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Acidity studies on tricyclo[3.2.2.02~4]nonane-l-carboxylic acid (16-COOH) vs. bicyclo[ 2.2.2]octane-l-carboxylic 
acid (17-COOH) show a slight inductive withdrawal by the cyclopropane ring. In spite of this, acetolysis of 
(tricyclo[3.2.2.02~4]non-l-yl)methyl tosylate ( 16-CH20Ts) vs. (bicyclo[2.2.2]oct-l-yl)methyl tosylate ( 17-CH20Ts) 
yields evidence of an anchimeric effect of 18.3 a t  25 “C for cyclopropane assistance in this solvolysis. Product 
studies of the acetolysis of 16-CH20Ts demonstrate that cyclopropano ring expansion is preferred, and 83% 
of the product is acetate 21, whereas ethano bridge migration is unimportant. These results, as well as studies 
undertaken in a previous paper, are discussed in terms of corner participation by the cyclopropane ring at the 
1-carbinyl group via the back lobe a t  C-2 of the 2,4-bond. 

Long-range effects of cyclopropane rings on carbonium 
ion processes have been of interest for some time. A re- 
view2 extensively summarizes the work to 1973 and dis- 
cusses in detail the anchimeric assistance associated with 
some homocyclopropylmethyl systems which include cer- 
tain geometric requirements. When these constraints are 
absent, then no cyclopropyl participation occurs. Most 
examples of long-range participation by cyclopropane in- 
volve the “edge” of the cyclopropane ring interacting with 
the carbonium ion center, shown schematically in Chart 
I. When the geometry is ideal for edge participation, 
extremely large anchimeric effects can be observed, most 
notably in endo,anti-tricycl0[3.2.1.O~~~]oct-8-y1 p-nitro- 
benzoate (l), which solvolyzes 10l2 times faster than the 
7-norbornyl system.*’ Since most of the electron density 
of the bent bonds of cyclopropane is located outside the 
linear carbon-carbon line, it is not surprising that such 
participation is preferred. 

In contrast, participation by the face of the cyclopropane 
ring has, in the systems studied, been shown not to ex- 
ist.*l4 In between these two extremes is ”corner” or 

(1) (a) Paper 1: Chenier, P. J.; Kiland, P. J.; Schmitt, G. D.; Van- 
derWegen, P. G. J. Org. Chem. 1980, 45, 5413. (b) A portion of the 
present paper was presented at the Joint Central-Great Lakes Regional 
Meeting of the American Chemical Society, Dayton, OH, May 1981, 
Abstract No. ORGN-264, and at the 1981 Kilpatrick Symposium on 
Carbenes, Carbenoids, and Cyclopropanes in Organic Synthesis, Illinois 
Institute of Technology, Chicago, IL, June 1981. 

(2) Haywood-Farmer, J. Chem. Rev. 1974, 74, 315. 
(3) Tanida, H.; Tsuji, T.; Irie, T. J.  Am. Chem. SOC. 1967, 89, 1953. 
(4) Battiste, M. A,; Deyrup, C. L.; Pincock, R. E.; Haywood-Farmer, 

(5) Haywood-Farmer, J. S.; Pincock, R. E. J. Am. Chem. SOC. 1969,91, 

(6) Tanida, H. Ace. Chem. Res. 1968, 1 ,  239. 
(7) Freeman, P. K.; Raghavan, R. S.; Fenwick, G. L. J. Am. Chem. SOC. 

(8) Haywood-Farmer, J.; Pincock, R. E.; Wells, J. I. Tetrahedron 1966, 

(9) Wilt, J. W.; Chenier, P. J., unpublished work, Loyola University, 

(10) Bingham, R. C.; Sliwinski, W. F.; Schleyer, P. v. R. J.  Am. Chem. 

J. J .  Am. Chem. SOC. 1967,89, 1954. 

3020. 

1972, 94, 5101. 

22, 2007. 

Chicago, IL, 1966. 

SOC. 1970, 92, 3471. 

0022-3263/82/1947-0770$01.25/0 0 

chart I 

edge face c o r n e r  

2 4 - 5 - 

10 - 9 
6 

“end-on” participation, which has been observed in only 
a few cases but which shows nowhere near the anchimeric 
effects of edge participation.2 The best examples of corner 
participation may be the series of compounds 2-5. The 

(11) Sherrod, S. A.; Berman, R. G.; Gleicher, G. J.; Morris, D. G. J.  

(12) Gleicher, G. J.; Schleyer, P. v. R. J. Am. Chem. SOC. 1971, 93, 

(13) Bingham, R. C.; Schleyer, P. v. R. J. Am. Chem. SOC. 1971,93, 

(14) Chenier, P. J.; McClure, J. R.; Golembeski, D. J. J. Org. Chem. 

Am. Chem. SOC. 1970,92, 3469; 1972,94, 4615. 

1657. 
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Scheme I 
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exo-brosylate 2 solvolyzes 1130-1410 times faster in acetic 
acid a t  25 "C than when the brosylate is endo.15 exo- 
Brosylate 3 solvolyzes only 60 times faster than its endo 
analogue16 because the cyclopropane ring in 3 is tilted back 
by the extra methylene bridge. exo-Cyclopropyl-exo- 
brosylate 4 solvolyzes 11 times faster than exo-cyclo- 
propyl-endo-brosylate 6,17 6.8 times faster than 2-bicy- 
clo[2.2.2]octyl brosylate (7),17J8 and 56 times faster than 
endo-cyclopropyl-exo-brosylate 8.17 Finally, tosylate 5 
solvolyzes 20 times faster than 2-bicyclo[2.2.2 Joctyl tosy- 
late.lg 

The developing p orbital in the solvolysis of compounds 
like 2 may not interact with the edge of the three-mem- 
bered ring because of the distortion that would be required 
of these rigid polycyclic systems. Instead they may un- 
dergo assistance at  the C-2 corner by the strategically 
placed back lobe of the 2,3-b0nd.~J~ (This numbering of 
the bonds in 2 is used so that it will be analogous to later 
discussions of 1-substituted tricyclic systems.) Recalling 
that the carbon-carbon bonds of cyclopropane have much 
p character (most prefer to think of them as sp5 hybrid- 
ized), there is appreciable size to the back lobes of these 
overlapping orbitals. The back lobe of the 2,3-bond is in 
an excellent position to overlap with the developing p 
orbital as the leaving group departs. This is shown in 
structures 9 and 10. 

Models show that, in analogy to the back lobe of the 
2,3-bond for brosylate 2, the back lobe of the 2,4-bond in 
certain 1-carbinyl-substituted tricyclic systems is in an 
excellent position to overlap with the developing p orbital 
at the 1-carbinyl carbon, exemplified in structures 11 and 
12. Our first paper in this series1 summarized our work 

. 6 -  

- 
12 
v 

on the solvolysis of exo- and endo-(tricycl0[3.2.1.0~~~]0ct- 
1-y1)methyl tosylates (13-CH20Ts and 14-CH20Ts, Chart 
11) and compared their reactivities to each other and to 
that of (norborn-1-y1)methyl tosylate ( 15-CH20Ts). We 
now report the results of our synthesis and solvolysis of 

(15) (a) Wiberg, K. B.; Wenzinger, G. R. J. Org. Chem. 1965,30,2278. 
(b) Colter, A. K.; Museo, R. C. Zbid. 1965, 30, 2462. 

(16) (a) Freeman, P. K.; Ball, D. M.; Blazevich, J. N. J. Am. Chem. 
SOC. 1970,92,2051. (b) Freeman, P. K.; Ball, D. M. Tetrahedron Lett. 
1967,437. 

(17) Schueler, P. E.; Rhodes, Y. E. 'Abstracts of Papers", 164th Na- 
tional Meeting of the American Chemical Society, New York, NY, Aug 
1972; American Chemical Society: Washington, DC, 1972; No. ORGN- 
129. See aleo: Schueler, P. E. Ph.D. Dissertation, New York University, 
New York, NY, 1972. We thank Professor Rhodes for furnishing us with 
the details. 

(18) Goering, H. L.; Sloan, M. F. J.  Am. Chem. SOC. 1961,83, 1992. 
(19) Dauben, W. G.; Schallhorn, C. H. J.  Am. Chem. SOC. 1971, 93, 

2254. 
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Table I. pK, Studies at 28-29 "C 

acid 
bicy clooctyl 

tricyclononyl 

bicycloheptyl 

(17-COOH) 

(16-COOH) 

(15-COOH) 

PKa f PKa * 
0.01 acid 0.01 

6.57O exo-tricyclooctyl 6.25b 

6.51 endo-tricyclooctyl 6.15 

6 . 3 5 " ~ ~  

(13-COOH) 

(14-COOH) 

Reference 28 reported 6.62 for 17-COOH and 6.37 for 
15-COOH at 25 "C. Reference 1. 

Table 11. Acetolysis Data 
AH+,  
kcal/ AS*, 

tosylate temp: "C k , b  5'' mol eu 
17-CH20Ts 99.2 f 0.1 (4.86 f 28.02 -8.07 

0.25)X 

0.062) X l ow4  
4.2) X 

130.8 f 0.1 (7.74 t 

130.8 f 0.1 (1.02 t 

16-CH20Ts 98.9 t 0.3 (44.2 f 26.05 -8.90 

0 . 7 2 ) ~  10-4 

a Error expressed as a standard deviation. Error ex- 
pressed at the 95% confidence level. 
ficients were >0.993. 

(tricylco[ 3.2.2.02v4] non-1-y1)methyl tosylate ( 1 6-CH20Ts) 
and its reactivity vs. (bicyclo[2.2.2]oct-l-yl)methyl tosylate 
( 17-CH20Ts). Acidity studies on the bridgehead acid 
16-COOH vs. 17-COOH are also included in the present 
paper. 

Results 
Although some 1-substituted tricycl0[3.2.2.0~~~]nonanes 

are knowqmP2l the desired 1-carbinyl tosylate 16-CH20Ts 
and acid 16-COOH are not. Ester 16-C02Et has been 
made but by a laborious five-step synthesis from ethyl 
1,3-cyclohexadiene-l-carboxylate (18).22p23 We were able 
to synthesize this ester in only two steps as outlined in 
Scheme I. A convenient low-temperature Diels-Alder 
cycloaddition of 18 with cyclopropene gave a somewhat low 
yield of adduct 19, but this could be easily separated from 
a higher boiling fraction. The cyclopropene was generated 
by the Closs method from allyl chloride and sodium am- 
ide.24725 Higher molecular weight adducts of 18 with ol- 
igomers of cyclopropene prevent the yield from being 

All correlation coef- 

(20) Rhodes, Y. E.; Di Fate, V. G. J. Am. Chem. SOC. 1972,947582. 
(21) de Meijere, A.; Schallner, 0.; Weitemeyer, C.; Spielman, W. Chem. 

(22) Hunig, S.; Kabanek, H. Chem. Ber. 1957,913, 238. 
(23) Grob, C. A.; Ohta, M.; Renk, E.; Weiss, A. Helu. Chim. Acta 1958. 

Ber. 1979,112, 908. 

41, 1191. 
(24) Closs, G. L.; Krantz, K. D. J.  Org. Chem. 1966, 31, 638. 
(25) Di Fate, V. G., Jr., Ph.D. Dissertation, New York University, New 

York, NY, 1972. We thank Professor Y. E. Rhodes for furnishing us with 
the details. 
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Table 111. Acetolysis Rate Constants at 25 "C 
tosylate 109k, s-l b e l  

1 7 -CH, OTS a 0.31 1.00 
16-CH,0Tsa 5.68 18.3 
15-CH,0Tsb 1.33 4.29 
13-CH,0Tsb 8.80 28.4 
14-CH20Ts 1.16 3.74 

a This study. Reference 1. 

Chenier, Jenson, and Wulff 

Table 1V. Acetolysis Products 
major type of 

tosylate product % yield ring expansion 

~ ~ - C H , O T S ~ ~ *  91 

O A c  

20 
> 83 @ 

b 

b 

16-CH,0Tsa 

@ A c  

21 
> 98 15-CH,0TsC 

O A c  

22 
13-CH20Ts > 95 

O A c  

23 
> 99 1 4-CH20Ts 

O A c  

24 

ethano 

cy clopropano 

methano 

cyclopropano 

methano 

a This study. * References 26 and 27 reported the 
alcohol of 20 as the only product in the hydrolysis of 17- 
CH,OTs. Reference 1. 

higher, as observed in other reactions of this type.25 
Mild hydrogenation via diimide, generated from po- 

tassium azodicarboxylate, gave the saturated ester 16- 
C02Et. No exo/endo isomerism is possible here. Routine 
saponification gave the acid 16-COOH, and hydride re- 
duction followed by treatment with tosyl chloride made 
the tosylate 16-CH20Ts readily available. 

(Bicyclo [ 2.2.21 oct- 1-y1)methyl tosylate (1 7-CH20Ts) and 
the bridgehead acid (17-COOH) have been synthesized and 
studied, respectively, in solvolysis and acid dissocia- 
tion.23*B These studies were repeatedB under conditions 
identical with those used for systems 13-16. Table I shows 
the results of pK, studies done on acids 13-COOH to 17- 
COOH in 50% ethanol a t  28-29 "C. Table I1 gives the 
acetolysis rate constants and activation parameters ob- 
tained for tosylates 16-CH20Ts and 17-CH20Ts. Table 
111 shows the rate constants of tosylates 13-CH20Ts to 
17-CH20Ts in acetolysis extrapolated to 25 "C. Table IV 
gives the major product formed in the acetolysis of these 
five tosylates. 

Acetate 20 is the only possible ring-expanded bridgehead 
acetate from tosylate 17-CH20Ts, and its structure is 

(26) Grob. C. A.: Hoeeerle. R. M.: Ohta. M. Helu. Chim. Acta 1962,45, 
I . - .  

1823. ' 

Wagner, W. J. J. Org. Chem. 1966,31, 1543. 

Org. Chem. 1970,35,2402. 

for samples of 17-COOH and 17-CH20H. 

(27) Wilt, J. W.; Schneider, C. A.; Dabek, H. F., Jr.; Kraemer, J. F.; 

(28) Wilt, J. W.; Dabek, H. F., Jr.; Berliner, J. P.; Schneider, C. A. J. 

(29) We thank Professor J. W. Wilt, Loyola University, Chicago, IL, 

CH20Ts 

16-CH20Ts - 

Scheme I1 
cyclopropano 

ethano 

ethano 

proved by its spectral properties. Previous hydrolysis 
studies of tosylate 17-CH20Ts26p27 showed that the 
bridgehead alcohol corresponding to acetate 20 is the only 
product formed in more polar solvents. Gas chromato- 
graphic analysis and spectral determination of a second 
trace product showed it to be unrearranged acetate 17- 
CH20Ac. A trace third peak in the chromatogram was not 
determined because of insufficient amounts. 

The structural assignment for the major product of the 
acetolysis of (tr icy clo [ 3.2.2. 02p4] non- 1 - y 1) met hy 1 tosylate 
(16-CH20Ts) proved to be much more challenging. Only 
one major product (83% of the mixture) was formed. 
Three other trace products were not identified. GC was 
used to separate the major isomer. Proton NMR analysis 
at 60 MHz immediately identified this major isomer as a 
rearranged bridgehead acetate by the lack of any hydro- 
gens (Y to the acetate group downfield at 6 3.5-4.0. 13C 
NMR analysism showed 12 carbons including the carbonyl 
carbon at 169.8 ppm and a quaternary bridgehead carbon 
deshielded by the acetate moiety at  82.7 ppm, but exam- 
ination of the chemical shifts of the other 10 carbons did 
not prove the structure of this product conclusively. The 
three possible ring-expanded acetate products 21,25, and 
26 (Scheme 11) are all unknown and would be predicted 
to have similar NMR and I3C NMR spectra. Compound 
21 would arise from cyclopropano bridge expansion, 25 
from one ethano bridge expansion, and 26 from the other 
ethano bridge expansion. Acetates 25 and 26 are exo and 
endo isomers of each other. 

Fortunately, high-resolution NMR spectoscopy at 500 
MHz31 allowed us to distinguish the actual product 21 from 
25 and 26, since 21 is the only isomer of the three with a 
methylene group adjacent to the cyclopropane ring. Table 
V gives the analysis of this methylene group as a and b and 
the neighboring cyclopropyl methine as c. In the unde- 
coupled spectrum a appears as a doublet of doublets of 
doublets with a large geminal coupling of 14 Hz to b, a 
trans vicinal coupling of 10 Hz to c,  and a small long-range 
coupling of 2 Hz. Although proton d is not resolved in the 
spectrum, it is a likely candidate for this third coupling 
through a W effect. Proton b is a doublet of doublets with 
a large geminal coupling of 14 Hz to a and a smaller cis 
vicinal coupling of 3 Hz to c. Proton c is a multiplet since 
it is coupled not only to a and b but also to the other three 
cyclopropyl hydrogens. 

Irridation of c simplifies a to a doublet of doublets with 
J = 2 and 14 Hz, confirming that J,c = 10 Hz. Proton b 
is also simplified to a doublet with J = 14 Hz, confirming 
that Jb,c = 3 Hz. Irradiation of b simplifies a to a doublet 

(30) We thank Professor J. M. Cook, University of Wisconsin- 
Milwaukee, for providing this spectrum. 

(31) This instrument ia available in the Department of Chemistry, 
University of Chicago. 

(32) (a) Bly, R. S.; Cooke, Q. E. 'Abstracts of Papers", 148th National 
Meeting of the American Chemical Society, Chicago, IL, Sept 1964; Am- 
erican Chemical Society: Washington, DC, 1972; No. 80-S. (b) Bly, R. 
$3.; Quinn, E. K. "Abstracts of Papers", 153rd National Meeting of the 
American Chemical Society, Miami Beach, FL, Apr 1967; American 
Chemical Society: Washington, DC, 1972; No. 91-0. 
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Table V. 500-MHz NMR Analysis of Acetate 21 

b 

21 

multiplicity (J, Hz)  
protonu J, Hz 6 no decoupling irradn of c irradn of b irradn of a 

dd (2, 14) dd ( 2 9 1 0 )  
d (3)  

m (changed) m (changed) 
d (14) 

a 1323 2.65 ddd ( 2 , 1 0 ,  14) 
b 1041 2.08 dd (3,  14) 
C 406 0.81 m 

J4b = 14, JSc  = 10, Jbc = 3, and J4d = 2 HZ. 

of doublets with J = 2 and 10 Hz, proving that Ja,b = 14 
Hz. Proton c is changed by this irradiation but is still a 
multiplet. Finally, irradiation of a makes b a doublet with 
J = 3 Hz, showing that Jab = 14 Hz. Proton c is also 
changed by this irradiation but is still a multiplet. These 
assignmenb could not be possible if structure 25 or 26 was 
the product, since the methylene group is not next to the 
cyclopropane ring in these structures. 

Discussion 
The acidity study of tricycle[ 3.2.2.02p4] nonane- 1- 

carboxylic acid (16-COOH) was performed to confirm our 
suspicion that, as with analogous cyclopropyl acids in this 
series, there is slight inductive withdrawal by the cyclo- 
propane ring, causing a small increase in acidity and de- 
crease in pKa vs. the reference acid bicyclo[2.2.2]octane- 
1-carboxylic acid (17-COOH), 6.51 vs. 6.57. This was 
shown to be the case in our previous work' with the exo- 
tricyclooctyl acid 13-COOH and the endo-tricycloodyl acid 
14-COOH, both of which have lower pK,'s than the bi- 
cycloheptyl acid 15-COOH. We would certainly expect 
then that no inductive effect of cyclopropane could sta- 
bilize a carbonium ion generated at the 1-carbinyl position. 
In fact, a pure inductive effect of cyclopropane might be 
expected to slightly hinder solvolysis at the 1-carbinyl 
group. It is also interesting to note that a double bond and 
aromatic ring placed similarly in this series show similar 
but larger depressions of pKa values.2s Acids 27-COOH 
and 28-COOH (Chart 111) have pK,'s of 5.98 and 5.88 vs. 
that of the bicycloheptyl acid 15-COOH at 6.35. Similarly, 
acid 29-COOH has a lower pK, (6.20) vs. that of the bi- 
cyclooctyl acid 17-COOH (6.57). 

In the acetolysis studies we have previously explained' 
the anchimeric effect of the exo-cyclopropane ring in 13- 
CH20Ts and the propensity for this exo-cyclopropano 
bridge to ring expand in the product to be due to long- 
range corner participation of the back lobe of the 2,4-bond. 
When the cyclopropane ring is endo, as in tosylate 14- 
CH20Ts, the rate of solvolysis and the type of ring ex- 
pansion, i.e., methano bridge migration, is similar to having 
no cyclopropane ring present. This is most readily seen 
in a side view of the exo (30) vs. the endo (31) case. As 
the tmylate leaves in exo-tmylate 13-CH20Ts, the incipient 
ion 30 can be stabilized by overlap with the back lobe of 
this strategically placed 2,4-bond. When the endo-tosylate 
14-CH20Ts reacts via 31, no such stabilization can take 
place. So kexo/kendo is 7.6 a t  25 "C and only the exo- 
cyclopropano bridge migrates. This cannot be explained 
by inductive difference. Both are shown to be withdrawing 
in the acidity studies, whereas in acetolysis the exo-tmylate 
13-CHzOTs is faster than even the bicycloheptyl tosylate 
15-CHZOTs by a factor of 6.6, but by inductive withdrawal 
the endo-tosylate is slower than 15-CH20Ts. 

Chart I11 
d 

An alternate interpretation for this kinetic and product 
difference between exo- and endo-cyclopropanes was 
presented by a referee to the original paper in this series,' 
involving relief of interaction between hydrogens at  C-3 
and C-8 in exo-tosylate 13-CH20Ts due to the boatlike 
shape of this ring system, causing 13-CH20Ts to solvolyze 
faster than 14-CH20Ts, where this interaction is not 
present. It is for this reason that the present study was 
initiated. In the tricyclononyl tosylate 16-CH20Ts no such 
interacting flagpole hydrogens exist. Also, the addition 
of an extra methylene group to this bridge would be ex- 
pected to tilt the 1-carbinyl tosylate moiety down slightly 
and in a better position to overlap with the back lobe at  
C-2 if corner participation were operating. This can be 
seen in a comparison of structures 32 and 33. Thus if relief 
of interaction of the hydrogens were important, we would 
expect no such anchimeric effect for tosylate 16-CH20Ts, 
but if corner participation were important, we would see 
the same (or possibly an increased) anchimeric assistance 
in the solvolysis of 16-CH20Ts via structure 33. 

Tosylate 16-CHzOTs does solvolyze 18.3 times faster 
than bicyclooctyl tosylate 17-CH20Ts, and its product 
study does show that once again the cyclopropano bridge 
ring expands. This can be explained by corner partici- 
pation, and the present study rules out relief of interaction 
between the flagpole hydrogens in 13-CHzOTs. Partici- 
pation by the 2,4-bond must be occurring in the rate-de- 
termining step for the solvolysis of both 13-CH20Ts and 
16-CH20Ts and the ions are best represented as 34 and 
35. When the ring is endo there is no delocalization such 
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gas. Microanalyses were performed by Micro-Tech Laboratories. 
Ethyl endo-Tricyclo[3.22.@4024]non-6-ene-l-carboxyla~ (19). 

A cyclopropene generator was set up, with a scale of 212 g of 
sodium amide and 425 mL of allyl chloride.25 Ethyl 1,3-cyclo- 
hexadiene-l-carboxylate (18, 31.0 g, 204 mmol), made by the 
literature method,zs was magnetically stirred in hexane (200 mL) 
at 0 "C. The cyclopropene was generated and bubbled through 
the hexane solution for 5 h during the addition of allyl chloride 
to sodium amide. The hexane solution was stirred overnight at 
0 "C. The mixture was dried with anhydrous potassium carbonate 
and filtered, and the filtrate was evaporated and vacuum distilled. 
The product was contaminated with some starting material and 
a higher molecular weight byproduct. Redistillation gave 19 as 
a colorless oil: 9.00 g (46.9 mmol, 23%); bp 66-74 "C (0.3 mm); 
IR (neat) 3080 (cyclopropyl CH), 3055 (vinyl CH), 1760 (C=O), 
1618 (very weak, M), 1258 (asymmetric CO), 1079 (symmetric 
CO) cm-'; NMR (CC14, external Me4&) 6 5.6-6.2 (m, 2, vinyl), 4.23 
(q,2, CH20), 2.6-2.9 (m, 1, bridgehead), 1.35 (t, 3, CH,), 0.8-2.0 
(m, 4, CHJ, 0.1-0.7 (m, 4, cyclopropyl). Anal. Calcd for Cl2HI6O2: 
C, 74.97; H, 8.39. Found: C, 75.04; H, 8.33. 

Et hy 1 Tricy clo[ 3.2.2.@4]nonane- 1 -carboxylate (1 6-C02Et). 
Potassium azodicarboxylate was prepared fresh by Thiele's me- 
thod.S3 By use of the general procedure of Baird, Franzus, and 
Surridge," ester 19 (15.0 g, 78.0 mmol) and potassium azodi- 
carboxylate (50.5 g, 263 mmol, 3.4 equiv) in anhydrous methanol 
(180 mL) were reacted with acetic acid (33 mL) in methanol (150 
mL) over 1.5 h. Stirring was continued an additional 1 h. Water 
(500 mL) was added, and the mixture was extracted four times 
with ether (150 mL). The ether layers were combined, dried with 
anhydrous magnesium sulfate, and filtered, and the filtrate was 
evaporated and vacuum distilled to give 16-C02Et as a colorless 
oil: 8.8 g (45.4 mmol, 58%); bp 69-74 "C (0.3 mm); IR (neat) 3079 
(cyclopropyl CHI, 1755 (C=O), 1242 (asymmetric CO), 1067 
(symmetric CO) cm-'; NMR (CCl,, external Me4%) 6 4.08 (q,2, 
CH20), 1.8-2.1 (m, 1, bridgehead), 1.27 (t, 3, CH,), 0.8-1.8 (m, 
8, CH2), 0 . 7  (m, 4, cyclopropyl). The product contains some 
19, but a pure sample can be collected by GC (QF-1,150 "C). Anal. 
Calcd for C12H1802: C, 74.19; H, 9.34. Found: C, 74.02; H, 9.50. 
(Tricyclo[32%.~~4]non-l-yl)methyl Tosylate ( 16-CH20Ts). 

Alcohol 16-CH20H was made by lithium aluminum hydride re- 
duction of ester 16-C02Et in the normal fashion.35 Vacuum 
distillation gave a 64% yield of a colorless oil: bp 73-81 "C (0.4 
mm); IR (neat) 3342 (OH), 3079 (cyclopropyl CH), 1038 (CO) cm-l; 
NMR (CC14) 6 3.55 (variable with concentration, s, 1, OH), 3.22 
(s,2, CH20), 1.1-2.1 (m, 9),0.1-0.9 (m, 4, cyclopropyl). The crude 
alcohol was treated with tosyl chloride and pyridine in the usual 
manner,% and tosylate 16-CH20Ts was formed in 62% yield. Six 
recrystallizations from petroleum ether (bp 30-60 "C) gave a pure 
sample: mp 50.5-52.5 "C; IR (KBr) 1343 and 1170 (S=O) cm-'; 

(s, 3, CH,), 1.7-2.0 (m, 1, bridgehead), 1.1-1.7 (m, 8, CH2), 0.1-1.0 
(m, 4, cyclopropyl). Anal. Calcd for C17H2203S: C, 66.64; H, 7.24. 
Found: C, 66.70; H, 7.37. 
Tricyclo[3.2.2.02~4]nonane-l-carboxylic Acid (16-COOH). 

Ester 16-C02Et was saponified with 10% sodium hydroxide under 
reflux for 3 h. Acid 16-COOH (mp 130-132 "C) was formed in 
57% yield after one recrystallization from petroleum ether (bp 
60-110 "C). Three recrystallizations gave a pure sample: mp 
130.5-132 "C; IR (KBr) 2400-3600 (OH), 1689 (C==O), 1278 (CO) 
cm-'; NMR (CDCl,) 6 11.1 ( 8 ,  1, COOH), 0.1-2.2 (m, 13). Anal. 
Calcd for C&I14O2: C, 72.26; H, 8.49. Found: C, 72.26; H, 8.60. 
Bicyclo[2.2.2]octane-l-carboxylic Acid (17-COOH). A 

sample of this acid was obtainedB and used for the pK, studies; 
lit. mp 134-137 "C:' 140-142 "CZ3 

(Bicyclo[222]oct-l-yl)methyl Tosylate ( 17-CH20Ts). Acid 
17-COOH29 was reduced to alcohol 17-CH20H with lithium alu- 
minum hydride and then treated with tosyl chloride to yield 
tosylate 17-CH20Ts by the literature m e t h ~ d ; ~ , . ~ ~  mp 72-76 "C 
(lit. mp 68-69 0C:7 73 0C23). 

NMR (CDCl3) 6 7.2-7.9 (AAXX', 4, AI H), 3.72 (8 ,  2, CH,O), 2.41 

chart IV 
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as in 36. Whether or not the 1,2-bond is also delocalized 
in the rate-determining step is questionable, although the 
1,2-bond certainly must break eventually since cyclo- 
propano bridge expansion occurs and C-2 eventually be- 
comes bonded to the CH2 group in the product. The ions 
could be represented, though by this study need not be 
represented, with additional delocalization of the type 
shown in 37 and 38 (Chart IV). One may ask why 
breakage of the 2,4-bond does not become complete, 
yielding products derived from ring opening of the cyclo- 
propane, as in 39 and 40. This, of course, would require 
that a bridgehead spirocyclopropane be formed which is 
much too strained to be a viable product. But the lack of 
any ring opening does not preclude the 2,4-bond partially 
breaking and, through i h  back lobe, stabilizing the ion 
being generated. 

Although we believe that corner participation by cy- 
clopropane is the best and most complete way of explaining 
the kinetic and product studies, referees to this paper have 
pointed out alternative arguments in view of the lack of 
a large amount of assistance. There may be differential 
solvent participation in stabilizing the ground and tran- 
sition states in the solvolysis of 16-CH20Ts and 17- 
CH20Ts. This is certainly possible, though we cannot 
develop a general theory explaining the solvolysis and 
products of 13-CH20Ts-17-CH20Ts on this basis. Also, 
the stabilities of the rearranged ions 41 (from 16-CH20Ts) 
and 42 (from 17-CH20Ts) may certainly be different, but 
we find difficulty with justifying 41 being more stable than 
42. It is even more challenging to explain the completely 
different pathways taken by exo-tosylate 13-CH20Ts and 
endo-tosylate 14-CH20Ts in terms of their rearranged ion 
stabilities. Finally, we do not deny that the solvolyses of 
these primary tosylates may be partially bimolecular, but 
this does not explain the data either. Adding a cyclo- 
propane ring, especially an exo ring, would be expected to 
sterically slow down the bimolecular reaction if it has an 
effect at all. Our results do not show this to be the case. 

Further work is being done on these and related cyclo- 
propyl systems to delineate the extent of corner partici- 
pation. 

Experimental Section 
Melting and b o i i  points are uncorrected. The melting points 

were taken on a Thomas-Hoover apparatus. The following in- 
struments were used: a Varian T-60 NMR spectrometer, Per- 
kin-Elmer 727 and 283 infrared spectrophotometers, and Varian 
Aerograph A-90-P and 700 Autoprep gas chromatographs. NMR 
data are given in parts per million (6) relative to internal Me4% 
unless specified otherwise. Only significant IR absorptions (re- 
ciprocal centimeters) are listed. Gas chromatography was per- 
formed on SE-30 and QF-1 columns with helium as the carrier 

(33) Thiele, J. Justus Liebigs Ann. Chem. 1892, 271, 127. 
(34) Baird, W. C., Jr.; Franzus, B.; Surridge, J. H. J. Am. Chem. SOC. 

1967, 89, 410. 
(35) Fieser, L. F.; Fieser, M. "Reagents for Organic Synthesis"; Wiley: 

New York, 1967; Vol. 1, pp 581-95. 
(36) Reference 35, pp 1179-85. 
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pK, Studies. The pK, of acids 16-COOH and 17-COOH was 
taken by dissolving 0.30 mmol of acid in 50% ethanol (50 mL, 
1:1 absolute ethanol-distilled water, v/v) and titrating with 0.05 
N aqeuous sodium hydroxide at 29 OC while the pH was measured 
vs. increments of base added. The pK, was obtained from the 
pH at  the half-neutralization point. Results are given in Table 
I. 

Kinetic Studies. Standard procedures were followed for the 
acetolysis studies. Standardized 0.05 M sodium acetate in glacial 
acetic acid containing 0.3% acetic anhydride was the solvent, with 
a tosylate concentration of 0.025 M. Aliquots (2 mL) were sealed 
in ampules and heated to the reaction temperature. The excess 
sodium acetate was back-titrated in the ampule with standard 
0.014 p-toluenesulfonic acid in acetic acid with bromophenol blue 
indicator (yellow to colorless end point). The first-order plots 
were linear to at least 66% completion. AU correlation coefficients 
were at  least 0.993. Results are given in Tables I1 and 111. 

Acetolysis Products. Tosylates 16-CHzOTs and 17-CHzOTs 
were studied by dissolution in acetic acid with 2 equiv of an- 
hydrous sodium acetate and refluxing for a number of half - 1' ives. 
Water was added, and the products were extracted with ether. 
The combined ether layer were washed with 10% sodium bi- 
carbonate, water, and brine. The resulting solution was dried with 
anhydrous magnesium sulfate and filtered, and the filtrate was 
rotary evaporated. The products are shown in Table IV. 

For the products of bicyclooctyl tosylate 17-CHzOTs, gas 
chromatography (SE-30,170 "C) showed three possible product 
peaks in a 6.591.42.1 ratio. These were colleded together (SE-30, 
220 "C) and analyzed by NMR, which showed that all major 
absorptions were in the range 6 1.2-2.4, including the acetate sharp 
singlet a t  6 1.80, indicating that bridgehead acetate 20 was the 

major product. A very small trace absorption as a singlet a t  6 
3.80 was interpreted as the carbinyl methylene of unrearranged 
acetate 17-CH20Ac. The trace third product, if indeed an acetate, 
was not determined. Although the alcohol corresponding to 
rearranged acetate 20 has been r e p ~ r t e d ~ ~ ! ~ ~  as the hydrolysis 
product of 17-CHzOTs, acetate 20 itself is unknown and was 
therefore analyzed. Anal. Calcd for C11HIs02: C, 72.49; H, 9.95. 
Found C, 72.73; H, 10.02. 

For the products of tricyclononyl tosylate 16-CHzOTs, gas 
chromatography (QF-1, 124 "C) showed four possible product 
peaks in a 4.04.7:8.383.0 ratio. The major product was collected 
and analyzed by NMR as acetate 21. For a discussion of the 
500-MHz NMR spectrum of 21 see the Results and Table V. The 
60-MHz 'H NMR and 13C NMR data of 21 follow: lH NMR 
(CDC13) 6 1.2-2.9 (m, 11, bridgehead and CHz), 1.85 ( 8 ,  3, CH,), 
0.2-1.0 (m, 4, cyclopropyl); 13C NMRM (CDCl,) 169.8 (C=O), 82.7 
(CO), 39.5,30.7,30.6, 26.9,26.5,22.4,22.2,19.1,9.2,5.7 ppm. And. 
Calcd for C1zHlaOz: C, 74.19; H, 9.34. Found: C, 74.26; H, 9.13. 
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The rates of hydration in aqueous sulfuric acid of 1-butyne, 2-butyne, 1-hexyne, 1-cyclopropylacetylene, and 
1-butene are reported, together with rates in DzS04 for the alkynes plus 3-hexyne. All of the compounds are 
proposed to react through the AdE2 mechanism of rate-limiting protonation on carbon. A general correlation 
of log kH+(akyne)/log kH+(alkene) k observed, whose slope of 1.25 is a quantitative measure of the greater sensitivity 
to substituent effects of alkynes compared to alkenes in protonation. 

The reaction of alkynes with electrophilic reagents, es- 
pecially protons, has been the subject of continuing interest 
as described in a number of review@ and reports of recent 
r e ~ e a r c h . ~  A topic of particular interest has been the  
comparison of the  reactivity of particular alkene/alkyne 
pairs with different e l e ~ t r o p h i l e s . ~ ~ ~ ~  

We have devoted considerable attention to  the electro- 
philic reactions of alkenes, especially to the effect of sub- 
stituents on reactivity in acid-catalyzed  hydration^,^ in- 
cluding a recent comparative study of the  isomers allene 
and propyne.8 Therefore, an  understanding of the general 
factors governing the reactivity of alkynes is of interest to 
us. 

(1) (a) Schmid, G. H. In "The Chemistry of the CarbonXarbon Triple 
Bond"; Patai, S., Ed.; Wiley: New York, 1978; Part 1, Chapter 8. (b) 
Stang, P. J.; Rappoport, Z.; Hanack, M.; Subramanian, L. R. "Vinyl 
Cations"; Academic Press: New York, 1979; Chapter 4. (c) Bolton, R. 
In 'Comprehensive Chemical Kinetics"; Bamford, C. H., Tipper, C. F. 
H., E&.; Elsevier: New York, 1973; Vol. 9. 

(2) Melloni, G.; Modena, G.; Tonellato, U. Acc. Chem. Res. 1981, 14, 

(3) (a) Schmid, G. H.; Modro, A.; Yates, K. J. Org. Chem. 1980,45, 
665-7. (b) Yates, K.; Go, T. A. Zbid. 1980,45,2385-91. (c) Shellhamer, 
D. E.; Oakes, M. L. Zbid. 1978, 43, 1316-9. 

(4) (a) Modena, G.; Rivetti, F.; Scorrano, G.; Tonellato, U. J. Am. 
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(5) Yates, K.; Schmid, G. H.; Regulski, T. W.; Garratt, D. G.; Leung, 
H.-W.; McDonald, R. J. Am. Chem. SOC. 1973,95, 160-5. 
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The  systematic comparison of the effect of substituents 
on the electrophilic reactivity of alkenes substituted on 
only one carbon' as well as 1,2-disubstituted alkenesga has 
been quite rewarding as a guide to  understanding the  
details of these processes. It has been particularly en- 

(6) Peterson, P. E.; Duddey, J. E. J. Am. Chem. SOC. 1966,88,4990-6. 
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