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Abstract: The acid-catalyzed rearrangement of exo- and e«rfo-bicyclo[3.2.1]oct-3-en-2-ol (2-OH) in 33.3% aqueous acetone 
results in interconversion of enantiomers (racemization) and exo =± endo isomerization. Rate constants have been determined 
for (1) loss of optical activity (ka), (2) exo s± endo equilibration (kco) and 18O exchange (&cxc) for both isomers. Reactivity 
ratios (£(,.oxo/A:(,.er,do) range from 247 at 200C to 136 at 49 0C. The partition ratio for solvent capture of the symmetrical bicy-
clo[3.2.1]oct-3-en-2-yl cation (3) ranges from 878 at 20 0C to 454 at 49 0C (exo capture favored). The activation energy dif
ference for exo and endo capture (A£a) is 4.4 ± 0.5 kcal mol-1 and IH for the exo ;= endo equilibration is 0.6 ± 0.2 kcal mol-1 

(exo isomer more stable). The /cexc//c„ ratio is 0.67 for <?xo-2-OH and 1 for endo-2-OH. 

In earlier work we investigated the stereochemistry of the 
acid-catalyzed (HCIO4) rearrangement of cis- and trans-5-
methyl-2-cyclohexenol (1-OH) in aqueous acetone and de
termined the pseudo-first-order rate constants for (1) loss of 
optical activity (k„, eq 1), (2) geometric isomerization (k„ eq 
2), and (3) 18O exchange (/cexc, eq 3).la It was found that for 
both isomers ka is several times larger than k\. Thus there is 
excess rearrangement with preservation of geometric config
uration (racemization) which means that the isomeric alcohols 
give different symmetrical 5-methyl-2-cyclohexenyl inter
mediates. This memory effect was interpreted in terms of the 
quasi-axial conformations being stereoelectronically favored 
for bond cleavage and formation.Ia Thus, the isomers are re
lated to symmetrical intermediates that differ conformationally 
and the initially formed intermediate is predisposed to re-form 
racemic alcohol with preservation of geometric configuration 
as illustrated in Scheme I. Presumably isomerization involves 
conformational change of the cation. 
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It was also observed that the rate of 18O exchange (&cxc), 
relative to the rate of formation of a symmetrical intermediate 
(&„), differs for the isomers. For cis-l-OH, racemization is 
essentially intramolecular (little exchange associated with 
interconversion of enantiomers). With trans-l-OH, inter
conversion of enantiomers results in almost complete exchange. 
This was attributed to differences in the way that the confor
mationally different cations are solvated.la 

We now report the results of a similar investigation of exo-
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and ewfo-bicyclo[3.2.1]oct-3-en-2-ol (2-OH). In this rigid 
bicyclic system the hydroxyl group is quasi-axial in the exo 
isomer and quasi-equatorial in the endo isomer and the sym
metrical allylic cation (3) is structurally independent of the 
epimer from which it is derived. In this work we have deter
mined (a) the difference in exo and endo transition state 
energies, (b) the reactivity ratios (fc„-exo/fc«-cr,do), and (c) the 
partition ratios (/c-1/^-2) for the acid-catalyzed (HCIO4) 
rearrangement of 2-OH in 33.3% (v/v) aqueous acetone (re
action 4). 

The method is similar to that used in earlier investigations'b 

and involves comparison of rates and activation parameters 
of two reactions for each isomer. These are loss of optical ac
tivity (reaction 5) and exo ^ endo isomerization (reaction 6). 
The pseudo-first-order rate of reaction 5 corresponds to the rate 
of formation of the carbonium ion—in other work it was shown 
that irreversible solvent capture gives completely racemic 
products.3 The difference between the pseudo-first-order rate 
constants for loss of optical activity (k„) and isomerization {k{) 
is the constant for racemization with preservation of geometric 
configuration, i.e., krac = ka - k\. The rate of 18O exchange 
(reaction 3) was also determined for each isomer for com
parison with the rate of generation of the symmetrical inter
mediate. 

ka 

exo- or endo-2-QW —»• inactive products (5) 

exo- 2-OH +=£endo- 2-OH (6) 
* i-endo 

The measurable pseudo-first-order constants for reactions 
5 and 6 and the equilibrium constant for reaction 6 {Keo) are 
related to the constants in eq 4 as follows: 

ka-exo = k\ and K„-endo = k2 ( ' ) 

fci-exo = k\k-2/{k-\ + k-2) 

&i-endo = k2k-]/(k-\ + k-2) 

* e q = ( * l / * 2 ) ( * - 2 / * - l ) (8) 

Thus 

*«-cxo/*i-exo = (k-\/k-2) + 1 (9) 
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Table 1. Catalytic Second-Order Constants for Acid-Catalyzed 
Loss of Optical Activity (k„) for exo- and e«rfo-Bicyclo[3.2.1]oct-
3-en-2-ol in 33.33% Acetone" 

temp, 
0 C 

12.67 
19.90 
29.87 
40.14 

k h 

M-' rr1 

5.59 ± 0 . 1 3 ' ' 
15.0 ± 0 . 1 e 

51.0 ± 0 . 2 / 
166 ±0 .1 A 

^(v-cndoi 

M-1 h"1 

0.258 ±0 .002" 
1.04 ± 0 . 0 4 ' 

" Ionic strength constant; [HClO4] + [LiClO4] =0.182 M. Con
centrations (25 CC) not corrected for thermal expansion. * £'., = 21.8 
± 0.2 kcal mol-1. ' £a = 25.6 ± 0.8 kcal mol-1. '' Average of four 
determinations; [HClO4] = 0.01-0.09 M; [exo-2-OH] = 0.02-0.025 
M. '' Average of three determinations; [HClO4] = 0.007-0.036 M; 
[MO-2-OH] = 0.02 M./Average of seven determinations; [HClO4] 
= 0.007 M; [exo-2-OH] = 0.015-0.059 M. * Average of two deter
minations; [HClO4] = 0.182 M; [endo-2-OH] = 0.13 M. * Average 
of two determinations; [HClO4] = 0.003 M; [exo-2-OH] = 0.014 and 
0.027 M. ' Average of three determinations; [HClO4] =0.09-0.182 
M; [endo-2-OH] = 0.12 M. 

From this it can be seen that ka corresponds to generation of 
the symmetrical cation (3). Thus the &„.exo/fc<v_endo ratio cor
responds to the reactivity ratio (&i/A:2) and the partition ratio 
for capture of the cation (&_i/&_2) can be determined from 
the £„.Cxo/&i-cxo ratio. 

The rates of reactions 3, 5, and 6 are proportional to acid 
concentration, which shows that each involves reversible pro-
tonation by lyonium ion (SH+) followed by first-order reaction 
of the conjugate acid of the alcohol as illustrated by reactions 
10-13. 

2-OH+SH + 
KlO 

:2-OH2+ + S 

k' 
2-OH2

+ —*• inactive products 

2-OH2
+ —*• geometric isomer 

2- 1 8OH 2
+ -^-2-OH 2

+ 

(10) 

(H) 

(12) 

(13) 

From this it can be seen that the pseudo-first-order constants 
(ka, eq 5; k\, eq 6; and kcxc, eq 3) are directly proportional to 
the corresponding first-order constants for the protonated al
cohols (k', eq 11-13) as shown by the equation 

k = Ki0[SH+]k' (14) 
Results 

Racemic and optically active exo-bicyclo[3.2.1]oct-3-en-
2-ol (exo-2-OH) and racemic endo-2-OH were prepared as 

reported earlier.3 Optically active endo-2-OH was obtained 
by resolution of the acid phthalate derivative. 

Oxygen-18 labeled exo-2-OH was prepared by solvolysis 
of bicyclo[3.2.1]oct-3-en-2-yl bromide (2-Br)3 in l80-enriched 
water (1.5% excess 18O). Recrystallization of thep-nitroben-
zoate derivative followed by saponification gave isomerically 
homogeneous ' 80-labeled exo-2-OH containing 1.3% excess 
l sO. Oxygen-18 labeled endo alcohol was prepared from 
1 sO-enriched bicyclo[3.2.1 ]oct-3-en-2-one.3 The labeled ke
tone was obtained by acid-catalyzed exchange of the carbonyl 
oxygen with l80-enriched waterIa and converted to 180-labeled 
endo-2-OH by reduction with LiAlH4.

3 After purification3 

the product consisted of 93% of the endo isomer and contained 
1.8% excess 18O. Configurational compositions were deter
mined by capillary GC. 

Rate constants for loss of optical activity (k„) in 33.33% 
aqueous acetone (v/v, 25 0C) are presented in Table I and data 
for the acid-catalyzed exo-2-OU <=± endo-2-OH equilibration 
are summarized in Table II. All rates are cleanly pseudo first 
order and at constant ionic strength, directly proportional to 
acid concentration over the range 0.007-0.182 M. Solvents 
were prepared by mixing stock solutions of 0.182 M HClO4 
and 0.182 M LiClO4Jn 33.33% acetone. Thus in all cases the 
ionic strength was 0.182 M. Control experiments showed that 
/c,v.cx0, the constant that can be determined with the greatest 
accuracy, increases ~30% with an increase in ionic strength 
from 0.007 to 0.182 M and is unchanged by varying solvent 
composition from 33.3 to 32.3% acetone. 

The rate constants in the tables are catalytic second-order 
constants obtained by dividing observed pseudo-first-order 
constants by acid concentration. Or to put it another way, these 
are pseudo-first-order constants normalized for [HClO4] = 
1 M. 

Rate constants for loss of optical activity (k„) were deter
mined as described earlier. In most cases reactions were carried 
out in a thermostated polarimeter tube and followed by ob
serving the decreasing rotation at appropriate intervals. In 
some experiments aliquots were quenched with base at inter
vals during the reaction and k„ was determined from the ob
served static rotations. Both methods gave the same results. 
Reactions were followed to >75% completion and in all cases 
decay of optical activity was first order. Rotations could be 
determined to ±0.002° and the total change in rotation was 
> 1 ° for exo-2-OH and >0.5° for endo-2-OH. Thus ka can be 
determined with good precision. As indicated by the footnotes, 
the values in Table I are average (and average deviations) of 
from two to seven independent kinetic experiments. 

The rate constants for isomerization {k\-cx0 and ^i-endo) in 
Table II were determined from the pseudo-first-order constant 
for irreversible equilibration of the isomers (&cq, reaction 15) 
and the equilibrium constant (Keq, reaction 6). As shown by 

Table II. Equilibrium (Kcq) and Catalytic Second-Order Constants for the Acid-Catalyzed Equilibration of exo- and e«fifo-Bicyclo[3.2.1] 
oct-3-en-2-ol in 33.3% Acetone 

temp, 
0C 

\0k 
\0Kai"-

h M- M-' h-
10/ti 

M-
cndoi 
•i h - i 

29.87 
40.14 
49.03 
78.47 
99.36 

2.99 ± 0.08 
3.05 ± 0.07 
3.12 ± 0.03 
3.42 ± 0.05 
3.57 ± 0.05 

3.24 ± 0.07/ 
13.0 ±0.02* 
40.4 ±0 .5* 

0.74 ± 0.02 
3.0 ±0.1 
9.6 ±0.1 

2.49 ± 0.07 
9.9 ±0.01 

30.8 ±0.3 

" /Ccq = endo-2-OHjexo-2-OH\ AH = 0.57 ±0.13 kcal mol"1. AC = 0.74 kcal mol"1 AS 0.53 eu at 50 0C. * Average and average deviation 
of five (29.87 0C), three (40.14 and 99.36 0C), and two (49.03 and 78.47 0C) determinations. Equilibrium approached from both directions 
at each temperature. '' £a = 25.8 ± 0.3 kcal mol-1. d Uncertainties derived from uncertainties in /Ceq and £eq. '' £ a = 25.5 ± 0.3 kcal mol-1. 
/ Average of five determinations starting with 0.09-0.133 M endo-2-OH, [HClO4] = 0.182 M. * Average of two determinations starting with 
0.182 M endo-2-OH, [HClO4] =0.182 M. * Average of determinations with [HClO4] = 0.012 and 0.036 M; [endo-2-OH] =0.12 M. 
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Table IiI. Comparison of Rate Constants for Reactions Associated 
with the Acid-Catalyzed Rearrangement of exo- and endo-
Bicyclo[3.2.1 ]oct-3-en-2-ol in 33.33% Acetone at 29.87 0C 

10A:,, M - ' h - ' 
10/tcq, M- 1 h - ' 
1OA:;, M"1 h - ' 
10/trac, M- 1 h"1 * 
10^cxc, M - ' h " 1 

exo-2-OH " 

510 ± 4 
3.24 ±0 .07 
0.74 ± 0.02 
510 ± 4 
348 ± 15c 

endo-2-OW 

2.58 ±0.02 
3.24 ±0.07 
2.49 ± 0.07 
0.09 ± 0.09 
2.47 ±0.04rf 

" Data taken from Tables I and II. * Determined from rate con
stants for total loss of optical activity and geometric isomerization, 
i.e., krac = k„ — k\. '' Average of three determinations, [HClO4] = 
0.007; [exo-2-OH] = 0.11-0.25 M. d Average of two determinations, 
[HClO*] = 0.1 M; [endo-2-OH] = 0.1 1 M. 

eq 16 and 17, these measurable constants correspond to the 
sum and ratio of the individual constants. 

exo- or endo- 2-OH —*• equilibrium mixture (15) 

*eq = ^i-exo •" ^i-endo V 1 " ) 

Keq = endo-2-OU/exo-2-OU = &i-exo/&i-endo (17) 

The equilibrium constant for equilibration (A^q) was de
termined from the isomeric composition of 2-OH (approached 
from both sides) after >8 half-periods for equilibration. 
Equilibration (reaction 15) was cleanly first order. The reac
tion was followed by isolation of 2-OH from aliquots quenched 
with base and determining configurational compositions by 
capillary GC. The exo isomer predominates at equilibrium; 
thus, starting with endo-2-OH results in the largest measurable 
change in composition (~75 percentage units) and the more 
precise determination of kcq. The values in Table II are average 
of two to five independent experiments starting with endo-
2-OH. Optically active endo-2-OH was used in one experiment 
and the same aliquots were used to determine both keq and 
&a-cndo- A control experiment showed that, under conditions 
for exo *=* endo equilibration, 2-OH is not consumed by irre
versible parasitic reactions—there was no detectable change 
in the 2-OH concentration after 5 half-lives for equilibra
tion. 

The endo-2-OU —• exo-2-OH isomerization constants 
(̂ i-endo) in Table II were determined from Keq and keq with 
eq 18, which is derived from eq 16 and 17. The isomerization 
constant for £.xo-2-OH (&i-exo) was determined from &i.endo 
and A"eq (eq 17). 

Agendo = W ( * e q + D O 8 ) 

Pseudo-first-order rate constants ([HClO4] = 1 M) for the 
various acid-catalyzed transformations of exo- and endo-2-OH 
at 29.87 0C are compared in Table III. All constants were 
measured at this temperature and thus extrapolations are not 
involved in these comparisons. 

Rate constants for 18O exchange (reaction 3) are included 
in Table III. Exchange is cleanly pseudo first order and reac
tions were followed by isolation of the alcohol fraction from 
quenched aliquots by gas chromatography and determination 
of the '8O contents.,u'4 Since the ratio of exchangeable oxygen 
in the solvent to alcohol is ~140, reincorporation of 18O is 
negligible and for all practical purposes exchange is irreversible 
as indicated by reaction 3. Control experiments showed that 
isolation did not alter the ' 8O content of the alcohol and that 
samples of isolated 2-OH were representative of the alcohol 
in the reaction mixture at the time of quenching. For 18O 
labeled endo-2-OH, both A:eq and /cexc were determined from 
the same isolated samples of 2-OH. 

Table IV. Partition (k„-cm/k\.CM) and Reactivity (A-„.cx0//c„.cnd0) 
Ratios for Acid-Catalyzed Isomerization of exo- and endo-
Bicyclo[3.2.1]oct-3-en-2-ol in 33.33% Aqueous Acetone 

t emp , C Kn-cxo/* i-cxo ' *«-cxo/*<v-cndo 

19.90 878 ±39' 247'' 
29.87 689 ±24 198 ±2 
40.14 553 ±19 159 ±7 
49.03 454 ± 15f \W_ 

" A£a = 4.4 ± 0.3 kcal mol"1; ^^S* = 1.9 ± 1.4 eu. * Uncer
tainties estimated from limiting values of constants. ' Determined 
by extrapolation of k\.no.

 d Determined by extrapolation of A\,.endo-
'' Determined by extrapolation of k„.ao. J Determined by extrapo
lation of both constants. 

The data in Table III show the relative rates at which the 
conjugate acid of each isomer undergoes the various trans
formations. For exo-2-OH, k„ is much larger than k\, which 
means that the exo/endo capture ratio of 3 (k-\/k-2) is high 
and ionization results primarily in racemization (kTac). Com
parison of A:exc and ka.cw shows that ionization does not result 
in complete exchange. About 30% of the racemization is in
tramolecular (i.e., there is excess recapture of the water mol
ecule formed in the ionization step) and this fraction of the 
ionization is undetected by fcexc. The possibility of an isotope 
effect is important in comparing A;exc with the other constants 
because only the fraction of alcohol with 18O is observed in the 
exchange experiments. In an earlier paperla we gave reasons 
for concluding that the 18O isotope effect for acid-catalyzed 
reactions of alcohols is negligible and we now present evidence 
that this is the case. Because of the high exo/endo capture 
ratio, ionization of the conjugate acid of endo-2-OH results 
in isomerization and exchange as well as loss of optical activity. 
Thus exchange can be compared with two independent mea
sures of total ionization, and, as shown in Table III, for endo-
2-OH, kac is within the combined uncertainties of k\ and 
ka. 

The Ai-exo and k 
a-exo/̂ tt-endo ratios for various tem

peratures are presented in Table IV. As shown by eq 7 and 9 
the first is the partition ratio (k-\/k-2) and the latter the re
activity ratio (k\/k2). The reactivity ratio can also be deter
mined from the partition ratio and the equilibrium constant 
(eq 8). This method uses only data for exo-2-OH and gives 
values within the combined uncertainties of the ka.QX0/ka.md0 
ratios in Table IV. This agreement establishes that exo- and 
endo-2-OH give a common symmetrical intermediate as il
lustrated by eq 4. 

The ka-exo/ki-ao ratios show the magnitude and temperature 
dependence of the exo/endo capture ratio of the bicyclic allylic 
cation (3). These data are in agreement with earlier solvolytic 
investigations which showed that the exo/endo ratio for irre
versible capture of 3 is. >200.23 

The constants in the reactivity ratio (k\/k2), unlike those 
in the partition ratio (k-\/k-2), are composites and include 
a proportionality constant (K)0) connecting the observed 
pseudo-first-order constants and the first-order constants for 
ionization of the conjugate acid of the alcohol. Since Kw is 
unknown and presumably differs for the two isomers, A:ft.exo/ 
&„-endo does not necessarily correspond to the ratio for ion
ization of the two conjugate acids. Thus, the reactivity ratios 
do not provide interpretable mechanistic information regarding 
structure and reactivity. 

Apparent activation energies (£a) for generation of the 
common intermediate (3) and A// for equilibration are shown 
in Figure 1. These parameters were determined from data in 
Tables I and II and in all cases logarithmic plots were linear. 
The pseudo-first-order constants have not been corrected for 
thermal expansion of the solvent. However, from data for 30% 
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exo-2-OH 

AH = O.6t0.2 
en do-2-OH 

V 

Figure 1. Apparent activation energies (£a) for acid-catalyzed reactions 
of exo- and endo-2-OH and AH for equilibration. 

aqueous acetone,5 it is evident that corrections would be minor. 
The density of the solvent changes about 2.3% over the tem
perature range of 13-40 0C. This would increase the range of 
the rate constants by the same amount and increase £a about 
0.15 kcal mol-1, less than experimental error. 

The energy gap for the exo and endo transition states (A£a) 
in Figure 1 was determined directly from a logarithmic plot 
of the /c(,-cxoMi-exo ratio. This value is in good agreement with 
that obtained indirectly from A// and Ea for &cv-endo and k„.exo. 
The magnitude of A£a for this system is about the same as that 
observed earlier for the acid-catalyzed equilibration of exo-
and ewfo-l,2-dimethylnorbornanol (A£a = 4.3 kcal mol-1) 
and substantially less than that for equilibration of exo- and 
ew/o-norbornanol (A£a = 7.8 kcal mol~')-lc Presumably, in 
the present system the greater stability of the exo transition 
state results primarily from steric factors (cf. the 1,2-di-
methylnorbornanol system) with a possible contribution from 
stereoelectronic factors (better overlap for formation of the 
exo quasi-axial bondla).6 

Experimental Section 

Materials. Dry acetone was prepared by fractionation of reagent 
grade acetone from Drierite. A stock solution of 0.182 M HCIO4 in 
33.33% acetone was prepared by mixing two volumes of conductivity 
water containing the required amount of HClO4 with one volume of 
dry acetone. Volumes were measured at 25 0C and the concentration 
was determined by titration of the solution. A stock solution of 0.182 
M LiClO4 in 33.33% acetone was prepared by mixing two volumes 
of conductivity water containing the required amount of LiClO4 and 
one volume of dry acetone. The calculated amount of LiClO4 was 
corrected for volume shrinkage (~2%) on mixing of two volumes of 
water and one of dry acetone. 

Solvents of various acid concentrations were prepared by mixing 
the proper amounts of the two stock solutions. All concentrations were 
determined by titration with standard sodium hydroxide and are for 
250C. 

Isomeric compositions of 2-OH were determined with a 100-ft 
UCON Polar polyglycol (LB-550-X) capillary column at 100 0C. 
Base line resolution of exo- and endo-2-OH was observed and control 
experiments with standard mixtures gave accurate and reproducible 
results and showed that decomposition does not occur. Complete 
resolution of exo- and endo-2-OH was also observed with a 100-ft 
TCEP column. With these columns base line resolution was observed 
for any combination of the following: exo- and endo-2-OH and their 
saturated analogues, and the corresponding saturated and (^-un
saturated bicyclic ketones. 

Racemic and Optically Active exo-Bicyclo[3.2.1]oct-3-en-2-ol 
(exo-2-OH). Racemic exo-2-OH, mp 81.5-83.5 0C (lit.3 mp 82.7-83.7 
0C), >99% exo isomer, was prepared and purified (recrystallization 
of p-nitrobenzoate derivative) as reported earlier.-1 Optically active 
exo-2-OH, [«]25

D 204° (c 0.5, CHCl3) (93% optically pure),3 was 
also prepared as reported earlier. Capillary GC showed this material 
to be homogeneous exo-2-OH. Anal. (C8Hi2O) C, H. 

Racemic and Optically Active endo-Bicyclo[3.2.1]oct-3-en-2-ol 
(enrfo-2-OH). d/-Bicyclo[3.2.1]oct-3-en-2-one was prepared by 
chromic acid oxidation7 of dl-exo- 2-OH and converted to endo- 2-OH 
by reduction with LiAlH4 as reported earlier.3 After purification by 
recrystallization of the p-nitrobenzoate derivative followed by silver 
nitrate extraction to separate saturated contaminants,3 the product 
was >97% endo-2-OH, mp 67.4-68.5 0C, and the only impurity was 
the exo isomer. 

Previous attempts3 to resolve the endo acid phthalate were unsuc
cessful. In this work endo-2-OH was resolved as follows. The acid 
phthalate derivative of endo-2-OH, mp 99-104 0C, and an equivalent 
amount of cinchonidine were dissolved in acetone. After five recrys-
tallizations the head crop of the cinchonidine salt was converted2 to 
endo-2-OH. After purification by chromatography on silica gel as 
described earlier,3 endo-2-OH (>99% endo isomer) was obtained 
which had mp 67.6-68.2 0C, [a]24

D 7.28° (c 1.47, CHCl3). From the 
absolute rotation3 it can be seen that this material was 50% optically 
pure. Anal. (C8Hi2O) C, H. 

exo-Bicyclo[3.2.1]oct-3-en-2-ol-,80. Solvolysis of the crude allylic 
bromide derived from 0.69 mol of bicyclo[3.2.1]oct-2-ene3 in 14OmL 
of H2

18O (~1.5% excess 18O) over 110 g of calcium carbonate gave 
a product which after purification3 was >99.5% exo-2-OU, mp 
79.8-82 0C, 1.3% excess 18O. 

endo-Bicyclo[3.2.1]oct-3-en-2-ol-180. A solution of 45 g of bicy-
clo[3.2.1]oct-3-en-2-one3 and 12 mL of l80-enriched water (~3.3% 
excess 18O) containing a trace of p-toluenesulfonic acid was stirred 
at room temperature for 50 h. The solution was extracted with ether 
and dried (MgSO4). The ether was removed under reduced pressure 
and the residual ketone fraction distilled at 20 mm (93 0C) and re
duced with LiAlH4.

3 This product consisted of 81%e/w/o2-OH, 10% 
e«do-bicyclo[3.2.l]octan-2-ot,8 2% exo-2-OH, and 3% exo-
bicyclo[3.2.1 ]octan-2-ol.8 The saturated components were removed 
by extraction with silver nitrate solution.3 This extraction results in 
partial racemization of active endo-2-OW and presumably in slow 
oxygen exchange. Extraction was carried out rapidly to minimize loss 
of , 80. The purified product used to determine kexc consisted of 91% 
endo-2-OH (1.83% excess 18O), 2% exo-2-OH, and 7% of the satu
rated analogues. Since exo-2-OH is much more reactive than endo-
2-OH and the saturated analogues are unreactive, these impurities 
do not interfere with determination of kcxc. 

Kinetic Experiments. A. Polarimetric Rates. Rate constants for loss 
of optical activity (£„) were determined as described earlier'11 except 
that a 1-dm all-glass jacketed polarimeter tube was used and rotations 
were determined with a Perkin-Elmer Model 141 polarimeter. Re
actions were followed to ~80% completion and in all cases good 
first-order behavior was observed. Rate constants for loss of optical 
activity were also determined for both exo- and endo-2-OW by 
quenching aliquots with aqueous sodium hydroxide at appropriate 
times and determining the static rotations of the quenched solutions. 
Values of k„ determined by the two methods were indistinguish
able. 

B. Isomerization Experiments. Two methods were used to determine 
the rate constant for irreversible exo sa endo equilibration (Arcq). In 
the first, a solution of endo-2-OH was placed in a thermostated 10-mL 
volumetric flask. At appropriate intervals aliquots were withdrawn 
with a syringe and added to aqueous sodium hydroxide to quench the 
reaction. The basic solutions were extracted with pentane and the dried 
(MgSO4) pentane extract was concentrated under a stream of dry 
nitrogen. In the second method the reaction mixture was distributed 
into glass ampules. At appropriate times ampules were taken from 
the constant-temperature bath, chilled, and added to base to quench 
the reaction and the aliquots were extracted with pentane. Configu-
rational compositions of the alcohol fractions were determined by 
capillary GC and the first-order constant for equilibration (kcq) was 
determined as described earlier.1" Reactions were followed to~75% 
completion and good first-order behavior was observed in all cases. 
Control experiments with standard solutions showed that isolation 
of the alcohol fraction does not result in fractionation and that the 
analytical method gives the correct configurational compositions. 



Olah, Narang, Olah / Superacid Catalyzed Transfer Nitration Reactions 1805 

It was also shown that under conditions of equilibration (the slowest 
reaction investigated) there is no destruction of 2-OH. In this exper
iment a solution of an equilibrium mixture of exo- and endo-2-OH 
in 33.3% acetone containing 0.182 M HClO4 and 1,1,2,2-tetrachlo-
roethane as an internal standard was heated for >5 half-lives for 
equilibration. During this period relative peak areas of the alcohol and 
internal standard remained constant. 

C. Oxygen-Exchange Experiments. Rate constants for oxygen ex
change of lsO-labeled exo- and endo-2-OH (A;Cxc) were determined 
as described earlier'3 except that platinized carbon4 was substituted 
for carbon black in the Unterzaucher apparatus. Samples were iso
lated from quenched reaction mixtures by extraction with pentane. 
After drying (MgSO4), the pentane was removed with a spinning band 
column and the residual 2-OH purified by sublimation (90 0C, 6 mm). 
Control experiments showed that the isolation procedure did not alter 
the 1S0 content or the configurational composition of the alcohol 

fraction. Reactions were followed to >75% completion and good 
first-order behavior was observed. 
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Abstract: The reversibility of electrophilic aromatic nitration was proven in certain, specific cases of superacid-catalyzed trans
fer nitration reactions. In the reaction of benzene, toluene, and mesitylene with 9-nitroanthracene and pentamethylnitroben
zene, nitrobenzene, nitrotoluenes, and nitromesitylene were obtained in the presence of superacids. The primary kinetic hydro
gen isotope effect, ^ H A D , of 2.25 ± 0.05 in the nitration of anthracene-^io with nitronium hexafluorophosphate in nitrometh-
ane solution is also in accord with the reversibility of the nitration of anthracene. 

Introduction 

Acid-catalyzed nitration is a typical electrophilic aromatic 
substitution reaction.2'3 Nitration is generally considered to 
be an irreversible reaction, and nitroaromatics, in general, do 
not undergo rearrangement or isomerization under the reaction 
conditions.4 Relative reactivities and substituent effects have 
been extensively studied in nitration of aromatics, assuming 
that the nitro compounds formed do not revert to starting 
materials. Otherwise, relative reactivities calculated on the 
basis of product ratios would become affected and require a 
more rigorous treatment, taking into account the reverse re
action. 

Examples of acid-catalyzed migration of nitro groups have 
been reported.4 The mechanisms of these migrations, however, 
are not always fully established and may involve, at least in 
some instances, radical cations (as in the case of nitramine 
rearrangements5). In the case of hexamethylnitrobenzenium 
ion, the intramolecular nitro group migration was directly 
studied by NMR spectroscopy, and the complex was also found 
capable of transnitrating aromatics:6 

CH, 

H3C CH, 

CH, 
NO, 

CH, 
etc. 

This degenerate rearrangement was subsequently also studied 
by Koptyug et al.7 They showed that the rearrangement takes 

place through successive intramolecular 1,2 migrations of the 
nitro group and ruled out the possibility of an alternative 
pathway proceeding through the formation of a radical 
cation. 

Ar^ 
.CH3 

NO2 

[ArCH3t + NO2-] 

In the course of acid-catalyzed nitration of aromatics, the 
reversibility of nitration was, however, until now not directly 
established. Gore8 reported in 1957 that heating of 9-ni
troanthracene with 12 N sulfuric acid in trichloroacetic acid 
solution for 15 min at 95 0 C gave a dark solution in which, after 
dilution with water, an 81% yield of free nitric acid was esti
mated. Anthracene itself could not be isolated, but a 20% yield 
of anthraquinone and appreciable amounts of polymer and 
soluble sulfonic acids were obtained. Experiments conducted 
in the presence of added nitrobenzene to detect cross-nitration 
products failed. The system was represented as a protolytic 
denitration reaction: 

H+ 

ArNO2 = ^ [ArHNOJ+ =^= ArH 

1 
products 

+ NO2
+ 

JH2O 

HNO3 + H+ 

Oxidative degradation, however, could also account for the 
observed products. 
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