)® -3.30
90 0.156 X 10-2 (cis) ® ~281
91 MeO MeO -0.55 0.435 X 1073 (trans) ¢ -3.36
92 0.175 X 102 (cis) b-< -2.76
93 Ph Ph 0.07 0.354 X 10~19 {trans)® -10.45
94 0.318 X 10~9 (cis) -9.50
95 MeO Et -0.74 0.0948 (trans) -1.02
9% 0.333 (cis) ~0.48

@ The value of p* is revised from that used earlier, and is the average of two values derived from cumyl chloride solvolyses: —0.46 (R. C.
Hahn, T. F. Corbin. and H. Schechter, J. Am. Chem. Soc., 90, 3404 (1968)); —0.48 (H. C. Brown and J. D. Cleveland, J. Org. Chem., 41,
1792 (1976)). ® Observed rate divided by a statistical factor of 2. < Converted from rate in 80% dioxane by multiplication by the factor
k2(H>0)/k»(80% dioxane) of 22.9. The factor was derived averaging the rate ratios in these solvents for EEOCH=CHMe (cis and trans),
MeOCH=CHMe (cis and trans), and MeOCH=CMe,. Rates in H,O are from Table IV and for 80% dioxane from footnote ¢, Table V.
The rate of MeOCH=CMe; in 80% dioxane was obtained by use of the k(EtO)/k(MeO) factor (footnote i, Table 1V).

In the discussion of these great rate differences four principal
causes for the effects of substituents on the carbon undergoing
protonation (the 8 carbon) may be considered: (1) electronic
effects in the transition state; (2) stabilization of the ground
state; (3) steric effects; and (4) the effect on rehybridization
of the carbon undergoing protonation.

It may be seen in Table IV that there is a considerable
variation in the effect on the rate of adding a 8-methyl group,
ranging from an increase of 1.7 to a decrease by a factor of 11.

The magnitude of the effect is furthermore not related to the
absolute reactivity of the alkene. This variation presumably
arises from interactions between the vicinal substituents, and
in the development of a simple theory we have not made a
specific effort to account for this effect.

For the analysis of the 8-substituent effects the rate ratios
k1 ,2-disub/ K monosub are compiled in Table V together with ap-
propriate substituent constants for the 8 substituents. For
simplicity the average of the cis and trans rates are used. The
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comparisons chosen for initial consideration are between
monosubstituted alkenes and 1,2-disubstituted alkenes in order
to minimize steric effects, although the tri- and tetrasubstituted
cases are discussed below.,

Since the comparison of rates is made in terms of the Asg2
mechanism, the rates for the symmetrically substituted alkenes
72, 73, 79-82, 85, 86, and 91-94 have been divided by a sta-
tistical factor of 2 in Tables V and VI to account for the pres-
ence of two identical protonation sites in each of these mole-
cules. This has the effect of reducing the spread in rate effects
due to $-methyl groups to rate reductions in the range of
1.2-11, and also helps account for the fact that the observed
rates of some 1,2-disubstituted alkenes are faster than those
of their monosubstituted parents. Such a statistical factor was
used previously in analysis of the rates of protonation of cis-
stilbenes.*

It may be noted that those substituents that are inductively
electron withdrawing, as measured by the ¢ parameters, have
much larger rate retardations due to the 8 substituent. This
trend is made apparent by plots of log (ksub/kunsub) vs. the
parameters om ™, o, and |, although the deviations from this
approximate relation show that other factors are also involved.
There is little to choose between the various substituent pa-
rameters for their ability to account for the data, so we have
chosen ¢,,,7 for the further discussion because of the not un-
reasonable analogy to our previous use of o,* for the a sub-
stituent.

The choice of o,,* as the substituent parameter used may
be justified in that the electronic interaction of the 8 substituent
R in the transition state for protonation (5) is not unlike that

bl

i (= Ce-—H" (5)

for a meta substituent in an electrophilic aromatic reaction.

The rate retardation in hydration due to the 3-phenyl group
in 2-methoxy-1-phenylpropene has been ascribed’ to ground
state stabilization of the alkene by the 3-phenyl group. In Table
1V the magnitude of the retardation is estimated at a factor
of 135, which is comparable to the factors of 377-658 for re-
tardation by the 8-phenyl in 2-ethoxystyrene (Table V). The
B-phenyl substituent also causes the largest of the deviations
from the approximate correlation between rate retardation and
om™, perhaps due to the ground state stabilization effect.

Quantitative estimates of the ability of substituents to sta-
bilize double bonds have been derived by Hine and Flach-
skam.® Their D values, measured in kcal/mol, are included in
Table V.

There is no value reported for the double bond stabilization
parameter D for the cyclopropyl group. Calculation of the
value as outlined by Hine and Flachskam?® from the group
additivity scheme for thermochemical properties? is also not
applicable because the relevant parameters for cyclopropyl
groups attached to double bonds are not listed. There are two
heats of combustion reported!®!! for vinylcyclopropane but
the values do not agree and there is some doubt as to their re-
liability,'2 so it is probably unwise to use them as a basis for
calculation.

The stabilization of a double bond by a cyclopropyl group
has been estimated as 1.1-1.3 kcal/mol by Staley,'? based on
measurement of the equilibrium constant for the reaction
shown in eq 6. Accordingly we have calculated a value of
D(c-Pr) = D(n-alkyl) + 1.2 = 4.4 kcal/mol.

Oa=O1 o

Combination of the transition state electronic term o, and
the ground state stabilization term D into a single relation

gives

log ka(RaCH=CHR;) _ pom™ + DY+ (T)
ky(R,CH=CH,)

and the optimum fit of the data is obtained where p’ = —7.4,
b = 0.08,and ¢’ = 0.62, correlation coefficient 0.98 (Figure
1). Since the average rates for the cis and trans isomers were
used the one case where only the trans rate was available was
omitted. The deviations from this equation, evidenced by the
scatter of the points and the nonzero intercept, may arise partly
from other effects that were not considered, such as substitu-
ent-substituent interactions. Of the two terms in eq 7 that
affect the rates the electronic destabilization of the charged
transition state was dominant for S§-halogen substituents,
whereas ground state stabilization was more significant for the
other groups.

Equation 8!
log k2(R,CH=CH,) = po,* + C (8)
correlates the rates of monosubstituted alkenes with p = —12.3
and C = —10.1. Combination of this equation with eq 7
gives

log k2R, CH=CHRy) = p[ap* + p'/p(om*
+b6D+ /o) +C (9)

and on substitution of the numerical values of the constants
this gives

log (R, CH=CHR) = —=12.3[0,"
+ 0.60(0m™* + 0.08D — 0.084)] - 10.1 (10)

The quantity in the brackets in eq 10 is listed for 27 compounds
in Table V1. The form of eq 10 permits the data for these
compounds to be plotted (Figure 2, squares) on the graph
published earlier! for 1,1-disubstituted alkenes (circles) with
approximately equal precision to the initial points. All 1,2-
disubstituted alkenes that react by eq 4 for which the necessary
data could be located in the literature are included in this
correlation.
Previously an equation of the form

log k = p(c¥(a) + ac(B)) + C (11)

was used to correlate the rates of acid-catalyzed isomerization
of 1,2-diarylethylenes where « and g refer to the substituents
on the two aryl groups.* The success of this treatment indicates
that variations in substituent effects on ground state stabilities
either were minor in this series, or paralleled the effects on the
transition states.

Equation 9 adequately represents the effect of 3 substituents
on the rates of protonation by considering only the electronic
effect on the transition state and the stabilization of the ground
state. A variety of other factors must play a role, and the most
obvious of these are discussed below. However, within the
range of usefulness of the correlation it does not appear that
their specific inclusion in eq 9 would result in an improvement
in understanding.

The interaction between cis substituents, and the differences
in cis and trans reactivities, are factors not included ineq 9. In
all cases reported except the 2-butenes and the 3-hexenes the
cis isomer is more reactive. This is not solely a reflection of a
higher ground state energy of the cis isomer because in several
cases the cis isomer has a lower ground state energy, for ex-
ample, for 74/75 and 85/86.!* The steric factor is probably
rather small, as evidenced by the fact that a 3-terz-butyl sub-
stituent in ethyl vinyl ethers has a kis/krans ratio of 7.1, barely
twice that of the 8-methyl substituent.'*

Specific interactions between cis substituents generally are
destabilizing, but in some cases these factors are attractive, as
evidently occurs in the cases in which the cis alkenes are more
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Figure 1. Correlation of the effects of 8 substituents on alkene hydra-
lions.

stable than the trans. 1t has been suggested by Okuyama and
Fueno'52- that in the transition state for protonation a fa-
vorable Coulombic interaction occurs, and this effect may
contribute to the generally observed greater reactivity of the
cis alkenes. It would appear that detailed theoretical exami-
nation will be required to properly assess the role of this factor
in hydrations.

In all cases but the comparison of 1-hexene to the 3-hexenes,
and propene to cis-2-butene, the 3 substituent causes a retar-
dation in the rate. For §-methyl groups the rate factor varies
from 1.7 t0 0.09, with most of the examples being rate retar-
dations. Application of the statistical factor of 2 appropriate
to the Asg2 protonation of the symmetrical 3-hexenes and
2-butenes shows that in these cases the actual effect of the
B-alkyl group is a small rate retardation. The fact that trans-
cyclooctene and 2,3-dimethyl-2-butene show general acid
catalysis'® confirms that the Agg2 mechanism is operative for
symmetrically substituted aliphatic alkenes. The small rate
decrease of 0.9 for 2,3-dimethyl-2-butene relative to isobutene
shows that in this compound as well the favorable inductive
effect of the 8-methyls almost overcomes the adverse influences
of these groups.

Two types of steric factors which would cause rate retar-
dations by any § substituent are barriers to approach of the
hydronium ion, and a barrier to rehybridization of a more
heavily substituted carbon atom. These factors are not readily
evaluated and have not been included. The correlation would
not be significantly improved by including arbitrary corrections
for them in any event.

The reactivity of the stilbenes deserves comment. According
to eq 9 they are predicted to be less reactive than ethylene, but,
as may be seen in Figure 2, they are about 100 times more re-
active. However, the stilbenes fall much nearer the correlation
line than does ethylene. The rate for ethylene was obtained by
extrapolation! from measured rates at 170-190 °C to 25 °C,
and may be subject to large errors. We intend to redetermine
this very critical rate at room temperature.

Some of the tri- and tetrasubstituted alkenes show signifi-
cant variations from the effect of the substituents in disubsti-
tuted alkenes. For example, the ratio £((MeQ),C=CH,)/
k({(MeO),C=CMe;) of 5.2 X 103 exceeds considerably that
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Figure 2. Hydration of 1,2-disubstituted alkenes (O).

predicted from the product of the effect due to two trans sub-
stituents, or one cis and one trans substituent (ca. 10-100), and
the ratio k({EtO)>C=CH,)/k({EtO),C=CHCI) of 67 is less
than the ratios of more than 10% for k(EtOCH==CH,)/
k(EtOCH==CHCI). However, other such comparisons appear
to be consistent with the disubstituted cases, namely,
k(MeOCMe=CH,)/k(MeOCMe==CHPh) = 135 whereas
k(EtOCH=CH,)/k(EtOCH=CHPh) = 377 and 658, and
k(MeOCH==CH,)/k(MeOCH==CMe,;) = 30 where the
product of the cis and trans effects for k(MeOCH==CH,)/
k(MeOCH=CHMe) = 33. While it does not appear helpful
to include the tri- and tetrasubstituted alkenes in the correla-
tion, their deviations or agreement with the trends of the di-
substituted alkenes serve to identify cases where additional
interactions may occur.

In summary of the rate effects in 1,2-disubstituted alkenes
the electronic effect of the  substituent on the developing
carbonium ion (eq 5) appears to be a major effect of the sub-
stituent on reactivity, and the stabilization of the ground state
by the substituent also plays an important role. A satisfactory
correlation of the rates with those of 1,1-disubstituted alkenes
may be obtained by considering these factors alone. There are
other influences present including one that causes cis alkenes
to be more reactive than trans. These include steric effects,
specific substituent-substituent interactions, and substituent
effects on rehybridizations. The effects in tri- and tetrasub-
stituted alkenes are greatly magnified in some cases and a
general correlation of the reactivity of these compounds is not
at present practical,

Experimental Section

Cyclopropylcarbinol and dicvclopropyl ketone were obtained from
Aldrich Chemical Co. Cyclopropanecarboxaldehyde was prepared!’
from cyclopropylcarbinol by oxidation with ceric ammonium nitrate.
Cyclopropylmethyl bromide, prepared from cyclopropylcarbinol and
PBr;,'® was reacted with triphenylphosphine to give cyclopropyl-
methyltriphenylphosphonium bromide,'® which was converted to the
phosphorane?? by treatment with a-butyllithium in ether. Wittig re-
action of this phosphorane with cyclopropanecarboxaldehyde gave
the 1,2-dicyclopropylethylenes 72 and 73,%' and reaction of cyclo-
propanecarboxaldehyde with ethylidenetriphenylphosphorane gave
the 2-cyclopropylpropenes 70 and 71.2! The isomeric olefins were
separated by gas chromatography?! using a 1.5 m X 10 mm 40%
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AgNOj; on ethylene glycol column,?? retention times 70, 2.2 min at
50°C: 71, 6.6 minat 50 °C: 72, 5.6 min at 65 °C; and 73, 15.3 min
at 65 °C. Tetracyclopropylethylene was prepared by thermolysis of
the sodium salt of dicyclopropyl ketone p-tosylhydrazone.?! The UV
maxima of the cyclopropylalkenes, determined using a Cary 118 in-
strument swept with N, were in reasonable agreement with published
values. 2123

Kinetics. The kinetics of the alkene hydrations were followed by
monitoring the decrease in absorption of the alkenes in 1-cm cells using
Cary 14 and 118 instruments. Acid solutions were prepared by dilution
of concentrated reagent and concentrations were determined by ti-
tration with NaOH. Concentrated D,SO, (Diaprep) was diluted with
D>0.

Injections of 10-uL aliquots of 0.02 M solutions of the alkenes in
95% ethanol into the sulfuric acid solutions in the UV cell gave final
concentrations of 7 X 10~4 M alkene. The decrease of the absorption
at the maxima was followed for at least 2 half-lives and good first-
order kinetics were observed. At least three runs were carried out at
each acid concentration. The absorption decreased by at least 80%
in each case, indicating large equilibrium constants for hydration.
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The Role of Tosylhydrazone Stereochemistry
upon the Regiospecificity of Olefin Formation!-2
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Abstract: The isomeric pulegone p-toluenesulfonylhydrazones (tosylhydrazones), 5-£ and 5-Z, have been prepared and their
structures have been established by x-ray crystallographic techniques. The alkyllithium mediated decomposition of these iso-
meric tosylhydrazones has been studied in order to evaluate the role of tosylhydrazone stereochemistry upon the regiospecifi-
city of olefin formation. Significantly, decomposition of the isomeric tosylhydrazones in N,N,N’,N’-tetramethylethylenediam-
ine (TMEDA) leads to product where the tosylhydrazone stereochemistry seems to direct the course of the reaction while de-
composition in benzene leads to the same product regardless of tosylhydrazone stereochemistry. The mechanism of this diene
forming reaction has been established through the decomposition of a variety of a,8-unsaturated tosylhydrazones and through
the synthesis and decomposition of specifically deuterated pulegone tosylhydrazones.

The alkyllithium mediated decomposition of p-toluenesul-
fonylhydrazones (hereafter called tosylhydrazones) of «,3-
unsaturated ketones under mild conditions (0-20 °C) has been
shown to yield conjugated 1,3-dienes in a regiospecific manner
so that the position of the original carbon-carbon double bond

NNHTSs NNTs
” /R1 2R1i _ /RI
RCH.OCH=C B RCHOCH=C
~ ~
R, R,
1 2
R, R,
RCH=CH(H=C" <— RCH=CCH=C"
~ ~
R, R,
4 3

in the unsaturated ketone is maintained in the diene.’ Such
dienes were postulated to be formed by a’-proton abstraction
from the tosylhydrazone monoanion to yield the dianion 2
which subsequently decomposed to the vinyl anion 3 and this
intermediate, in turn, was protonated to give the diene 4. Re-
cently, this reaction scheme has been established in the con-
version of a ketone tosylhydrazone to an olefin.?

In the initial study? of enone tosylhydrazones, the derivative
was prepared in tetrahydrofuran (trace of acid) and then this
solvent was displaced by benzene prior to formation of the
dianion with an ethereal solution of methyllithium. In some
cases, it was found that the tosylhydrazone was thermally labile
and the overall yield of the diene was decreased owing to dif-
ficulties encountered during the change in solvent or, in a few
cases, during actual isolation of the derivative, To circumvent
this problem, the procedure was modified and the entire re-
action sequence from the unsaturated ketone to the 1,3-diene
was conducted directly in tetrahydrofuran; in no case was the
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