
/ . Am. Chem. Soc. 1982, 104, 201-206 201 

for multiple proton exchanges during an encounter. Multiple 
exchange during an encounter has been observed for several 
proton-exchange reactions,37a,d~f but our data do not permit a 
decision as to whether the observed diminution of selectivity arises 
from incomplete equilibration of the isomeric bases or from 
multiple proton exchanges during the encounter. 

We consider that the observation of positional selectivity in this 
exchange reaction is strong evidence for Scheme II and for the 
Swain-Grunwald mechanism. This mechanism is an attractive 
one, which must occur, and it has been widely accepted. However, 
the chief evidence for it is the inhibition by acid of the proton 
exchange of ammonium ions,10'38 and this inhibition is seen only 
in nonideal solutions. Nonideality is inherent, since >0.1 M H+ 

is required in order that reprotonation of the intermediate be 
competitive with a process whose rate constant is above 109 s"1. 
Yet inhibition by acid is a thermodynamic necessity in such 
nonideal solutions. It is readily shown that the simplest mecha
nism, without kK, leads to an observed first-order rate constant 
for exchange given by 

fcobsd = M ^ A H + [H+] /A0 (2) 

where k2 is the second-order rate constant for encounter-controlled 
reprotonation of amine A by H+, and h0 is the acidity function 
governing protonation of A. Since h0 increases faster than [H+] 
in strong acid, kobsi must decrease in acid, and since [H+] /h0 is 
a strong function of water activity,39 a 500-fold decrease in kobsi 

is consistent with a 7.4-fold decrease in water activity, despite a 
denial.382 Moreover, there is an implicit assumption that k2 is 
independent of acidity, whereas proton mobility does decrease at 
high concentrations.22 Thus nonideality taints the evidence for 

(38) (a) Emerson, M. T.; Grunwald, E.; Kaplan, M. L.; Kromhout, R. A. 
/. Am. Chem. Soc. 1960, 82, 6307. (b) Sheinblatt, M.; Gutowsky, H. S. Ibid. 
1964, 86, 4814. (c) Grunwald, E.; Ralph, E. K., Ill Ibid. 1967,89, 4405. (d) 
Cocivera, M. J. Phys. Chem. 1968, 72, 2515. (e) Grunwald, E.; Lipnick, R. 
L.; Ralph, E. K. J. Am. Chem. Soc. 1969, 91, 4333. 

(39) Perrin, C. J. Am. Chem. Soc. 1964, 86, 256. Robertson, E. B.; 
Dunford, H. B. Ibid. 1964, 86, 5080. 

The cyclooctyl and other medium-ring systems are of distinctive 
importance to solvolysis theory by reason of their characteristic 
rearrangements under transannular hydride shift.1 Cope and 
Gale2 determined that net 1,5-hydride migration occurs to the 

(1) Reviews: Sicher, J. Prog. Stereochem. 1962, 3, 202. Prelog, V.; 
Traynham, J. G. In "Molecular Rearrangements", de Mayo, P., Ed.; Wiley-
Interscience: New York, 1963; Part 1, Chapter 9. Cope, A. C; Martin, M. 
M.; McKervey, M. A. Q. Rev., Chem. Soc. 1966, 20, 119. 

the Swain-Grunwald mechanism. Our results are also obtained 
in nonideal solutions, but all comparisons are intramolecular, and 
the only uncertainty arising from nonideality is in the second-order 
rate constants, whose values are immaterial so long as they are 
accepted as being in the range of encounter control. Thus these 
results are an independent confirmation of the existence of the 
Swain-Grunwald mechanism. 

Conclusions and Summary 

To the best of our knowledge, here is the first demonstration 
of positional selectivity in an encounter-controlled proton exchange. 
These proton exchanges are so favorable thermodynamically that 
they are expected to be encounter controlled, and the second-order 
rate constants support this. However, positional selectivity forces 
us to conclude that the reaction is not completely encounter 
controlled. Even though hydroxide is a sufficiently strong base 
to remove all amidinium protons upon encounter, so that their 
acidity should be immaterial, it is always the most acidic proton 
that exchanges fastest. We therefore conclude that the Swain-
Grunwald mechanism is operative and that the rate-limiting step 
is in part the breaking of a hydrogen bond in the amidine hydrate. 
Simulation, using reasonable rate constants, shows that the ob
served selectivity is consistent with this mechanism. We therefore 
conclude that these results represent independent evidence for the 
Swain-Grunwald mechanism. 
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extent of 53%, 60%, and >62% on solvolysis of cyclooctyl-
l,2,2,8,8-d5 brosylate in acetic, formic, and trifluoroacetic acid, 
respectively. Regioalternative rearrangements were found to be 
negligible.2 Parker and Watt3 synthesized the cis- and trans-
cyclooctyl-5-rf brosylates and deduced a 10:1 preference for 
transposition of a trans- over a c/i-5-hydrogen in acetolysis. 

(2) Cope, A. C; Gale, D, M. J. Am. Chem. Soc. 1963, SJ, 3747. 
(3) Parker, W.; Watt, C. I. F. J. Chem. Soc, Perkin Trans. 2 1975, 1647. 
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Scheme I Scheme II 

2-OH 

3-OH 

Similar stereoselectivity of hydride migration had been concluded 
earlier from reactions of the epimeric 5-methyl-,4 5-phenyl-,5'6 and 
5-?err-butylcyclooctyl7 tosylates. 

Considerable effort has been made to ascertain whether the 
cross-ring hydride involvement occurs in concert with or subsequent 
to ionization of the leaving group. Cyclooctyl reactants solvolyze 
markedly faster than aliphatic and cyclohexyl models,3,7"16 but 
competing explanations have been offered for the acceleration in 
terms of hydride bridging (fcA reaction)3,7,8'10"12 or relief of steric 
compressions and bond oppositions on ionization (Zc0).

6,9~12,14"16 

Harris, McManus, Raber, and co-workers14,15 have ruled out 
significant nucleophilic solvent assistance (ks) by the observation 
that cyclooctyl tosylate solvolysis is unaffected by added azide 
ion and shows log k behavior linear with that of 1-adamantyl 
bromide in aqueous ethanol and trifluoroethanol solvents. A kc 

interpretation was favored. Schneider and Thomas16 have recently 
found that the trifluoroethanolysis rates of the C5-C11 cycloalkyl 
tosylates correlate well with strain energies of activation estimated 
by force-field calculations, also supportive of a kc mechanism. 

Early measurements of kinetic isotope effects in multiply 
deuterated reactants12,17 were suggestive of assisted ionization but 
were not specifically attributable. Parker and Watt3 more recently 
determined kK/kD = 1.04 for cis- and 1.12 for trans-5-d-labeled 
cyclooctyl brosylate in acetolysis and judged the latter effect to 
be indicative of transannular participation in the ionization step. 
Harris, McManus, and Raber,15 on the other hand, have taken 
these isotope effects together with the a-d value of 1.183 to be 
more consistent with a kc than with a fcA process.18 

(4) Cope, A. C; Gale, D. M. J. Am. Chem. Soc. 1963, 85, 3743. 
(5) Cope, A. C; Kinnel, R. B. J. Am. Chem. Soc. 1966, 88, 752. 
(6) Allinger, N. L.; Neumann, C. L.; Sugiyama, H. J. Org. Chem. 1971, 

36, 1360. 
(7) Allinger, N. L.; Szkrybalo, W. Tetrahedron 1968, 24, 4699. Allinger, 

N. L.; Greenberg, S. J. Am. Chem. Soc. 1962, 84, 2394. 
(8) Heck, R.; Prelog, V. HeIv. Chim. Acta 1955, 38, 1541. 
(9) Brown, H. C; Ham, G. / . Am. Chem. Soc. 1956, 78, 2735. Brown, 

H. C; Ravindranathan, M.; Peters, E. N.; Gundu Rao, C; Rho, M. M. Ibid. 
1977, 99, 5373. Brown, H. C; Borkowski, M. Ibid. 1952, 74, 1894. 

(10) Schotsmans, L.; Fierens, P. J. C; Verlie, T. Bull. Soc. Chim. BeIg. 
1959, 68, 580. 

(11) Cope, A. C; Peterson, P. E. J. Am. Chem. Soc. 1959, 81, 1643. 
(12) Roberts, A. A.; Anderson, C. B. Tetrahedron Lett. 1969, 3883. 
(13) Allinger, N. L.; Lillien, I.; Neumann, C. L.; Sugiyama, H.; Pamphilis, 

N. A. J. Org. Chem. 1970, 35, 1255. 
(14) Harris, J. M.; Mount, D. L.; Smith, M. R.; McManus, S. P. J. Am. 

Chem. Soc. 1977, 99, 1283. 
(15) Harris, J. M.; Mount, D. L.; Smith, M. R.; Neal, W. C, Jr.; Dukes, 

M. D.; Raber, D. J. / . Am. Chem. Soc. 1978, 100, 8147. 
(16) Schneider, H.-J.; Thomas, F. / . Am. Chem. Soc. 1980, 102, 1424. 
(17) Prelog, V.; Borcic, S., unpublished results quoted by Prelog in Pro

ceedings of the 16th I.U.P.A.C. Congress Paris, 1957, p 261. 

A remarkable development since 1978 has been the direct NMR 
identification by Sorenson et al. of a group of low-temperature 
medium-ring cycloalkyl cations19,20 as strongly ^-hydrido-bridged 
structures, including the cyclooctyl, 1-methylcyclooctyl, and 
1,5-dimethylcyclooctyl species.19 

We report here new insights into the mechanism of cyclooctyl 
brosylate solvolysis gained from determination of the stereo
chemistry of nonrearranging and rearranging substitutions and 
comparative rates of competitive reactions at the corresponding 
positions in binary hydroxylic solvents. Schneider and Heiske have 
recently reported a closely related independent stereochemical 
investigation of the cis- and f/ww-3-tert-butylcyclooctyl tosylates.21 

Results 

Stereochemistry. The displacement stereochemistry was es
tablished by analysis of the products from (£)-cyclooctyl-2-d 
brosylate (1-OBs) and (E)-cyc\oociy\-4-d brosylate (3-OBs). 
Hydrolysis of 1-OBs could yield one or both of the epimeric 
cyclooctanols-2-rf, 1-OH and 2-OH, by nonrearranging reaction, 
and one or both of the cyclooctanols-4-d, 3-OH and 4-OH, by 
substitution through 1,5-hydride shift, as shown in Scheme I. For 
3-OBs the possibilities are vice versa. Configurational identifi
cation of the proximally deuterated alcohols, 1-OH +/or 2-OH, 
from 1-OBs and 3-OBs was thus projected to reveal the stereo
chemistry of the nonrearranging and rearranging substitutions, 
respectively. 2H NMR was found to provide the needed resolution. 

The labeled reactant alcohols 1-OH and 3-OH were prepared 
as outlined in Scheme II. Ring opening of cw-cyclooctene oxide22a 

(5) with lithium triethylborodeuteride afforded 1-OH. Treatment 
of cw-l,4-cyclooctanediol22 (6) with 1.2 equiv of tosyl chloride 
and reduction of the resulting mono- (7) and ditosylate (8) mixture 
with excess lithium triethylborodeuteride yielded 3-OH along with 

(18) See: Sunko, D. E.; Borcic, S. In "Isotope Effects in Chemical 
Reactions", Collins, C. J.; Bowman, N. S., Eds.; Van Nostrand-Reinhold: 
Princeton, N.J., 1970; Chapter 3. 

(19) Kirchen, R. P.; Sorensen, T. S. J. Am. Chem. Soc. 1979, 101, 3240. 
Kirchen, R. P.; Okazawa, N.; Ranganayakulu, K.; Rauk, A.; Sorensen, T. S. 
Ibid. 1981, 103, 597. Kirchen, R. P.; Ranganayakulu, K.; Singh, B. P.; 
Sorensen, T. S. Can. J. Chem. 1981, 59, 2173. 

(20) Kirchen, R. P.; Sorensen, T. S. J. Chem. Soc., Chem. Commun. 1978, 
769. Kirchen, R. P.; Sorensen, T. S.; Wagstaff, K. J. Am. Chem. Soc. 1978, 
100, 6761. Kirchen, R. P.; Ranganayakulu, K.; Rauk, A.; Singh, B. P.; 
Sorensen, T. S. Ibid. 1981, 103, 588. 

(21) Schneider, H.-J.; Heiske, D. J. Am. Chem. Soc. 1981, 103, 3501. 
(22) (a) Cope, A. C; Fenton, S. W.; Spencer, C. F. J. Am. Chem. Soc. 

1952, 74, 5884. (b) Cope, A. C; Keough, A. H.; Peterson, P. E.; Simmons, 
H. E„ Jr.; Wood, G. W. J. Am. Chem. Soc. 1957, 79, 3900. (c) Cope, A. C; 
Grisar, J. M.; Peterson, P. E. Ibid. 1959, 81, 1640. (d) Kayama, Y.; Oda, 
M.; Kitihara, Y. Chem. Lett. 1974, 345. (e) Horinaka, A.; Nakashima, R.; 
Yoshikawa, M.; Matsuura, T. Bull. Chem. Soc. Jpn. 1975, 48, 2095. (f) 
Adam, W.; Bakker, B. H. Tetrahedron Lett. 1979, 4171. 



Solvolysis of Cyclooctyl p-Bromobenzenesulfonate J. Am. Chem. Soc, Vol. 104, No. 1, 1982 203 

Table I. Solvolysis Products of (£")-Cyclooctyl-2-d and -4-d 
Brosylates (1-OBs and 3-OBs) at 35.5 0C 

%2-d 
alcohols 

%4-d 
alcohols 

reactant solvent 
1-OH 2-OH 3-OH+ % 
(£) (Z) 4-OH olefins 

1-OBs 
3-OBs 

1-OBs 
3-OBs 

HOAc" 

80% Me,COc 

39b 

3 1 b 

41 
34 

O6 

0" 

0 
0 

30b 

37 6 

37 
44 

31 
32 

22 
22 

a Containing 1% (wt) of Ac2O and 1.2 equiv of NaOAc. b After 
LiAlH4 reduction of the acetate product. c Containing 1.2 equiv 
of 2,6-lutidine. 

enols 9 and hydrocarbons 10 and 11 as byproducts. Isolation of 
3-OH from the alcohols was accomplished by simple chroma
tography after conversion of the enols to more adsorbent diols by 
hydroboration-oxidation. The E configuration could be assigned 
to 1-OH and 3-OH with considerable confidence from precedent 
direct displacement reactions with LiEt3BH and LiEt3BD,23 and 
these identifications were confirmed by the subsequent solvolytic 
results. 

Oxidation of 1-OH with pyridinium chlorochromate24 and 
LiEt3BH reduction of the resultant ketone provided a 1:1 mixture 
of the original alcohol and its Z epimer, 2-OH. The proton-

1-OH 
1.PyHClCrO3 

2. LiEt3BH 
1-OH + 2-OH 

decoupled 15.4-MHz 2H NMR spectrum of a sample of this 
mixture plus an equal weight of 1-OH with added shift reagent 
Ho(fod)3 exhibited two broadened but fully resolved peaks, whose 
assignments followed from the relative intensities (see Experi
mental Section). The powerfully shifting Ho(fod)3

25 was employed 
after Eu(fod)3 and Pr(fod)3 were found to produce insufficient 
resolution. These results together with the Eu-induced 1H shift 
observations reported by Parker and Watt3 made it evident that 
the diastereomeric 4-labeled alcohols 3-OH and 4-OH would not 
be quantitatively distinguishable by 2H NMR under the present 
conditions. The signal for 3-OH was found to be well separated, 
however, from those for 1-OH and 2-OH in the presence of 
Ho(fod)3, completing development of the analytical method. 

Substrates 1-OBs and 3-OBs were solvolyzed at 35.5 0C in 
acetic acid (1% acetic anhydride) buffered with sodium acetate 
and in 80% aqueous acetone buffered with 2,6-lutidine. Brosylate 
was chosen over tosylate as the leaving group to minimize substrate 
isomerization.3'12 The product mixtures were analyzed by gas 
chromatography for substitution vs. elimination, and the derived 
alcohols were separated by gas chromatography and analyzed for 
deuterium distribution by 2H NMR with added Ho(fod)3. Un
certainty limits in the NMR measurements are estimated to be 
3%. The results are presented in Table I. Displacement was found 
to proceed with 1,5-hydride shift to the extent of 43% in acetic 
acid (cf. 53% reported by Cope and Gale2 for somewhat different 
conditions) and 48% in 80% acetone. 

Strikingly, the nonrearranging substitutions in both solvents 
are revealed to take place entirely with retention of configuration, 
while both transannular substitutions occur exclusively with in
version at the C-5 migration origin. 

Comparative Product-Formation Selectivities. The character
istics of solvolysis with and without rearrangement were further 

(23) Krishnamurthy, S.; Brown, H. C. / . Org. Chem. 1980, 45, 849. 
Brown, H. C; Kim, S. C; Krishnamurthy, S. Ibid. 1980, 45, 1. Brown, H. 
C; Krishnamurthy, S. Tetrahedron 1979, 35, 567. Brown, H. C ; Krishna
murthy, S. Aldrichim. Acta 1979, 12, 3. Krishnamurthy, S.; Brown, H. C. 
/ . Org. Chem. 1976, 41, 3064. Krishnamurthy, S. Adrichim. Acta 1974, 7, 
55. Krishnamurthy, S.; Schubert, R. M.; Brown, H. C. J. Am. Chem. Soc. 
1973, 95, 8486. Brown, H. C; Krishnamurthy, S. Ibid. 1973, 95, 1669. 

(24) Corey, E. J.; Suggs, J. W. Tetrahedron Lett. 1975, 2647. Corey, E. 
J.; Ensley, H. E.; Suggs, J. W. J. Org. Chem. 1976, 41, 380. 

(25) Tomic, L.; Majerski, Z.; Tomic, M.; Sunko, D. E. Croat. Chem. Acta 
1971, 43, 267. Rondeau, R. E.; Sievers, R. E. Anal. Chem. 1973, 45, 2145. 
Kime, K. A.; Sievers, R. E. Aldrichim. Acta 1977, 10, 54. 

Table II. Solvolysis Products of Cyclooctyl-i-d Brosylate 
(12-OBs) at 35.5 0C 

solvent" 
% % 

12-OEt 12-OR 
% 
13 14-OEt 14-OR 15 

HOAcb 

80% EtOH, 
20% H2 O

d 

60% EtOH, 
40% TFEd 

50% EtOH, 
50% TFEd 

40% EtOH, 
60% TFEd 

12 

24 

17 

13 

39c 

15« 

9 ' 

nf 

22' 

20 
42 

29 

22 

19 

18 

16 

12 

29c 

10« 

14' 

2 1 ' 

12 
13 

12 

14 

13 

0 Volume %. b Containing 1% (wt) of Ac2O and 1.2 equiv of 
NaOAc. c R = Ac. d Containing 1.2 equiv of 2,6-lutidine. e R = 
H. ' R = CH2CF3. 

compared by determination of the product distributions from 
cyclooctyl-./-^ brosylate (12-OBs) in one simple and several binary 
buffered hydroxylic media: acetic acid, 80% aqueous ethanol, and 
ethanolic 2,2,2-trifluoroethanol26 (TFE) of three compositions, 
all at 35.5 0C. The general reaction in the mixed solvents, in
corporating the preceding stereochemical findings, is shown in 
eq 1. Quantitative analyses and small-scale isolations of the 

ROH 

D OEt D OR 

12-OE» 12-OR 

EtO 
(D 

14-OEt 14-OR 

nonisomeric products were accomplished by gas chromatography. 
The collected samples were then analyzed for deuterium distri
bution by 2H NMR, chemical shift reagents being unnecessary 
here. The results are presented in Tables II and III. 

A control experiment was conducted to assess the extent of 
transannular isomerization of 12-OBs during solvolysis in 50% 
ethanolic trifluoroethanol. 1H NMR analysis of the reactant 
recovered after 1.0 half-life showed it to contain 11% of 14-OR 
(R = Bs). 

Discussion 
The finding of substitution in two representative solvents both 

with and without rearrangement solely on the face of the ring 
originally bearing the leaving group is strong evidence for product 
formation at both electrophilic sites from a hydrogen-bridged 
cyclooctyl cation. The stereochemistry is characteristic of kA 

solvolysis, as exemplified by select /3-arylalkyl sulfonates,27 

a««'-7-norbornenyl tosylate,28 9-pentacyclo[4.3.0.02,4.03t8.05'7]nonyl 
p-nitrobenzoate,29 and the coupled l-methyl-2-adamantyl tosylate 

(26) See: Kaspi, J.; Rappoport, Z. J. Am. Chem. Soc. 1980, 102, 3829 
and references therein. 

(27) (a) Lancelot, C. J.; Cram, D. J.; Schleyer, P. v. R. In "Carbonium 
Ions"; Olah, G. A., Schleyer, P. v. R., Eds.; Wiley-Interscience: New York, 
1972; Vol. 3, Chapter 27. (b) See also: Schadt, F. L., Ill; Lancelot, C. J.; 
Schleyer, P. v. R. / . Am. Chem. Soc. 1978, 100, 228. 

(28) Winstein, S.; Shatavsky, M.; Norton, C; Woodward, R. B. / . Am. 
Chem. Soc. 1955, 77, 4183. Winstein, S.; Shatavsky, M. Ibid. 1956, 78, 592. 
Winstein, S. In "Carbonium Ions", Olah, G. A., Schleyer, P. v. R., Eds.; 
Wiley-Interscience: New York, 1972; Vol. 3, Chapter 22. Story, P. R.; Clark, 
B. C, Jr. Ibid. Vol. 3, Chapter 23. 
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and 4-methyl-4-protoadamantyl 3,5-dinitrobenzoates.30 Reaction 
at a secondary center by the kc mechanism, in contrast, is ordi
narily marked by variable measurable competition between in
version and retention pathways.31,32 /cs-Type solvolysis occurs 
with predominant to complete inversion of configuration.273,33 The 
present stereochemical results for nonrearranging displacement 
thus support the evidence of Harris et al.14,15 against an appreciable 
ks component in cyclooctyl solvolysis. 

The stereochemical findings are additionally significant in 
demonstrating that the substitutions under transannular rear
rangement do not proceed by way of a discrete carbenium ion at 
C-5. The conformational flexibility of such an intermediate would 
be expected to lead to an observable fraction of rearranged alcohol 
with retained as well as inverted configuration. 

The availability to cyclooctyl brosylate of conformations fa
vorable to ks solvolysis14,15 is evidenced by the substantial SN2 
reactivity of cyclooctyl bromide10 and J/ww-2-acetoxycyclooctyl 
bromide.34 The solvolytic ionization mechanism actually operative 
must be compensated kinetically over this possibility. We conclude 
on this basis that the stereochemical data point to trans-5-H-
assisted ionization with direct formation of a bridged cation, tightly 
paired with brosylate anion. Thus, we consider 16 to be the first 
intermediate from 1-OBs and 17 from 3-OBs. The conformations 
depicted for 16 and 17 have C-3 and C-7 nonequivalent in ac
cordance with Sorensen's finding for the stable bridged cyclooctyl 
cation.19 The hydride bridges here are drawn as unsymmetrical 
in allowance for the cation-stabilizing effect of the brosylate 
counterions. 

l-OBs ~- AW-—v^ A ~0BS 

H 

16 

+ 

3-OBs *- BB0/ ^^-^. I 

H 

17 

The hydride-participation and steric-relief theories for the 
cyclooctyl rate enhancement can be seen in the light of the 
stereochemistry as complementary rather than alternative. Thus, 
on ionization of l-OBs in a conformation generative of 16 1,5-H-H 
compression is replaced by attractive interaction between the 
bonding elections of the f/ww-5-hydrogen and the back lobe of 

(29) Coates, R. M.; Kirkpatrick, J. L. / . Am. Chem. Soc. 1970, 92, 4883. 
Coates, R. M.; Fretz, E. R. Ibid. 1975, 97, 2538; 1977, 99, 297. Jorgensen, 
W. L. Tetrahedron Lett. 1976, 3033. Brown, H. C; Ravindranathan, M. J. 
Am. Chem. Soc. 1977, 99, 299. 

(30) Lenoir, D.; Raber, D. J.; Schleyer, P. v. R. / . Am. Chem. Soc. 1974, 
96, 2149. Nordlander, J. E.; Haky, J. E. Ibid. 1981,103, 1518 and references 
therein. 

(31) Goering, H. L.; Briody, R. G.; Levy, J. F. J. Am. Chem. Soc. 1963, 
85, 3059. Goering, H. L.; Levy, J. F. Ibid. 1964, 86, 120. Goering, H. L.; 
Hopf, H. Ibid. 1971, 93, 1224. Bentley, T. W.; Liggero, S. H.; Imhoff, M. 
A.; Schleyer, P. v. R. Ibid. 1974, 96, 1970. Hirsl-Star£evi£, S.; Majerski, Z.; 
Sunko, D. E. Ibid. 1974, 96, 3659. Bone, J. A.; Pritt, J. R.; Whiting, M. C. 
/ . Chem. Soc, Perkin Trans. 2 1975, 1447. See: Bentley, T. W.; Schleyer, 
P. v. R. J. Am. Chem. Soc. 1976, 98, 7658. Bach, R. D.; Willis, C. L. Ibid. 
1975, 97, 3844. 

(32) Nordlander, J. E.; Hamilton, J. B., Jr.; Wu, F. Y.-H.; Jindal, S. P.; 
Gruetzmacher, R. R. / . Am. Chem. Soc. 1976, 98, 6658. 

(33) (a) Weiner, H.; Sneen, R. A. / . Am. Chem. Soc. 1965, 87, 287. (b) 
Streitwieser, A., Jr.; Waiss, A. C, Jr. / . Org. Chem. 1962, 27, 290. (c) 
Streitwieser, A„ Jr.; Walsh, T. D. J. Am. Chem. Soc. 1965, 87, 3682. (d) 
Streitwieser, A., Jr.; Walsh, T. D. Ibid. 1965, 87, 3686. (e) Nordlander, J. 
E.; McCrary, T. J., Jr. Ibid. 1972, 94, 5133. (f) Lambert, J. B.; Putz, G. J.; 
Mixan, C. E. Ibid. 1972, 94, 5132. (g) Lambert, J. B.; Putz, G. J. Ibid. 1973, 
95, 6313. (h) Humski, K.; Sendijarevic, V.; Shiner, V. J., Jr. Ibid. 1973, 95, 
7722. 

(34) Cope, A. C; Johnson, H. E. J. Am. Chem. Soc. 1957, 79, 3889. 

the incipient vacant p orbital at C-1. Possible ionization proceeding 
from other conformations would be assisted by strain relief9 but 
not charge delocalization and would therefore be disfavored relative 
to the direct formation of 16. 

Additional mechanistic information is contained in the product 
distributions from the 1-d reactant, 12-OBs, Tables II and III. 
These data show the selectivities for product formation with and 
without rearrangement to be substantially different in one respect 
while notably similar in another. Specifically, the proportion of 
elimination is consistently and in certain cases markedly higher 
from the C-I than from the C-5 side. This observation is consistent 
with evidence from several laboratories32,33g,h,35t36 that tightly paired 
gegenion functions as the principal base in El eliminations in 
weakly basic media. Further support for this hypothesis is fur
nished by the finding that in the solvolyses of 12-OBs in ethanolic 
trifluoroethanol an increase in trifluoroethanol content leads to 
a decreased yield of unrearranged olefin, 13, but no change in 
the proportion of rearranged olefin, 15 (Table II). As electrophilic 
solvation of brosylate in the initial tight ion pair is increased by 
enrichment of the medium in trifluoroethanol, the effectiveness 
of the counterion as a base in the El reaction should decrease. 
These combined results along with the measurement of only minor 
substrate isomerizations in the acetolysis3 and 50% ethanolic 
trifluoroethanolysis of 12-OBs show that C-I and C-5 maintain 
predominant structural nonequivalence at the tight ion-pair stage 
of reaction. 

In contrast to the discrepant elimination/substitution ratios, 
the selectivities for competitive nucleophilic attachments, EtOH 
vs. H2O or TFE, are nearly the same for the nonrearranging and 
rearranging pathways. The principal intermediates for dis
placement product formation are thus comparatively similar in 
structure and environment at C-I and C-5. These must be sol
vent-separated ion pairs or possibly more dissociated cyclooctyl 
cations in view of the complete retention of configuration attending 
nonrearranging substitution. Here the bridging would be more 
nearly symmetrical than in 16 and 17. These species must be 
formed wholly or for the most part irreversibly from the initial 
contact ion pairs in view of the elimination results for 12-OBs 
discussed above. Total substitution is in general greater at C-I 
than at C-5, although in ethanolic trifluoroethanol these data 
converge as the fraction of trifluoroethanol is increased to 60%. 
In this last solvent, then, the highly solvated brosylate ion ceases 
to exercise a regiochemical influence on completion of the dis
placement process. It continues nevertheless to effect preferred 
elimination on the C-I side, presumably at the earlier tight ion-pair 
stage, as discussed. 

Schneider and Heiske21 have established the same stereo-
specificity in solvolysis of the diastereomeric 3-fe/-f-butylcyclooctyl 
tosylates as that found here for the rf-labeled reactants. Their 
stereochemical characterization of the cyclooctyl system thus 
constitutes a general precedent, uncomplicated by the spatial 
requirements of the large alkyl substituents. 

We differ from these authors somewhat in mechanistic inter
pretation, however. Schneider and Heiske propose that the ste-
reospecificity in displacement could be attributed to steric pro-

(35) Cram, D. J.; Sahyun, M. R. V. J. Am. Chem. Soc. 1963, 85, 1257. 
Cocivera, M.; Winstein, S. Ibid. 1963, 85, 1702. Skell, P. S.; Hall, W. L. Ibid. 
1963, 85, 2851. Buckson, R. L.; Smith, S. G. J. Org. Chem. 1967, 32, 634. 
Svoboda, M.; Zavada, J.; Sicher, J. Collect. Czech. Chem. Commun. 1967, 
32, 2104. Goering, H.; Humski, K. / . Am. Chem. Soc. 1968, 90, 6213. Smith, 
S. G.; Goon, D. J. Org. Chem. 1969, 34, 3127. Feit, I. N.; Saunders, W. H., 
Jr. / . Am. Chem. Soc. 1970, 92, 1630. Burgess, E. M.; Penton, H. R., Jr.; 
Taylor, E. A. Ibid. 1970, 92, 5224. Goering, H. L.; Clevenger, J. V. Ibid. 
1972, 94, 1010. Kim, C. J.; Brown, H. C. Ibid. 1972, 94, 5043, 5051. Burgess, 
E. M.; Penton, H. R„ Jr.; Taylor, E. A. J. Org. Chem. 1973, 38, 26. Humski, 
K.; Sendijarevic, V.; Shiner, V. J., Jr. J. Am. Chem. Soc. 1974, 96, 6187. 
Goering, H. L.; Chang, C-S., Clevenger, J. V. Ibid. 1974, 96, 7602. Goering, 
H. L.; Humski, K. / . Org. Chem. 1975, 40, 920. Goering, H. L.; Chang, C-S. 
/ . Am. Chem. Soc. 1977, 99, 1547. Goering, H. L.; Chang, C-S.; Masila-
mani, D. Ibid. 1978, 100, 2506. Saito, S.; Moriwake, T.; Takeuchi, K.; 
Okamoto, K. Bull. Chem. Soc. Jpn. 1978, 51, 2634. Kovacevic, D.; Goricnik, 
B.; Majerski, Z. J. Org. Chem. 1978, 43, 4008. Compare: Cavazza, M. 
Tetrahedron Lett. 1975, 1031. 

(36) Saito, S.; Yabuki, T.; Moriwake, T.; Okamoto, K. Bull. Chem. Soc. 
Jpn. 1978, 51, ;?9. 



Solvolysis of Cyclooctyl p-Bromobenzenesulfonate J. Am. Chem. Soc, Vol. 104, No. 1, 1982 205 

Table III. Comparative Selectivities in the Formation of Unrearranged and Rearranged Products in Solvolysis of CyclooctyW-d Brosylate 
(12-OBs)at35.5°C 

solvent" 

HOAc 
80% EtOH, 20% H2O 
60% EtOH, 40% TFE 
50% EtOH, 50% TFE 
40% EtOH, 60% TFE 

%elimin 

34 
61 
47 
39 
35 

unrearranged products 

% ethyl 
ether in 

subst prod 

44 
73 
50 
37 

^ E t O H / 
^ R O H 

0.62 
1.28 
0.76 
0.67 

%elimin 

29 
42 
32 
32 
28 

rearranged products 

% ethyl 
ether in 

subst prod 

44 
69 
53 
36 

^ E t O H / 
^ R O H 

0.65 
1.14 
0.82 
0.64 

0 See Table II, footnotes a, b, d. 

tection of the backside of the reaction center by a closely proximate 
transannular hydrogen atom.21 Along the nonrearranging pathway 
this condition would have to hold through conversion of an initial 
tight ion pair to a solvent-separated ion pair from which sub
stitution with retention could result. Retention should be sub
stantially favored at this stage by the enhanced nucleophilicity 
of a hyperpolarized solvent molecule within the field of an ion 
pair.37 Examination of models in the light of the general con
formational flexibility established for cyclooctane derivatives,21 

however, reveals several conformers available to a localized tight 
ion pair that lack backside protection and ought to give rise to 
competitive substitution with inversion. Similarly, a carbenium 
ion generated by 1,5-hydride shift would have to undergo complete 
product formation prior to pseudorotation of the ring21 in order 
to produce the wholly inverted substitution observed at C-5. An 
additional argument against simple cyclooctyl cation intermediates, 
as pointed out by Schneider and Heiske,21 is the absence in both 
studies of displacement products formed with vicinal hydride shift, 
typically detected at significant minor levels in secondary alkyl 
solvolyses.33 

The present results afford an instructive comparison with those 
for the solvolysis of some bicyclic analogues. exo-3-Bicyclo-
[3.3.1]nonyl tosylate (18) is configurationally suited to ionization 
with transannular hydrogen participation, but does not exhibit 
strong bridging. Moodie, Parker, and Watt38 found acetolysis to 
occur with 6% overall 7,3-hydride shift, producing mainly but not 
entirely the exo acetate at both centers. Exo substitution was also 
favored in reaction of the endo tosylate, 19, but the extent of 
rearrangement was not determined. 

H ' 7 H X ] ^V 

18 (X = H, V = OTs ! 

19 ; x = GTs , V > H) 

Cross-ring hydrogen shift increases in solvolyses of the exo-
7-methyl-exo-3 tosylate, 20, where a driving force for conversion 
of a secondary to a tertiary carbenium ion is present. Rear
rangement has been found to occur to the extent of 9-34% in 
carboxamide solvents36 and 55% in both acetic acid39 and 80% 
EtOH.40 In aqueous ethanolysis of the exo-7,9,9-trimethyl de
rivative, 21, rearrangement reaches 100%.41 It can be concluded 

(37) Sneen, R. A.; Larsen, J. W. /. Am. Chem. Soc. 1969, 91, 6031. 
Raber, D. J.; Harris, J. M.; Hall, R. E.; Schleyer, P. v. R. Ibid. 1971,93,4821. 
Harris, J. M.; Fagan, J. F.; Walden, F. A.; Clark, D. C. Tetrahedron Lett. 
1972, 3023. Sneen, R. A. Ace. Chem. Res. 1973, 6, 46. Harris, J. M.; Becker, 
A.; Clark, D. C; Fagan, J. F.; Kennan, S. L. Tetrahedron Lett. 1973, 3813. 
Harris, J. M.; Clark, D. C; Becker, A.; Fagan, J. F. J. Am. Chem. Soc. 1974, 
96, 4478. Harris, J. M.; Becker, A.; Fagan, J. F.; Walden, F. A. Ibid. 1974, 
96, 4484. 

(38) Moodie, W. T.; Parker, W.; Watt, I. /. Chem. Soc, Perkin Trans. 
2 1979, 664. 

(39) Eakin, M. A.; Martin, J.; Parker, W.; Egan, C; Graham, S. H. Chem. 
Commun. 1968, 337. 

(40) Stehelin, L.; Kanellias, L.; Ourisson, G. /. Org. Chem. 1973, 38, 847. 
(41) Stehelin, L.; Kanellias, L.; Ourisson, G. J. Org. Chem. 1973, 38, 351. 

that the gem-dimethyl grouping in 21 blocks formation of the 
chair-boat or boat-boat conformation from which 18 and 20 
undergo ks solvolysis. 

Ourisson et al.40 have inferred from a nonlinear Hammett-Taft 
correlation for solvolysis of a set of exo-7-substituted exo-3-bi-
cyclo[3.3.1]nonyl tosylates that 20 solvolyzes distinctively with 
transannular hydride assistance. (Analogous results had been 
obtained earlier for longifolene derivatives.42) Parker and 
Graham39 and Saito and Okamoto36 and their co-workers, on the 
other hand, have measured null isotope effects for solvolyses of 
enio-7-deuterated 20 and on this basis have considered that a kQ 

rather than kx mechanism must be operative. 
The more flexible evto-3-bicyclo[3.3.2]decyl tosylate (22) shows 

behavior indicative of predominant reaction through a 7,3-
hydride-bridged ion. Doyle and Parker43 have reported the 
acetolysis of 22 to proceed with 48% transannular hydride shift 
and a 5:1 preference for exo over endo substitution. 

A unified interpretation of the collective data is that all the 
cyclooctyl reactants under discussion, except 19, ionize with some 
degree of transannular C-H bond participation, with the extent 
of bridging in the intermediate cations and competitive ks reaction 
being broadly and independently variable. It is reasonable that 
the medium-ring proximity effect1 that gives rise to ^-hydride 
migrations in these systems and controls solvolysis at each stage 
as well as stable-ion structure in the parent cyclooctyl case should 
play a general if sometimes marginal role in ionization along this 
series. 

Experimental Section 
Capillary melting points were obtained with a Thomas-Hoover appa

ratus and are uncorrected. Boiling points are uncorrected. 
1H NMR spectra were recorded at 60 MHz on a Varian A-60-A or 

EM-360-A spectrometer using CCl4 as solvent and Me4Si as internal 
standard. 2H NMR spectra were obtained at 15.4 MHz on a Varian 
XL-100-15 Fourier-transform spectrometer with modulated proton de
coupling, using fluorobenzene for external lock. The solvent was CCl4 
containing 1% of CDCl3 as internal standard. The chemical shifts are 
reported in ppm from (CDj)4Si.44 Ho(fod)3 was purchased from Norell, 
Inc., and stored in a desiccator over P205. 

Gas chromatographic analyses and separations were performed on a 
Varian Model 920 instrument using Carbowax 2OM 25% on 60-80 mesh 
Chromosorb W, AW/DMCS, as the stationary phase. 

(£)-Cyclooctanol-2-rf(l-OH). m-Cyclooctene oxide222 (12.6 g, 0.10 
mol), prepared in 88% yield from d^-cyclooctene and m-chloroperoxy-
benzoic acid by the procedure described by Fieser and Fieser,45 was 
reacted with 110 mL of 1.00 N LiEt3BD (0.11 mol) in tetrahydrofuran 
(Aldrich) using the method of Brown, Kim, and Krishnamurthy23 mod
ified to include boiling under reflux for 3 h. Alcohol 1-OH was obtained 
in 89% yield following distillation: bp 101-103 0C (20 mmHg) [lit.46 

bp 111.3-111.7 0C (25 mmHg), unlabeled]; 1H NMR similar to that 

(42) Stehelin, L.; Lhomme, J.; Ourisson, G. /. Am. Chem. Soc. 1971, 93, 
1650. 

(43) Doyle, M.; Parker, W. J. Chem. Soc, Perkin Trans. 1 1977, 858. 
(44) 'H and 2H NMR chemical shifts have been established to be linear. 

Diehl, P. In "Nuclear Magnetic Resonance Spectroscopy of Nuclei Other 
Than Protons", Axenrod, T., Webb, G. A„ Eds.; Wiley: New York, 1974; 
Chapter 18. Jensen, H.; Schaumberg, K. Acta Chem. Scand. 1971, 25, 663. 
Diehl, P.; Leipert, T. HeIv. Chim. Ada 1964, 47, 545. 

(45) Fieser, L. F.; Fieser, M. "Reagents for Organic Synthesis"; Wiley: 
New York, 1967; Vol. 1, p 136. 

(46) Kohler, E. P.; Tisher, M.; Potter, H.; Thompson, H. T. J. Am. Chem. 
Soc. 1939, 61, 1057. 
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recorded by Pouchert and Campbell47 for cyclooctanol; 2H NMR (52 mg 
of product plus 53 mg of Ho(fod)3 in 350 ML of CCl4) S -35.64 (s). 

(E)- and (Z)-Cyclooctanol-2-d (1-OH + 2-OH). A sample of 1.50 
g (11.6 mmol) of the (£)-alcohol, 1-OH, was oxidized in 86% yield to 
cyclooctanone-2-rf by means of 3.85 g (17.8 mmol) of pyridinium chlo-
rochromate (Aldrich) in CH2Cl2 buffered with 2.93 g (35.7 mmol) of 
sodium acetate in accordance with the procedure of Corey and Suggs.24 

The ketone (1.20 g, 9.40 mmol) was then reduced with 15.0 mL of 1.00 
N LiEt3BH (15.0 mmol) in THF (Aldrich) by the method of Brown, 
Kim, and Krishnamurthy,23 generating 1.10 g (8.74 mmol, 93%) of the 
mixed diasteromeric alcohols 1-OH + 2-OH: 2H NMR (40 mg of the 
product plus 40 mg of 1-OH plus 80 mg of Ho(fod)3 in 400 ^L of CCl4) 
S -35.68 (s, intensity, 3,1-OH), -36.79 (s, intensity 1, 2-OH), the signals 
being virtually base line resolved. 

(E)-Cyclooctanol-4-d(3-OH). (Z)-l,4-Cyclooctanediol (6) (14.4 g, 
0.10 mol), obtained from the epoxidation-formolysis of cyclooctene as 
reported by Cope, Fenton, and Spencer,22" was esterified with 22.8 g 
(0.12 mol) of freshly recrystallized (hexane) p-toluenesulfonyl chloride 
in 200 mL of dry pyridine at -5 0 C for 24 h, and workup was conducted 
as described by Fieser and Fieser.48 The oily crude product was reacted 
with 190 mL of 1.00 N LiEt3BD (0.19 mol) in THF following the pro
cedure of Parker and Watt.3 The distilled product (20 mmHg) was 
shown by gas chromatography and 1H NMR to be a mixture of cyclo
octene and cyclooctane (3%), 3- and 4-cyclooctenols (18%), and cyclo
octanol (79%). On silica gel chromatography the cyclooctene and cy
clooctane were eluted with hexane and then the alcohols with ether. The 
mixed alcohols (10.0 g) were treated with 7.6 mL (80 mmol) of bo-
rane-dimethyl sulfide complex (Aldrich), and the resultant boranes ox
idized to the diols with alkaline hydrogen peroxide by the method de
veloped by Lane.49 The desired 3-OH was separated from the more 
strongly adsorbent diols by silica gel chromatography with 50% hexane 
in ether as eluant. The yield was 6.7 g (52 mmol, 52% from 6): bp 
101-103 0 C (20 mmHg) [lit.46 bp 111.3-111.7 0 C (25 mmHg), unla
beled]; 1H NMR closely similar to that recorded by Pouchert and 
Campbell47 for cyclooctanol; 2H NMR (48 mg of 3-OH plus 47 mg of 
Ho(fod)3 in 350 ML of CCl4) 5 -23.77 (s). 

Cyclooctanol-/-d (5-OH). Reduction of 12.6 g (0.10 mol) of cyclo-
octanone with 110 mL of 1.00 N LiEt3BD (0.11 mol) in THF by the 
method of Brown, Kim, and Krishnamurthy23 produced by 11.7 g (91 
mmol, 91%) ofS-OH: bp 101-103 0C (20 mmHg) [Lit.46 bp 111.3-111.7 
0C (25 mmHg), unlabeled]; 2H NMR 6 3.76 (s); the 1H NMR spectrum 
showed no absorption at this position, indicating >98% deuteration. 

Cyclooctyl Brosylates 1-OBs, 3-OBs, and 5-OBs. The labeled brosy-
lates were synthesized from the corresponding alcohols by reaction with 
recrystallized (hexane) /vbromobenzenesulfonyl chloride in pyridine by 
the method of Tipson.50 The labile esters were purified by three suc
cessive recrystallizations from hexane at -10 to -20 0C and solvolyzed 
promptly. Yields were 75-79%. The products had 1H NMR spectra as 
expected.47 

Cyclooctyl 2,2,2-Trifluoroethyl Ether. Preparation of this ether was 
carried out for identification of the labeled trifluoroethanolysis products. 
Cyclooctanol (2.0 g, 16 mmol) was converted to its potassium salt by 
reaction with 0.72 g (18 mmol) of KH (Ventron, protective mineral oil 
removed by three washings with dry pentane) in 20 mL of dry THF. 
18-Crown-6 (0.20 g) (Aldrich) was added, followed by 4.8 g (19 mmol) 

(47) Pouchert, C. J.; Campbell, J. R. "The Aldrich Library of NMR 
Spectra"; Aldrich Chemical Company: Milwaukee, WI, 1974; Vol. 1, p 118. 

(48) Reference 45, pp 1180-1181. 
(49) Lane, C. F. J. Org. Chem. 1974, 39, 1437. 
(50) Tipson, R. S. J. Org. Chem. 1944, 9, 235. 

of trifluoroethyl tosylate (Aldrich). The mixture was boiled under reflux 
for 48 h, cooled to room temperature, and poured into 100 mL of cold 
water. The product was extracted into three 30-mL portions of ether, 
and the combined ether solution was washed with saturated aqueous 
sodium chloride and dried over MgSO4. After solvent evaporation and 
short-path distillation, a pure sample of the cyclooctyl trifluoroethyl ether 
was isolated by preparative gas chromatography: bp 172-173 °C; 1H 
NMR 5 1.29-1.93 (m, 14 H, ring CH2), 3.51-3.75 (m, 1 H, >CHO-), 
overlapping with 3.82 (q, J = 10.3 Hz, 2 H, CH2CF3). 

Anal. (Galbraith Laboratories, Inc., Knoxville, Tenn.) Calcd for 
C10H18F3O: C, 57.35; H, 8.14. Found: C 57.28; H, 8.19. 

Solvolyses. The solvolyses in acetic acid were carried out in the 
presence of 1% (wt) of acetic anhydride and 1.20 equiv of sodium acetate. 
For the other solvolyses 1.20 equiv of 2,6-lutidine was employed as buffer. 
In each case the initial substrate concentration was 0.10 M and the 
reaction was carried out in a tightly closed pressure bottle immersed in 
a thermostatic water bath at 35.5 °C. The product mixtures were poured 
into 500 mL of ice water and extracted with two 300-mL portions of 
pentane. In the case of acetolysis the pentane solution was washed twice 
with water and once with 5% sodium bicarbonate solution. From the 
other solvolyses the pentane solution was washed successively with cold 
5% hydrochloric acid, water, and sodium bicarbonate solution. The 
product solutions were dried over anhydrous K2CO3 and concentrated by 
distillation of the pentane through a 40-cm Vigreux column. The crude 
acetolysis products were further treated with LiAlH4 in anhydrous ether 
in the usual manner51 to reduce the acetates to alcohols. 

The ratios of alcohol to olefin products were determined by calibrated 
gas chromatography. Preparative gas chromatography was used to sep
arate the products for label-position analysis. 

Determination of Substrate Isomerization in the Ethanolic Trifluoro
ethanolysis of 5-OBs. Cyclooctyl- 1-d brosylate (5-OBs) (3.5 g, 10.0 
mmol) was solvolyzed at 35.5 0 C in 100 mL of 50% ethanolic tri-
fluoroethanol containing 0.54 g (5.0 mmol, 0.50 equiv) of 2,6-lutidine and 
a trace of Congo Red indicator. On attainment of the end point (change 
from red to light blue) the reaction was quenched and worked up as 
described above. The 1H NMR spectrum of the resultant solvent-free 
mixture showed a weak broad signal for the >CHO- proton in rear
ranged brosylate centered at 5 4.18 and free from overlap with other 
absorptions. Integration of this band against the aromatic absorption for 
the residual reactant showed the starting material to have been 11% 
isomerized during 1.0 half-life for solvolysis. 

Note Added in Proof. Hydride participation in cyclooctyl 
tosylate solvolysis has also been implicated in a recent compre
hensive rate/solvent correlation.52 

Acknowledgment. Support of this work by National Sciences 
Foundation Grant CHE-7821790 is gratefully acknowledged. We 
thank Professors Hans-Jorg Schneider and J. Milton Harris for 
helpful correspondence and Professor Theodore S. Sorensen for 
communicating related research results in advance of publication. 

Registry No. 1-OH, 79734-92-2; 1-OBs, 79734-93-3; 2-OH, 55693-
43-1; 3-OH, 79734-94-4; 3-OBs, 79734-95-5; 5, 4925-71-7; 6, 73982-
04-4; 12-OH, 79734-96-6; 12-OBs, 58378-55-5; cyclooctyl 2,2,2-tri-
fluoroethyl ether, 79734-97-7. 

(51) Nystrom, R. F.; Brown, W. G. J. Am. Chem. Soc. 1947, 69, 1197. 
(52) Bentley, T. W.; Bowen, C. T.; Morten, D. H.; Schleyer, P. v. R. J. 

Am. Chem. Soc. 1981, 103, 5466. 


