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exo- and endo-1,2-diphenyl- and -1,2-dimethyl-2-norbornyl p-nitrobenzoates were synthesized and their rates 
of solvolysis determined in 80% aqueous acetone. The  tertiary chlorides were also synthesized and their rates of sol- 
volysis measured in 10090 ethanol. The exo/endo rate ratios for the solvolysis of 1,2-diphenyl-2-norbornyl p-nitro- 
benzoates (350) and of 1,2-dimethyl-2-norbornyl p-nitrobenzoates (564) are similar to the ratios observed for the 
corresponding tertiary 2-phenyl and 2-methyl derivatives, as well as to those for the secondary 2-norbornyl tosyl- 
ates. Similarly, the exo/endo ratio observed for the 1,2-dimethyl-2-norbornyl chlorides (178) is similar to the value 
previously determined for the epimeric 2-norbornyl chlorides (170). Consequently, the presence of substituents 
a t  the 2 position or a t  the 1,2 positions has little effect upon the observed exoiendo rate ratios. The introduction of 
a 1-phenyl sulistituent into the 2-phenyl-2-norbornyl p-nitrobenzoate does not increase, but decreases significantly 
the rate of solvolysis (by factors of 2 1  in the exo and 58 in the endo). A 1-methyl substituent, introduced into 2- 
methyl-2-norbornyl p-nitrobenzoate, increases the rate. The effect is the same in both the exo (8.5) and the endo 
(8.6). Similar effects were realized for the ethanolysis of the corresponding tertiary chlorides. The effects of the 1- 
phenyl and 1-methyl substituents reveal the absence of significant charge delocalization from the 2 to the 1 position 
in the solvolyr,ic process. It is concluded that these tertiary derivatives must undergo solvolysis without u bridging 
and accompanying charge delocalization to the 1 position associated with such bridging. Yet the free-energy di- 
agram for the solvolysis of 1,2-dimethyl-2-norbornyl p-nitrobenzoate is remarkably similar to 2-methyl-2-norborn- 
yl p-nitrobenmate and to 2-norbornyl tosylate. It does not appear reasonable to attribute such similar behavior to 
the operation of totally different physical phenomena. Yet such has been claimed. Three such proposals which have 
been advanced are considered and refuted on the basis of available experimental data. Comparison of the rate of‘ 
solvolysis of 2-methyl-endo-norbornyl chloride with that for endo-norbornyl chloride reveals a relative rate of 
53 000. Ignoring minor differences in the ground state energies, this yields a difference in the energies of the tertiary 
and secondary transition states of 6.5 kcal mol-’. This corresponds to an estimated difference in energy of the 2- 
methyl-2-norbornyl cation and 2-norbornyl cation under stable ion conditions of 7.5 kcal mol-’ and a difference 
in the calorimetric heats of ionization of 2-methyl-exo-norbornyl chloride and of exo-norbornyl chloride in S02ClF 
of 7.4 kcal mol-’. These results establish that the magnitude of the positive charge at  the developing cationic center 
in these transition states must approach that in the intermediate ions or ion pairs, providing strong support i’or the 
validity of the Hammond postulate as applied to solvolytic processes. The similarity in the tertiary/secondary rate 
ratio for the exo isomers to the value for the endo isomers supports the absence of any significant nonclassical reso- 
nance contribution to the rate of solvolysis of exo-norbornyl derivatives. These data yield essentially identical 
values of 2-Me/2-H, 5.3 X lo4 for endo and 5.5 X lo4 for exo, incompatible with the presence of major nonclassical 
resonance contributions in the exo secondary and its reduction or absence in the exo tertiary. Other approaches for 
extrapolating from the tertiary derivatives to the secondary fail to support the presence of a major nonclassical res- 
onance contribution in the exo secondary, absent in the endo Secondary and in the exo and endo tertiary deriva- 
tives, as postulated in some current proposals. 

The proposed nonclassical structure (1) for the 2-nor- 
bornyl cation distributes positive charge from the 2 position 
to the 1 and 6 carbon atoms4 (eq 1). The nonclassical ion (1) 

considered as significant contributors to the resonance hybrid 
(eq 2). 

2 1’ 

1 ’  1“ 

was considered to be a resonance hybrid of the three canonical 
structures, l’, l”,  and 1’”. In this interpretation, the charge 
is not delocalized from the cationic center by hyperconjuga- 
tion, but involves a specific u bridge, converting the unsym- 
metrical classical structure (corresponding to 1’) into the 
nonclassical structure (1) with a plane of symmetry. 

It was later suggested that this last structure (1’”) does not 
contribute significantly to  the resonance hybrid.5 Conse- 
quently, only canonical structures 1’ and 1’’ need now be 
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This structure implies that significant portions of the 
positive charge of the carbocation are distributed equally to 
C - 1  and C-2. The transition state for a solvolytic process 
leading to such an intermediate is believed to be close to the 
carbocation produced.6 Consequently, in the transition state 
(4) for the solvolysis of an exo-norbornyl derivative (3) ,  a 
significant portion of the developing positive charge a t  C-2 
should be delocalized to C-1 (eq 3). On the other hand, in the 

: 3 ;  

3 4 

endo isomer (5) the 1,6-bonding pair is postulated to be 
stereoelectronically unfavorable for such participation (eq 4) .  
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( 4 )  

5 6 

Consequently, the mechanism for the delocalization of charge 
from C-2 to C-1, which operates in the exo isomer, cannot be 
effective in the transition state for the endo isomer (6). It 
follows that there should be far less delocalization of charge 
from C-2 to C-1 in 6, as compared to 4. Accordingly, a rea- 
sonable test of the nonclassical proposal for 2-norbornyl would 
appear to be an examination of the relative magnitudes of the 
charge delocalization from C-2 in the transition states for the 
solvolysis of appropriate exo- and endo-norbornyl deriva- 
tives. 

A frequently used test of this kind is the introduction of a 
phenyl or methyl group into the position being probed.lb 
These substituents provide electron density on demand to 
satisfy electron deficiencies at the carbon atoms to which they 
are attached. The 2 position in the transition state for a sol- 
volyzing endo-norbornyl derivative should possess a far higher 
electron deficiency than the 2 position of the corresponding 
exo isomer, partially satisfied as the latter would be by elec- 
tronic contributions from the 1,6-bonding pair. Therefore, 
2-Me or 2-Ph should exhibit considerably greater activating 
effects on the endo isomers than on the corresponding exo 
isomers. 

I t  is not possible to test in this way for such charge delo- 
calization at  C-1. The introduction of a phenyl or methyl 
group at C-1 produces a species (7) which undergoes solvolysis 
only with rearrangement to the tertiary cation7 (8), subse- 
quently converted to the tertiary derivatives (9) (eq 5 ) .  Con- 

7 8 9 

sequently, such derivatives contain an internal driving force 
to produce in the solvolysis the more stable tertiary cation, so 
that it becomes difficult to utilize the effect of substituents 
a t  C-1 as a probe of the magnitude of the charge delocalization 
to c-1. 

Fortunately, these difficulties can be avoided by introducing 
the substituent into the related 2-substituted-2-norbornyl 
derivative. This structural modification converts the molecule 
into a system (10) which undergoes solvolysis into a tertiary 
cation (1  l),  without. rearrangement to a more stable structure 
(eq 6). We are now in a position to observe whether a phenyl 

10 11 12 

or methyl substituent, represented by R, introduced into the 
exo isomer (13 + 10) is far more effective than the same 
substituent introduced into the endo isomer (14 --+ 15) (eq 7 
and 8).  

1 3  10 

( 7 )  

Note that the predicted effects of introducing such groups 
at  C-2 are opposite to those for introducing the groups at  C-1 
for systems involving nonclassical resonance. At C-2 the 
rate-enhancing effect of the groups should be larger for the 
endo isomer. At C-1 the rate-enhancing effects of the groups 
should be larger for the exo isomer. I n  the absence of  non- 
classical resonance, similar effects of such groups would be 
anticipated for both epimers. 

There was still another question we wished to answer. I t  has 
been argued that resonance is possible in the 2-norbornyl 
cation because the two canonical structures (1’ and 1”) are 
equivalent with identical energies (eq 2 ) .  On the other hand, 
in a tertiary cation, such as 2-phenyl- or 2-methyl-2-norbornyl 
(16), the two canonical structures (16 and 17) differ greatly 
in energies. Whatever the level of resonance stabilization in 
a nonclassical 2-norbornyl system (1 = 1’ - l”), it should be 
much less8 in 16 (eq 9). However, in symmetrically disubsti- 

16 17 

tuted 1,2-norbornyl cations, the two canonical structures (18’ 
and 18”) are again equivalent (eq 10). Will nonclassical reso- 

l a  18’ 18” 

nance, of the kind postulated to be present in 2-norbornyl (eq 
2 ) ,  now return? If so, the 1-R substituent should exhibit an 
enormously greater effect in the exo isomer (eq 7 )  compared 
with the endo isomer (eq 8). 

Accordingly, we undertook to synthesize and to determine 
the rates of solvolysis of exo- and endo- 1,2-diphenyl-2-nor- 
bornyl and 1,2-dimethyl-2-norbornyl p -nitrobenzoates in 80% 
aqueous acetone and the corresponding chlorides for solvolysis 
in 100% ethanol. 

Finally, attention is called to the study of the related 1,2- 
di-p-anisyl-2-norborny1,g 1,2-dipheny1-2-norbornyl,l0 and 
1,2-dimethy1-2-n0rbornyl~~ cations under stable ion condi- 
tions, and to the highly pertinent studies on the solvolysis of 
optically active 1,2-dimethyl-2-norbornyl  derivative^.^^^^^ 
These studies will be incorporated into the discussion of the 
present results. 

Results 

Synthesis. l-Phenyl-exo-norbornan01~~ (19) was oxidized 
to 1-phenylnorbornanone (20) by aqueous chromic acid, uti- 
lizing the two-phase oxidation p r0~edure . l~  Addition of 
phenyllithium in ether provided 1,2-diphenyl-endo-norbor- 
nanolI4 (21), converted to the p-nitrobenzoate (22) by treat- 
ment with n-butyllithium and p-nitrobenzoyl chloride in 
THF16 (eq 11). 

PhLi ether I 
2 2  OPNB OH 1,4 15  



Structural Effects in Solvolytic Reactions J .  Org. Chem., Vol. 43, No. 19, 1978 3669 

Major problems were encountered in the synthesis of the 
exo isomer. The standard procedure to obtain the exo isomer 
through solvolysis of the exo chloride (23) or the endo OPNB 
(22) failed. Only the corresponding olefin, 1,2-diphenylnor- 
bornene (24), was produced (eq 12). Attempts to hydrate 24 

24 hPh 
by oxymercuration-demercuration17 or by synthesis of the 
epoxide18 followed by reduction19 failed. However, hydrobo- 
ration of 24 by HBBr2/SMez20 followed by oxidation with al- 
kaline hydrogen peroxide gave a mixture of approximately 
10% of the desired 1,2-diphenyl-exo-norbornanol (25) with 
the isomeric secondary alcohol (26) (eq 13). The alcohol 

26 

mixture was converted into the mixed p-nitrobenzoates and 
most of the secondary isomer was removed by fractional 
crystallization. The resulting product, containing approxi- 
mately 40% of the p-nitrobenzoate (27) of 25, proved satis- 
factory for the solvolytic study. The secondary p -nitroben- 
zoate showed no evidence of undergoing solvolysis under the 
conditions used to solvolyze the desired tertiary isomer. 

2-Methyl-endo-norbornanol (28) was converted to 1- 
methylnorbornanone (29) by means of a combined isomer- 
ization-oxidation technique. The ketone (29) was treated with 
methylmagnesium iodide to form 1,2-dimethyl-endo-nor- 
bornano121 (30). The alcohol was then converted into the p -  
nitrobenzoate (31) by the usual procedurelc (eq 14). The endo 

MeMgl ( 1 4 )  I 

alcohol (30) was converted into the exo chloride (32) by 
treatment with hydrogen chloride in an automatic hydro- 
chlorinator.22 The chloride was then hydrolyzed in buffered 
aqueous acetone to yield 1,2-dimethyl-exo- norbornanol(33), 
which was converted into the p-nitrobenzoate16 (34) (eq 
15). 

Treatment of 2-methyl-exo-norbornanol(35) with hydro- 
gen chloride yields 2-methyl-exo-norbornyl ~ h l o r i d e ~ ~ s ~ ~  (36). 
On further contact with hydrogen chloride rearrangement 
occurs to the secondary chloridez4 (37) (eq 16). There appears 

35 36 31 

to be no method now available to prepare 2-methyl-endo- 
norbornyl chloride (38). 

CI 

Fortunately, treatment of 1,2-dimethyl-exo-norbornyl 
chloride (32) with hydrogen chloride takes another course. 
Here, isomerization to the secondary chloride is not feasible. 
Instead, there is an isomerization to another isomer, identified 
as 1,2-dimethyl-endo-norbornyl chloride (39) (eq 17). 

38 

Me CI 

The formation of the second isomer can be followed by t;ie 
appearance of two new methyl peaks in the 'H NMR spectrum 
and by the formation of an isomer which undergoes solvolysis 
a t  a rate 1/178 that of the original chloride. Both isomeric 
chlorides, which were not separated, undergo hydrolysis to the 
same alcohol (33). At equilibrium the two chlorides are present 
in the ratio 70% 32/30% 39. 

Equilibration of 1,2-Dimethyl-2-norbornanols. The exo 
and endo alcohols, 30 and 33, were dissolved in cyclohexane 
(0.2 M solutions) and isomerized under the influence of 6 M 
sulfuric acid a t  room temperature. GC analysis of aliquots 
revealed an equilibrium distribution of 72% exo and 28Y0 endo, 
similar to the equilibrium distribution for the chlorides, 70% 
32 and 30% 39. 

Rates of Solvolysis. The rates of solvolysis of the p-ni- 
trobenzoates were determined in 80% aqueous acetone by the 
titrimetric procedure.le In our earlier studies,la we had utilized 
60% aqueous dioxane as the solvolytic medium, following 
Bartlett and Stiles.25 However, we observed that this medium 
was not a satisfactory solvent for the slower compounds. 
Competitive reaction with oxygen produced acid, resulting 
in erratic, somewhat high values for the slower endo deriva- 
tives. Accordingly, we shifted to aqueous acetone on the rec- 
ommendation of R. C. Fort and P. v. R. Schleyer and this has 
proven to be a far superior medium. Accordingly, we rede- 
termined the kinetic data for the isomeric 1,2-dimethyl-2- 
norbornyl p-nitrobenzoates utilizing aqueous acetone and 
only these data are here reported. The pertinent rate data are 
summarized in Table I. 

The rates of solvolysis of the tertiary chlorides were deter- 
mined in 100% ethanol. The differential method was employed 
for determining the rate constants for 1,2-dimethyl-exo- and 
-endo-norbornyl chlorides.Z6 The available rate data for the 

32 3 9  
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Table I. Rates of Solvolysis of 1,2-Dimethyl-2-norbornyl and 1,2-Diphenyl-2-norbornyl p-Nitrobenzoates and Related 
Derivatives in 80% Aaueous Acetone 

AH*, exo/ 
k l  X lo6 s - ~  kcal AS*, endo, 

OPNB isomer T1, "C Tz, "C 25 "C mol-' eu 25 "C re1 rate, 25 "C 

exo 
endo 
exoe 

endo,' 
2-Phd exo 

endo 
1,2-Ph2 exog 

endo" 

94.6 (100) 6.94 (75) 
54.7 (150) 5.41 (125) 
40.0 (75) 1.91 (50) 

41.4 (125) 3.11 (100) 
179 (50) 

364 (100) 30.2 (75) 
168 (75) 9.86 (50) 
204 (125) 17.9 (100) 

0.010b 
1.13 x 10-5 * 
5.45 x 10-2 b 

(8.44 X 10-2)c 
9.67 x 10-5 b 
7.56 
0.059 
0.36b 
1.03 x 10-3 b 

26.3 -7.0 885 
30.1 -7.5 
26.6 -2.5 564 

30.0 -3.8 
23.6 -2.7 127 
25.1 -7.4 
24.8 -4.9 350 
28.2 -5.2 

(875)c 

1.00 

5.45 
(8.5)' 

1 .oo 
0.048 

1 .oo 

8.6 

1.00 

0.0174 

a Reference 47. Calculated from data at higher temperatures. Values in parentheses are k ,  values, k , / k t  = 1.55 in 90% aqueous 
acetone at 25 "(2 (ref 12), assumed to be the same in 80% aqueous acetone. d Reference 46. e Registry no.: 13351-32-1. f Registry no.: 
13351-31-0. g Registry no.: 67162-93-0. " Registry no.: 67162-94-1. 

Table 11. Rates of Ethanolysis for Norbornyl Chlorides ___- 
registry k l  x 10-6 s-1 exo/ 

system isomer no. TI, "C Tzt "C 25 "C AHS AS* endo 

2-norbornyl exon 

endo" 

2-methyl-2-norbornyl exo 

1,2-dimethyl-2-norbornyl exo 

2-phenyl-2-norbornyl exo 
1,2-dipheny1-2-norbornyl exo 
2 - p  -anisyl-2-norbornyl exol 

endo 

endo 

765-91-3 

2999-06-6 

19138-54-6 
6 196 - 86 - 7 

35033-23-9 
6564-96-1 

16166-72-6 
67162-95-2 

175 (99.7)b 38.8 (85)c 0.0236d 26.6 -4.8 170e 
(5.42 x 10-4)f 

0.56 (85)c 1.40 X g 

0.754 (0) 30.0 23.3 -1.2 

6.03 (0) 210 22.6 -0.6 

(3.2 x 10-6)f 

0.168" 178 

1.18 178 
9080 (0) 158000 17.9 -2.2 
542(0) 11300 19.1 -3.5 

2.55 X lo8 

a In 80% ethanol. Reference 27b. Reference 27a. Calculated from data at higher temperatures. e Calculated from the exo/endo 
rate ratio at 85 "C (70) assuming constant entropy. f Rate constant in ethanol. Calculated from the rate of chloride in 80% ethanol 
using the factor for the tosylates, 121, 80% EtOH/kl, EtOH = 43.5; M.-H. Rei, Ph.D. Thesis, Purdue University, 1967. Calculated from 
the exo/endo rate ratio of 170 at 25 "C. Calculated from the rate of 1,2-dimethyl-endo-norbornyl chloride, assuming the effect of 
the 1-methyl substituent to be the same as in the exo isomers (kl,2.dimethyl.exo./kz.~e~hyl-exo- = 7.0). This assumption appears to be 
valid: see text. H. C. Brown and K. Takeuchi, J .  Am. Chem. SOC., 88,5336 (1966). 

ethanolysis of the tertiary and secondary 2-norbornyl chlo- 
rides are summarized in Table 11. 

We wished to compare the rates of ethanolysis of exo- and 
endo-norbornyl chlorides a t  25 "C with our values for the 
tertiary chlorides. Data were available for the solvolysis in 80% 
ethanol of exo-norbornyl chloride at 85 and a t  99.7 "C and of 
endo-norbornyl chloride a t  85 0C.27 The exo/endo rate ratio 
of 70 a t  85 "C calculates to be 170 a t  25 "C, in good agreement 
with the value of 178 for 1,2-dimethyl-2-norbornyl chloride. 
The rate constant for the unknown 2-methyl-endo-norbornyl 
chloride was calculated from the rate for 1,2-dimethyl- 
endo- norbornyl chloride by assuming that the effect of the 
1-methyl substituent was the same as in the exo isomers 
( k  1,2.dimethyl.exl,./kP.methyl.exo. = 7.0). These values are included 
in Table 11. 

Alternatively, we could have estimated the rates for exo- 
and endo -norbornyl chlorides by proceeding from the tosyl- 
ates, correcting from tosylate to chloride.lb Similarly, we could 
have proceeded from the rate constant for 2-methyl-endo- 
norbornyl p-nitrobenzoate (Table I) to the value for the 
chloride by correcting for the leaving group.28 In fact, the 
values are very similar. However, the procedure adopted in- 
volves much smaller corrections. I t  also avoids the uncertainty 
involved in the usual assumption of a constancy in the cor- 
rection factors for different leaving groups.29rs" 

Discussion 
As was pointed out earlier, the nonclassical 2-norbornyl 

cation (2) is stabilized by resonance involving two equivalent 

canonical structures (1' and 1"). Such resonance should be 
considerably lower in tertiary 2-norbornyl cations where the 
two canonical structures (16 and 17) differ considerably in 
their energies.* It was a major objective of the present study 
to examine the possibility that  the introduction of a substit- 
uent a t  C-1, identical with that a t  C-2 (18),  would again pro- 
vide two equivalent canonical structures (18' and IS"), re- 
sulting in an increase of the nonclassical resonance in the 
system. Such an increase could readily be detected in the 
transition state by comparing the effect of the substitutent 
a t  C-1 in the exo isomer as compared to that produced in the 
endo isomer. 

The rate constant for ethanolysis of 2-methyl-endo-nor- 
bornyl chloride is 53 000 times that for endo- norbornyl 
chloride (Table 11). Ignoring small differences in the 
ground-state energies, this means that the transition state for 
the solvolysis of the tertiary chloride must be 6.5 kcal mol-' 
more stable than that for the corresponding secondary chlo- 
ride. 

To  the extent that solvent participation contributes to the 
transition state for the secondary chloride, the difference will 
be even larger. However, recent studies have revealed that 
solvent participation is not significant in the solvolysis of both 
exo- and endo- norbornyl derivati~es.3~23~ Consequently, it 
appears reasonable to ignore what can only be quite minor 
contributions of this kind by the usual solvolytic media. 

According to the Hammond postulate, the transition state 
for solvolysis should be close to the first intermediate, the 
corresponding free ion or ion pair.6 Therefore, the secondary 
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and tertiary 2-norbornyl cations (or ion pairs) should differ 
in energy by a quantity somewhat larger than 6.5 kcal 
mol-'. 

Under stable ion conditions, the tertiary 2-methyl-2-nor- 
bornyl cation is estimated to be some 7.5 kcal mol-' more 
stable than the secondary 2-norbornyl cation.33 Similarly, the 
difference in the calorimetric heats of ionization of 2- 
methyl-exo-norbornyl and exo-norbornyl chlorides in S02CIF 
has recently been determined to be 7.4 kcal These 
values are in excellent agreement with the value derived from 
the relative rates and the Hammond postulate.6 Resonance 
involving canonical structures which differ in energies by 
6.5-7.5 kcal mol-' should not be large. 

In the same way, the two canonical structures for 2-phe- 
nyl-2-norbornyl cation (16, R = Ph) can be estimated to differ 
in energies by somewhat more than 1 2  kcal mol-'. The cor- 
responding structures for the 2-p -anisyl-2-norbornyl cation 
should differ in energies by some 15 kcal mol-'. 

Consider the consequences of introducing a substituent a t  
C-1, identical with the substituent a t  C-2 (eq 10). In the endo 
isomer, the substituent will have little effect, since u bridging 
is postulated not to occur in the endo isomer (eq 8). However, 
in the exo isomer (eq :'), return of all or part of the resonance 
energy should bring about rate increases of 103-106 or even 
greater. Thus we should observe large unambiguous effects 
of the 1-R substituent in systems where nonclassical resonance 
returns or increases. 

The 1,2-Di-p-anisyl-2-norbornyl System. We did not 
undertake an examination of this interesting system. I t  had 
been examined under stable ion conditions and unambiguous 
evidence had been obtained for its classical natureg (eq 18). 

Me 
40 4 0 '  

The ion was generated in concentrated sulfuric acid. The 
UV spectrum was similar to that of the 2-p-anisyl-2-norbornyl 
cation, without the changes anticipated for extended conju- 
gation in a symmetrical cr-bridged cation (41). 

The 2-p-anisyl-2-norbornyl cation is half formed from the 
carbinol in 41% sulfuric acid. To form the ion 40 * 40' requires 
more (51%), not less concentrated sulfuric acid. This is not in 
accord with greater stabilization of the cation by the cumu- 
lative effect of two p-anisyl groups, as in 41. 

The 2-p-anisyl-2-norbornyl cation does not react easily with 
bromine, evidently because the p -anisyl group is conjugated 
with the cationic center. The 1,2-di-p-anisyl cation takes up 
bromine in <1 min, corresponding to the presence of a non- 
conjugated p-anisyl group, as in 40 e 40'. 

Finally, on cooling solutions of the cation to low tempera- 
tures (-70 "C), changes in the 'H NMR spectrum are ob- 
served which indicate impending nonequivalence of the two 
aryl rings. 

I t  has been argued that these results should not be gener- 
alized to other systems. First, steric effects could prevent the 
two p-anisyl groups from being coplanar for optimum con- 

jugation in 41.35,36 (However, such steric difficulties do not 
prevent the three p-anisyl groups in the more crowded tri- 
p -anisylmethyl cation from stabilizing the system: ~ K R  for 
p-An3C+ 0.82; p-An2CH+ -1.24).37 Second, Winstein has 
suggested that highly stable 2-norbornyl cations, stabilized 
by extreme groups, such as 2-p-anisyl, should be classical.38 
However, he implied that less stabilizing groups, such as 
phenyl and methyl, could provide nonclassical cations. Ac- 
cordingly, these were the focus of our studies. 

The 1,2-Diphenyl-2-norbornyl System. The introduction 
of a phenyl group a t  the 2 position of norbornyl increases the 
rate of hydrolysis over the parent compound by a factor of 
approximately lo9 (Table 11). The introduction of a phenyl 
group into the 1 position (43) in 2-phenyl-endo-norbornyl 
p-nitrobenzoate (42) does not increase the relative rate (RR), 
but decreases it by a factor of 58 (eq 19). Evidently, the com- 

RR(25'C)  1.00 1158 

bined inductive and steric effects of the 1-Ph substituent are 
responsible; no significant electronic contribution is antici- 
pated for this isomer. The critical case is the exo isomer. 

The presence of a 1-Ph substituent in 1,2-diphenyl-exo- 
norbornyl p-nitrobenzoate (45) does not result in any en- 
hanced rate. Indeed, there is an actual decrease by a factor of 
21 over the parent compound (44) (eq 20). 

R R ( 2 5 ' C )  1.00 1 / 2 1  

In the corresponding chlorides (46 and 47)! the factor is 
similar, 16 (eq 21). 

Ph 

RR(25'C) 1.00 1 / 1 6  

The exo/endo rate ratio for 45/43 is 350, slightly larger than 
the value of 127 realized for the parent system 44/42. This 
increase in the exo/endo rate ratio arises not from any increase 
in the rate of the exo isomer (45), but from a comparative 
decrease in the rate of the endo isomer (43). Possibly, the 
decrease arises from the enhanced steric difficulties afforded 
by the 1-Ph substituent to the departure of the endo leaving 

Examination of the 1,2-diphenyl-2-norbornyl cation (48) 
by NMR has confirmed the conclusion that the system is best 
described as a pair of rapidly equilibrating classical cationslO 
(eq 22). 

40  48' 

The steric argument for the failure of both aryl groups in 
41 and its equivalent phenyl derivative to conjugate and 
thereby stabilize the nonclassical structure is rendered 
questionable by a study of the behavior of the phenanthrene 
derivative40 (49) (eq 23). This olefin 49 dissolves in fluo- 
rosulfonic acid to give a pair of classical equilibrating cations, 



3672 J .  Org. Chem., Vol. 43, No. 19, 1978 Brown et al. 

49 

50 50' 

50 e 50', recognizable by the UV and lH NMR spectra.40 
The 1,2-Dimethyl-2-norbornyl System. Aryl groups can, 

on occasion, be treacherous as a probe for electron delocali- 
zations. If the system makes only a small demand on the aryl 
substituent for electrons, the -I effect of the aryl group can 
predominate over the +R effect.41 As discussed earlier, steric 
inhibition to resonance can also be a factor.42 However, methyl 
substituents appear to be free of these ambiguities. They exert 
consistent electron-supplying effects, +I and +R, and these 
effects do not appear to be susceptible to steric influences. 
Accordingly, the study of the 1,2-dimethyl-2-norbornyl system 
was emphasized. 

The introduction of a methyl group into the 1 position of 
the endo isomer (51) increases the rate of solvolysis of the 
p-nitrobenzoate (31) by a factor of 8.6 (eq 24). Presumably, 

without significant participation of the 1,6-bonding pair, 
leading to the formation of the corresponding classical cations, 
53 and 54 54' (eq 27 and 28). 

51 52 53 

51 &Me OPNB 31 +Me PNB 

(") 

RR(25"C) 1.00 8.6 

the increase is the result of the combined steric and inductive 
effects of the 1-methyl substituent. 

The question is the effect of a 1-methyl substituent (34) on 
the exo isomer (52). If the 1-methyl group were to induce the 
return or increase of nonclassical resonance to the cation and 
to the transition state modeling the cation: such stabilization 
should result in a major rate enhancement, as high as 103-106. 
However, this is not observed. The rate enhancement (eq 25) 

RR(25'CC) 1.00 8.5 

is identical with that, observed for the endo isomer (eq 24). 

enhancement over 36 by a comparable factor (eq 26). 
1,2-Dimethyl-exo- norbornyl chloride (32) exhibits a rate 

M e  
36 

M e  

RR(25'C) 1.00 7.0 

We took advantage of this constancy in the effect of the 
1-Me substituent to convert the rate constant for 1,2-di- 
methyl-endo-norbornyl chloride into the rate constant for the 
presently unknown 2-methyl-erzdo-norbornyl chloride by 
dividing the rate constant for the former (39) by the factor 7 
(Table 11). These results clearly establish the absence of sig- 
nificant charge delocalization from C-2 to C-1 in the transition 
state for solvolysis of the 2-methyl-exo-norbornyl p-nitro- 
benzoate (52). Clearly the solvolyses of the 2-methyl (51 and 
52) and the 1,2-dimethyl(31 and 34) derivatives must proceed 

W P N B  Me 

31 ,34  / Me 

54' 54 

This conclusion is supported by results of Goering and his 
co-workers. Thus the solvolysis of optically active 1,2-di- 
methyl-exo-norbornyl p-nitrobenzoate (34*) in 90% aqueous 
acetone gives alcohol with 9% retention.12 Similarly, metha- 
nolysis of optically active 1,2-dimethyl-exo- norbornyl chloride 
(32*) gives the methyl ether with 14% r e t e n t i ~ n . ~ ~ , ~ ~  Clearly 
the cation produced cannot be the symmetrical cr-bridged 
species (55). The authors conclude that they are trapping the 8. L 9 

5 5  

rapidly equilibrating classical cation or ion pair before com- 
plete equilibration has been achieved (eq 28). 

MIND0/3 calculations indicate that in the gas phase the 
classical form of 2-norbornyl (1') is more stable than the 
nonclassical form (2) by approximately 2 kcal m 0 1 - l . ~ ~ ~  A 
much larger energy difference, 12 kcal mol-', favors the 
classical structure for the 2-methyl-2-norbornyl (53). 
MINDO/3 calculations reveal that solvation stabilizes the 
classical structure over the nonclassical.44b Consequently, 
there can be little reason to question at  this time the inter- 
pretation that 2-methyl-exo- and 1,2-dimethyl-exo-norbornyl 
derivatives undergo solvolysis through classical (unbridged) 
transition states to classical cations (eq 27 and 28) or ion 
pairs. 

Even under stable ion conditions, the 1,2-dimethyl-2-nor- 
bornyl cation exists as a rapidly equilibrating pair of classical 
cations (54 54').11,45 Consequently, we can extend our po- 
sition to accept the existence of both 2-methyl-2-norbornyl 
and 1,2-dimethyl-2-norbornyl cations in classical form in 
solvolytic media, in superacids, and in the gas phase. 

Exo/Endo Rate Ratios. In the case of 1,2-diphenyl-2- 
norbornyl p-nitrobenzoates (45/43), the exo/endo rate ratio 
is 350, as compared with values of 127 for the parent 2-phenyl 
 derivative^^^ (44/42) and 280 for the acetolysis of 2-norbornyl 
to~yla te .~  (Corrected for internal return both the first and last 
of these would increase modestly.) As discussed earlier, the 
small increase in the exo/endo rate ratio for 45/43 arises pri- 
marily because of a decrease in the rate of the endo isomer, 43. 
This could arise from a increase in steric effects hindering the 
departure of the endo leaving 

The exo/endo rate ratio in the solvolysis of 2-methyl-2- 
norbornyl p-nitrobenzoates (52/51) is 88547 (eq 29). Under 
the same conditions, the exo/endo rate ratio in the solvolysis 
of the corresponding 1,2-dimethyl derivatives (34/31) is 564 
(Table I). Corrected for internal return.12 this becomes 875 
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RR(25'C) 1.00 8 8 5  

(eq 30). Hence, a methyl substituent in the 1 position has es- 
sentially no effect on the exolendo rate ratio, further evidence 

RR(25"C) 1.00 875 

for the absence of u bridging and charge delocalization in the 
transition state for the solvolysis of the exo isomer 34. 

The ethanolysis of 1,2-dimethyl-2-norbornyl chlorides 
(32/39) gives an exoiendo rate ratio of 178 a t  25 "C (eq 31). 

CI Me 

RR(25"C) 1.00 178 

This is similar to the exolendo ratio of 170 for the solvolysis 
of exo- and endo-norbornyl chloride (57/56) in 80% ethanol 
(Table 11) (eq 32). 

RR(25'c) 1.00 170 

All efforts to obtain independent evidence for u bridging 
in the transition state for the solvolysis of 2-methyl- and 
1,2-dimethyl-2-norbornyl derivatives have failed. How then 
are we to account for exolendo rate ratios as large as 885 and 
875 (eq 29 and 30)? Clearly, high exolendo rate ratios can no 
longer be considered to require u bridging. 

Free-Energy Diagrams. We are now in position to ex- 
amine the properties of such classical tertiary 2-norbornyl 
cations and to compare them with the corresponding prop- 
erties of the secondary derivatives. The Goering-Schewene 
diagram provides a quantitative representation of the rela- 
tionship between the ground-state energies of the exo and 
endo isomers, the exolendo rate ratio, and the exolendo 
product ratio.4s 

In the case of the secondary tosylate (Figure 1) the differ- 
ence in the free energies of the exo and endo transition states 
is 5.8 kcal mol-l. (Because of the greater precision we utilize 
the free energies rather than the derived e n t h a l p i e ~ . ~ ~ )  The 
nonclassical ion interpretation accounts for the lower energy 
of the exo transition state in terms of its stabilization via u 
bridging as the system proceeds along the reaction coordinate 
to the cr-bridged cation 1 or the equivalent ion pair. The endo 
isomer is proposed to be stereoelectronically unfavorable for 
such u bridging so that ionization proceeds to the classical ion 
or ion pair. 

Since the two transition states differ by 5.8 kcal mol-', the 
fully developed nonclassical cation (or ion pair) and the 
classical cation (or ion pair) must differ by more than 5.8 kcal 
mol-l. On the basis of the Hammond postulate, fully sup- 
pGrted by the experimental data of the present study, the 
increment need not be large; an estimate of 7 kcal mol-' may 
be considered reasonable for the difference in energy between 
the nonclassical and classical structures of the 2-norbornyl 
cation (solvated). (The difference in energy for the unsolvated 

/ * 
I 

Figure 1. Free-energy diagram for the solvolysis of 2-norbornyl tos- 
ylates in acetic acid a t  25 "C. 

ions in the gas phase should be even larger.)44b The present 
study establishes that the solvolysis of 1,2-dimethyl-exo- 
norbornyl p-nitrobenzoate proceeds without detectable u 
bridging (with accompanying charge delocalization from the 
2 to the 1 position). I t  appears, therefore, appropriate to 
construct a free-energy diagram for the solvolysis of the 
1,2-dimethyl-2-norbornyl p-nitrobenzoates for comparison. 

The free energy of activation for the solvolysis of 1,2-di- 
methyl-exo- norbornyl p -nitrobenzoate, corrected for internal 
return, is 27.2 kcal mol-'; the corresponding value for the endo 
isomer is 31.1 kcal mol-l. Equilibration of the two epimeric 
alcohols yields a distribution of 72% exo-OH and 28% of 
endo-OH. This establishes that the ground-state energy of the 
endo isomer is higher than that of the exo isomer by a rela- 
tively small quantity, 0.6 kcal mol-'. These data yield a di- 
agram (Figure 2) with a difference in the energies of the two 
transition states of 4.5 kcal mol-'. Such a difference predicts 
that the cationic intermediate will distribute itself between 
exo and endo product in the ratio of 99.8% exo/0.2% endo. 
Experimentally the observed distribution is 199.7% exo/ 
10.3% endo. 

The free-energy diagram for this tertiary system (Figure 
2 )  is remarkably similar to the diagram for the parent secon- 
dary system (Figure 1).48,49 

The high exolendo rate ratio or the difference in energies 
between the two transition states for 1,2-dirnethyl-Z-norbornyl 
(Figure 2) cannot be attributed to u bridging and charge de- 
localization in the exo isomer. The present study has estab- 
lished the absence of these effects in the 1,2-dimethyl system. 
Consequently, we must find some other explanation. Steric 
hindrance to ionization has been proposed.5o 

There is now some acceptance of this interpretation (steric 
hindrance to ionization) of slow rates for the tertiary endo-  
norbornyl system,51 but a reluctance to extend this interpre- 
tation to the parent secondary system.51,52 Yet is it reasonable 
to utilize two very different explanations for phenomena 
which appear so similar? Yet such has been the case. In a later 
section we shall consider in detail three different proposals 
of this kind which have been advanced. However, first we shall 
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Figure 2. Free-energy diagram for the solvolysis of 1,2-dimethyl- 
?-norhorny1 p-nitrobenzoates in 80% aqueous acetone at 25 "C. 

subject to critical test the proposal that the transition state 
for exo- norbornyl solvolysis is resonance stabilized by some 
5.8 kcal mol-' (from the Goering-Schewene diagram) as 
compared to endo- norbornyl. 

Comparative Energies of Exo and  Endo Transit ion 
States for Secondary and Tertiary Systems. In recent years 
there has been a number of attempts to define the stabilities 
of carbocations in the gas p h a ~ e " ~ - j ~  and in super acid^.^^^^^^^^ 
Thus it has been observed recently that the calorimetric heat 
of ionization of 2-propyl chloride (-15.3 f 0.9 kcal mol-') is 
less than that of tert-butyl chloride (-25.4 f 0.8) by some 10.1 
kcal On the other hand, the values for exo-norbornyl 
chloride (-23.6 f 0.8) is less than that of 2-methyl-exo-nor- 
bornyl chloride (-31.0 f 1.5) by some 7.4 kcal m01- l .~~  Sim- 
ilarly, the difference between 2-propyl chloride and 2-phe- 
nyl-2-propyl chloride (-30.3 f 0.3) is 15.0 f 1.2 kcal mol-', 
whereas the difference between exo-norbornyl chloride and 
2-phenyl-exo-norborriyl chloride (-37.0 f 1.2) is 13.4 f 2.1 
kcal mol-1.34 

This change in the secondary-tertiary energy difference for 
simple alkyl derivatives and the corresponding 2-norbornyl 

2.7 kcal mol-' for the methyl and 1.6 kcal mol-' 
for the phenyl derivatives, can be interpreted to indicate a 
modestly higher stability of the secondary 2-norbornyl cation. 
However, the question must be raised: does such higher sta- 
bility require u bridging in the 2-norbornyl cation? 

Although such results have been so interpreted in the past, 
the fact is that this change in the secondary-tertiary energy 
difference does not require that the secondary 2-norbornyl 
cation be u bridged. The 2-norbornyl cations contain a rigid 
three-dimensional structure which can well delocalize charge 
from the 2 position by mechanisms other than the u bridging 
inherent in the nonclassical interpretation. 

Solvolytic data would appear to be more capable of pro- 
viding an unambiguous answer. The nonclassical concept was 
introduced in large part to account for the high exolendo rate 
ratio in the solvolysis of 2-norbornyl derivatives.4 Now nu- 
merous high exolendo rate ratios have been observed in the 
solvolyses of many tertiary 2-norbornyl derivatives where u 
bridging has been demonstrated to be absent.58 There can now 

Figure 3. Free energies of activation for the epimeric 2-norbornyl 
chlorides and 2-methyl-2-norbornyl chlorides assuming the presence 
of 5.5 kcal mol-' nonclassical stabilization in the exo secondary and 
its absence in the exo tertiary. 

be no question but that high exolendo rate ratios can be re- 
alized in stabilized tertiary 2-norbornyl systems not involving 
u bridging. The point requiring settling is whether the high 
exolendo ratios in 2-norbornyl itself can be accounted for in 
the same way, or whether we still require u bridging to account 
for the parent secondary derivative. 

The advantage of the solvolytic approach is that  it distin- 
guishes between exo and endo, in contrast to work with the 
actual ions in superacids. It is a fundamental requirement of 
the nonclassical phenomenon that u bridging plays a major 
role in the solvolysis of the exo isomer, but not of the endo 
isomer. 

As a first approximation, let us ignore the minor differences 
in the ground-state energies of exo- and endo-norbornyl 
chloride (57 and 56) and 2-methyl-exo- and -endo-norbornyl 
chloride (36 and 58) .  The exo transition state for the solvolysis 
of representative secondary 2-norbornyl derivatives is more 
stable than the corresponding endo transition state by some 
5.5  kcal ~ O I - ~ . ~ ~  The introduction of a methyl group into 
endo- norbornyl chloride increases its rate of solvolysis by a 
factor of 53 000 (Table 11). This indicates that the methyl 
group stabilizes the transition state for the solvolysis of 2- 
methyl-endo-norbornyl chloride by 6.5 kcal mol-'. The in- 
troduction of a methyl group into exo-norbornyl chloride 
provides a species which undergoes solvolysis to the classical 
2-methyl-2-norbornyl cation. Consequently, the stabilization 
resulting from the 2-methyl substituent, -6.5 kcal mol-', is 
counterbalanced by the loss of the 5.5 kcal mol-' nonclassical 
u bridging in the transition state. There is a net gain in sta- 
bilization of only 1.0 kcal mol-', a factor of only 5! 

This analysis predicts that  the rate of solvolysis of 2- 
methyl-exo-norbornyl chloride will be faster than exo- nor- 
bornyl chloride by a factor of only 5. In actual fact, the ex- 
perimental relative rate is 55 000, almost identical with that 
of the endo isomers. 

The analysis is represented graphically in Figure 3. 
a-MethyVHydrogen Ratios in 2-Norbornyl. Schleyer 
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and his co-workers have proposed utilization of a-methyl/ 
hydrogen rate ratios as a diagnostic tool to test for nonclassical 
resonance stabilization.60-61 They argued that the limiting 
value (in the absence of anchimeric and nucleophilic solvent 
assistance) should be in the neighborhood of 108.60 We had 
earlier reported that a-methyllhydrogen ratios for the sol- 
volysis of exo-norbornyl chlorides in ethanol a t  25 “C is 
104.8.1b362 This diminished value was attributed by other 
workers to anchimeric assistance (u  bridging) in secondary 
e~o-norborny160~~~ (solvent assistance is quite unlikely) which 
increases the rate of the exo isomer “by several powers of 
10”. 

The a-methyllhydrogen ratio in the solvolysis of endo- 
norbornyl bromides has been reported as 105.61 The dimin- 
ished ratio for the endo isomers was then accounted for in 
terms of an enhanced rate for the secondary endo derivatives 
resulting from large nucleophilic solvent contributions 

Both Harris, Mount, and Raber31 and we,32 by means of 
independent experimental approaches, have now concluded 
that the solvolyses of endo- norbornyl derivatives proceed 
without significant solvent participation (h,). exo- Norbornyl 
derivatives were also shown to solvolyze without significant 
solvent participation ( h ,  or k A).  In view of this development, 
we undertook to  reexamine the a-methyl/hydrogen ratios in 
the solvolysis of exo- and endo-norbornyl chlorides. We re- 
stricted ourselves to the chlorides because of growing evidence 
that there can be large front strain effects in the solvolysis of 
tosylates and p - n i t r o b e n z o a t e ~ . ~ ~ , ~ ~  

The fact that we were successful in synthesizing for the first 
time 1,2-dimethyl-endo- norbornyl chloride and determining 
its rate of solvolysis made it possible to estimate the rate for 
2-methyl-endo-norbornyl chloride (Table 11) with reasonable 
confidence, without the need for large corrections for different 
leaving groups. 

The a-methyl/hydrogen ratio of 5.3 X lo4 for endo-nor- 
bornyl raises a serious question as to the earlier proposal of 
IO8 for this ratio in the absence of either solvent or anchimeric 
assistance61 (eq 33). I t  is probable that this ratio varies with 

RR(25’C) 1.00 5.3 x I O 4  

structure, influenced by steric effects, similar to the large 
variations in the a-tert- butylla-methyl ratios which have been 
observed.64 Harris and his co-workers have come to the same 
conclusion.31 

The question now is the magnitude of the a-methyl/hy- 
drogen ratio for exo-norbornyl chloride. Will it be a far smaller 
value, corresponding to the oft postulated u bridging? In fact 
the value is 5.5 X lo4, almost identical with that for the endo 
isomer (eq 34). 

for the conclusion that exo- norbornyl must also undergo 
solvolysis by a process that is essentially kc.32 

These results call for a revision of the previous interpreta- 
tions that the a-methyl/hydrogen ratio in 2-norbornyl indi- 
cates large anchimeric assistance for the solvolysis of ero - 
norbornyl and large solvent assistance for the solvolysis of 
endo-norbornyl derivatives.G3@ The results are interpreted 
far more simply in terms of essentially k ,  processes in both 
cases. I t  should be pointed out that Farcasiu earlier pointed 
out that a-methylhydrogen ratios are not reliable criteria for 
u bridging in complex systems.67 

I t  is appropriate to call attention to the fact that over the 
years numerous criteria have been advanced in support of u 
bridging in the solvolysis of exo- norbornyl derivatives. One 
by one these proposals have crumbled under critical exami- 
nation. Now the a-methyl/hydrogen criterion joins this 
growing graveyard.68 

Effect of Substituents at C-1 and C-2. In the Introduc- 
tion we pointed out that the presence of (r bridging and ac- 
companying electron delocalization in the exo isomers should 
result in markedly different effects of substituents a t  C-1 and 
C-2. Thus a substituent such as methyl a t  C-2 should exhibit 
a much higher activating effect in the endo isomer than in the 
exo (Figure 2), if charge were delocalized in the latter by a 0 
bridge. Contrariwise, such a substituent a t  C-1 would be much 
more activating in the exo isomer than in the endo isomer. On 
the other hand, in the absence of nonclassical resonance en- 
ergy, both in the secondary and tertiary derivatives, we should 
expect essentially identical effects of substituents, both at  C-2 
and C-1, in each exo and endo isomer pair. 

We have seen that Me/H at  C-1 is 8.6 for the endo isomer 
(eq 24) and 8.5 for the exo isomer (eq 25). We have also seen 
that Me/H a t  C-2 is 5.3 X lo4 for the endo isomer (eq 33) and 
5.5 X lo4 for the exo isomer (eq 34). Clearly the observed ef- 
fects correspond to the absence of a u-bridged nonclassical 
species in the transition state for the solvolysis of the exo 
isomer. 

Factor Responsible for the High Exo/Endo Rate Ratios 
in Secondary and Tertiary 2-Norbornyl Systems. Three 
different proposals have been advanced to account for the 
evident similarity in the Goering-Schewene diagrams for 
secondary and tertiary 2-norbornyl derivatives (Figures 1 and 
2) without accepting a common physical origin. (In an earlier 
section we asked the question: “Is it reasonable to propose two 
very different explanations for phenomena which appear so 
similar?” This was answered emphatically by Paul Schleyer: 
“Yes, it certainly is!”)69 

Proposal No. 1. It was originally proposed back in 1965- 
1966 that steric effects in the tertiary 2-methyl-2-norbornyl 
derivatives would be very large, with the steric requirements 
of the methyl substituent far exceeding the acyloxy group. On 
this basis large steric strains were estimated for the endo- 
methyl substituent (59). Such strain would be relieved during 

Me 

RR(25’C) 1.00 5.5 x lo4 

The close similarity in the a-methyl/hydrogen rate ratios 
in exo- and endo-norbornyl chlorides essentially rules out a 
k~ process for the solvolysis of the exo isomer. The remarkable 
constancy of the exo/endo rate ratio over an exceptionally wide 
range of solvents and the similarity in the effects of solvent 
on the rates of solvolysis of exo- and endo-norbornyl with 
those of 2-adamantyP (a model k ,  process) argues strongly 

strain 

i o n i ~ a t i o n . ~ ~  The smaller strain assumed for the isomer in 
which the 2-methyl substituent is exo would be less effective 
in increasing the rate. 

On this basis, the high exo/endo rate ratio in secondary 
2-norbornyl was attributed to an enhanced exo rate, resulting 
from carbon assistance, with a normal endo rate, whereas the 
high exo/endo rate ratio in tertiary 2-norbornyl was attributed 
to a greatly enhanced exo rate, resulting from relief of steric 
strain, with a comparatively normal endo rate. 
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This proposal requires that 2-methyl-endo-norbornanol 
be far more stable than 2-methyl-exo-norbornanol. However, 
equilibration experiments soon revealed that the two isomers 
possess comparable stabilities.Ic 

Proposal No. 2. A later proposal was that the solvolysis of 
endo-norbornyl tosylate is enhanced by large solvent partic- 
ipation comparable in magnitude to carbon participation in 
the exo isomer. Thus, one of two alternatives considered to 
account for the 2-Me/2-H reactivity ratios was: "These =lo5 
values can be rationalized by the postulation of anchimeric 
assistance in the exo and solvent assistance in the endo sec- 
ondary cases . . .".61 This position was adopted and fully dis- 
cussed by J. M. Harris and S. P. McManus in their interesting 
attempt to extrapolate from tertiary to secondary 2-norbornyl 
rates.63 

However, as was pointed out earlier in the present paper, 
both J. M. Harris and we, in independent studies, have now 
concluded that solvent participation is not a significant factor 
in the solvolysis of endo-norbornyl tosylate in solvents of 
moderate or low nucleophilicities.31~3z 

Proposal No. 3. In "The Nonclassical Ion Problem", Paul 
Schleyer also discusses another i n t e r p r e t a t i ~ n . ~ ~  He accepts 
steric hindrance to ionization in the tertiary 2-methyl-endo- 
norbornyl system. However, he argues that such steric hin- 
drance to ionization should not be important in the secondary 
2-norbornyl system.7' 

In fact, a careful consideration of the molecular models 
reveals that even 2-H can serve to trap the anion in the endo 
cavity.52 In addition, the ion pair which is presumably the first 
intermediate in such solvolyses should be far tighter for the 
secondary system than the stabler tertiary system. This factor 
may serve to compensate for the smaller size of 2-H. 

However, there appears to be little point to a discussion of 
this proposal on theoretical grounds, when experimental data 
are available to settle the question. As was pointed out earlier, 
the nonclassical interpretation of the Goering-Schewene di- 
agram (Figure 1) requires that the nonclassical 2-norbornyl 
cation be more stable than classical 2-norbornyl cations by 
some 7 kcal mol-'. However, comparison of the heats of ion- 
ization for 2-propyl, tert- butyl, and tert-cumyl chlorides with 
2-norbornyl, 2-methyl-2-norborny1, and 2-phenyl-2-norbornyl 
chlorides reveals a total stabilization that is in the neighbor- 
hood of 1-2 f 2 kcal mol-'. 

There appears a t  the present time to be no sound basis to 
attribute totally different physical causes to the essentially 
similar behavior of s,econdary and tertiary 2-norbornyl de- 
rivatives (Figures l and 2). 

Conclusions 
The essentially identical effect of a 1-phenyl and a 1-methyl 

substituent in the solvolysis of the exo and endo isomers of 
1,2-diphenyl- and 1,2-dimethyl-2-norbornyl p-nitrobenzoates 
rigorously precludes u bridging as a significant factor in the 
rates of solvolysis of the exo isomers. The high exo/endo rate 
ratios in the solvolysis of 1,2-diphenyl- and 1,2-dimethyl-2- 
norbornyl derivatives cannot be the result of bridging. The 
close similarity in the Goering-Schewene diagrams for the 
solvolysis of 1,2-dimethyl-2-norbornyl, 2-methy1-2-norborny1, 
and 2-norbornyl itself suggests the operation of similar 
physical factors. Steric hindrance to ionization of the tertiary 
2-norbornyl derivatives offers a reasonable explanation of the 
high exolendo rate ratios in the demonstrated absence of u 
bridging. The problem is the extension of the analysis to the 
secondary 2-norbornyl. I t  is pointed out that the Goering- 
Schewene diagrams and the exolendo rate ratios are re- 
markably similar for both secondary and tertiary 2-norbornyl 
derivatives. The a-methyl/hydrogen ratio is essentially 
identical for both em-  and endo-2-norbornyl. I t  is no longer 
possible to account for this in terms of rate enhancements of 

comparable magnitudes arising from solvent participation in 
the endo and carbon participation in the exo. The results are 
more simply accounted for in terms of solvolysis proceeding 
through essentially k ,  processes for both exo and endo sec- 
ondary and tertiary 2-norbornyl derivatives. 

Experimental Section 
All melting points are uncorrected. The 'H NMR spectra were re- 

corded on a Varian A60A or T-60 spectrophotometer. 
1-Methylnorbornanone (29). 2-Methyl-endo-norbornanol (28) 

(51 g, 400 mmol) was oxidized with a solution of chromic acid prepared 
from sodium dichromate (107 g), sulfuric acid (274 g), and water (840 
mL) at  90 "C for 3 h in a 2-L, three-neck, round-bottom flask equipped 
with mechanical stirrer, condenser, and an additional funnel. 

1-Methylnorbornanone (32 g, 65% yield) was isolated by steam 
distillation. The crude product was redistilled to yield 25.4 g of ketone, 
n Z o ~  1.4676 [lit.21 n Z o ~  1.46741. 
1,2-Dimethyl-endo-norbornanol(30). 1-Methylnorcamphor (25 

g, 200 mmol) in ether (150 mL) was treated with 10% excess methyl- 
lithium solution in ether. The reaction mixture was decomposed with 
cold saturated ammonium chloride and extracted with ether. The 
solvent was removed and the alcohol was purified by distillation. The 
endo alcohol (30) was obtained in 85% yield, bp 50 " C  (2  mm). 
1,2-Dimethyl-exo-norbornyl Chloride (32). The endo alcohol 

(30) (19 g, 135 mmol) was treated with hydrogen chloride in an au- 
tomatic hydrochlorinator.22 Chloride (20 g, 93% yield) was obtained: 
mp 120-122 "C [lit.16 mp 122-123 "C]; lH NMR (CCl4) 6 1.23, 1.57 
(2 methyls). This ''&chloride" on storing for 6 months at  room tem- 
perature under hydrogen chloride atmosphere exhibited two addi- 
tional methyl signals a t  F 1.12 and 1.50 due to the formation of an " a  
isomer." This a isomer was identified as 1,2-dimethyl-endo-norbornyl 
chloride from the ethanolysis studies of the two isomers. The amount 
of endo chloride in the isomerized crude mixture was approximately 
30%. 
1,2-Dimethyl-exo-norbornanol (33). The tertiary chloride (20 

g, 126 mmol) was dissolved in acetone (120 mL) and stirred with 10% 
sodium bicarbonate (120 mL) for 2 h a t  0 " C .  The acetone was re- 
moved using a rotary evaporator and the organic material was ex- 
tracted with ether. The ether extracts were dried over anhydrous 
magnesium sulfate and solvent was evaporated. The residual material 
was crystallized from hexane to give pure exo alcohol (14.2 g, 80% 
yield), mp 111-112 " C  [lit.21 mp 112-113 " C ] .  
1,2-Dimethyl-endo-norbornyl p-Nitrobenzoate (31). This 

compound was obtained by treating the endo alcohol (30) with n- 
butyllithium and p-nitrobenzoyl chloride in T H F  in 81% yield: mp 
144-145 "C [lit.*l mp 146-146.5 "C]; lH NMR (CC14) 6 1.22, 1.51 (2  
methyls). 

1,2-Dimethyl- exo-norbornyl p-Nitrobenzoate (34). This p - 
nitrobenzoate was obtained from the exo alcohol (33) in the usual 
manner in 72% yield: mp 133-134 "C [lit.21 mp 132.5-133 "C]; 'H 
NMR (CC14) 6 1.30, 1.58 (2 methyls). 

1-Phenylnorbornanone. 1-Phenyl-ero-norbornanol(l8.9 g, 100 
mmol) in ether (50 mL) was oxidized with a solution of chromic acid 
(1ooOh excess) at 0 "C.15 The crude material was purified by distillation 
to give the pure ketone (79% yield), bp 118-120 " C  (0.5 mm). This 
material solidified on standing, mp 41-42 "C [lit.14 mp 41-42 "C]. 
1,2-Diphenyl-endo-norbornanol (21). Phenyllithium (0.5 M 

solution in 1:l etherbenzene mixture, 220 mL) was added to a solution 
of 1-phenylnorbornanone (19 g, 100 mmol). The reaction mixture was 
refluxed overnight and then worked up in the usual manner. Crys- 
tallization of the crude product from hexane gave 21.1 g (80% yield) 
of the tertiary alcohol, mp 109-110 "C [lit.14 mp 109-110 "C]. 

1,2-Diphenyl-endo-norbornyl p-Nitrobenzoate (22). This 
p-nitrobenzoate was obtained in 8296 yield in the usual manner: mp 
162-163 "C; 'H NMR (CC14) 6 8.23 (4 H ,  aromatic), 7.17,6.92 (10 H,  
2 phenyls), 3.05 (1 H, bridgehead), and 1.37-2.51 (8 H,  remaining 
protons). 

Anal. Calcd for C26H23N04: C, 75.54; H, 5 57;  N, 3.39. Found: C, 
75.49; H, 5.54; N, 3.41. 

1,2-Diphenyl-exo-norbornyl Chloride. The endo alcohol (5.5 
g, 21 mmol) dissolved in methylene chloride (20 mL) was treated with 
hydrogen chloride in an automatic hydrochlorinator a t  ice-bath 
temperature.22 After the reaction was complete, removal of solvent 
yielded a light yellow residue. This crude material was crystallized 
from hexane to yield pure exo chloride (74% yield), mp 65-66 "C. 

Anal. Calcd for C1gH1gC1: C, 80.7; H,  6.75; C1,12.55. Found: C, 80.82; 
H,  6.57; C1, 12.36. 

Solvolysis of 1,2-Diphenyl-exo-norbornyl Chloride. The exo 
chloride (5.25 g, 20 mmol) was solvolyzed in 8@?0 aqueous acetone (100 
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m L )  containing 10% molar excess o f  sodium bicarbonate. T h e  reac- 
tants were st irred overnight a t  0 "C and acetone was removed using 
a ro tary  evaporator. T h e  residue was extracted w i t h  ether, the ether 
extracts were dr ied over anhydrous magnesium sulfate, and the  sol- 
vent  was evaporated. T h e  mater ia l  was crystallized f rom hexane t o  
give 4.42 g (80%) o f  1,2-diphenyl-2-norbornene: mp 97-98 "C [lit.14 
mp 95.4-98 "C]; 'H NMR (CC14) 6 7.17, 6.90 (10 H, aromatic), 6.24 
(1 H, olefinic), 3.04 ( 1  H, 4-bridgehead), 1.32-2.22 (6 H, remaining 
protons). 

Anal. Calcd for C19Hle: C, 92.6; H, 7.36. Found: C, 92.53; H, 7.68. 
Hydroboration-OxidationZ0 of 1,2-Diphenyl-2-norbornene. 

In a 250-mL flask equipped w i t h  a re f lux condenser, a magnetic 
st irr ing bar, and a septum inlet was placed the olefin (5.52 g, 20 mmol) 
dissolved in methylene chloride (20 mL) .  T h e  hydroboration was 
achieved by the dropwise addit ion of  BHBrTSMez (20.6 mmol). After 
the addit ion, the reaction mixture was st irred for  10 min and 1 equiv 
of  BBr:j was slowly dr ipped in over a period o f  4-5 min t o  induce fast 
hydroboration. Af ter  s t i r r ing a t  room temperature for 1.5 h, the or- 
ganoborane was oxidized by the addi t ion o f  aqueous sodium hy- 
droxide (3 N, 43 mL) and hydrogen peroxide (8.5 m L ) .  T h e  temper- 
ature was maintained below 40 "C. The reaction mixture was refluxed 
for 1 h and the aqueous la,yer was saturated w i t h  KzC03 and the or- 
ganic lager separated. Removal o f  solvent furnished a solid, mp 84-94 
'(1. Most  o f  the secondary alcohol was crystallized out  f rom the crude 
mater ia l  (mp 108.5-109.5 "C). T h e  p-nitrobenzoate o f  the crude 
product  (after removing the secondary alcohol) was prepared in the 
usual manner. T h e  secondary OPNB could be crystallized ou t  f rom 
the crude OPNB mixture (mp 154.5 "C) and the rest o f  the material 
which contained approximately 4wo of  tert-p-nitrobenzoate was used 
for solvolytic studies. The tert-OPNB could not  be obtained in a pure 
state. 

So lvo ly t i c  P r o d u c t s  of 1,2-Dimethyl-exo-norbornyl p-Ni- 
trobenzoate. T h e  exo-p-nitrobenzoate (5 mmol)  was solvolyzed in 
buffered 600/0 aqueous acetone a t  75 "C. After 5 half-lives, acetone was 
removed and the solvolysis products were extracted w i t h  ether. T h e  
ether extract was analyzed by capillary GC. 1,2-Dimethyl-endo- 
norbornanol (0.35 f 0.054,) was detected among other components, 
Le., exo alcohol and hydrocarbons. T h e  same results were obtained 
in 80% aqueous acetone. 

E q u i l i b r a t i o n  of exo-. a n d  endo-1,2-Dimethyl-2-norborna- 
nols. T h e  exo alcohol (IO mL, 0.2 M solut ion in cyclohexane) was 
st irred w i t h  10 mL o f  sull'uric acid (6 M) a t  room temperature. At  
appropriate t ime intervals, 1 mL o f  organic solut ion was wi thdrawn 
and analyzed by gas chromatography (Perkin-Elmer 226 gas chro- 
matograph, f i t ted  w i t h  a 150 ft X 0.01 in. Quadrol column, operated 
isothermally a t  150 "C under a pressure of 20 ps i  was used for  the 
analysis) until a constant ra t io  was found for  isomeric alcohols. T h e  
equi l ibr ium d is t r ihut ion for 1,2-dimethyl-exo- and -endo-norbor- 
nanols was found t o  be 72% ter t iary  exo and 28% ter t iary  endo. 

K i n e t i c  Measurements.  T h e  rates o f  solvolysis o f  the p-n i t ro -  
benzoates in 80% acetone and the ter t iary  chlorides in ethanol were 
determined b y  the t i t r imetr ic  method.I6 Sealed ampule technique 
was used for measuring the rates a t  higher temperatures. In the case 
of  1,2-dimethyl-exo- and -endo-norbornyl chlorides, separate rates 
were calculated by the dif ferential method.26 T h e  rate data for the 
solvolysis o f  the p-nitrobenzoates in 80% aqueous acetone are sum- 
marized in Table I and data for the solvolysis o f  the chlorides in eth- 
anol are tabulated in Table 11. 

R e g i s t r y  No.-LS, 14182-93-5; 20, 7485-54-3; 21,67162-96-3; 24, 
67162-95-4; 25, 67162-98-5; 26, 67162-99-6; 26 p -nitrobenzoate, 

23351-29-3; p -nitrobenzoyl chloride, 122-04-3; phenyl l i th ium, 591- 
51-5; BHBrZ.SMe2. 55671-55-1. 

67163-00-2; 29, 10218-04.-9; 28, 3212-16-6; 30, 13429-45-3; 33, 
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The solvolysis of p,p'-dichlorobenzhydryl chloride (1) in the nearly isodielectric EtOH-TFE mixtures gives a 
Grunwald--Winstein m value of 1.30. The solvolysis is subject to common ion rate depression and the mass law con- 
stants a increase with the increase in the mole fraction of TFE. A k T F E / k E t o H  ratio of -0.025 was calculated from 
the product distribution by assuming reaction of the solvent components with a free cationic intermediate. Ionizing 
power parameters Y for EtOH-TFE mixtures were calculated from the solvolysis of 1 and from the solvatochromic 
shifts of the charge-transfer band of l-(p-hydroxyphenyl)-2,4,6-triphenylpyridinium betaine. I t  is suggested that 
the reaction proceeds via a selective free p,p'-dichlorobenzhydryl cation. 

Solvent effects on solvolytic displacement reactions in- 
volve several solvent properties such as nucleophilicity, 
electrophilicity, and dielectric constant. A linear free energy 
relationship for describing these reactions (eq 1) was suggested 
by Winstein, Grunwald, and Jones,l where k and k o  are the 
rate constants in a certain solvent and in 80% EtOH, and Y 
and N are the solvent ionizing power and nucleophilicity, re- 
spectively, m and 1 being the sensitivities to these parame- 
ters. 

(1) 

log ( k l k o )  = mY (2) 

log (hllzo) = mY + 1N 

However, in the absence of a scale of N values a more re- 
stricted form (eq 2)' is usually applied where the nucleophil- 
icity is either assumed to be unimportant ( k ,  process3) or 
nearly constant in the solvents studied. Only recently have 
scales of N values become a~ai lab le .~  Schleyer and co-workers 
who presented an extensive list of N values4d showed the su- 
periority of eq 1 over eq 2 in analyzing solvent effects in sol- 
volysis.4d 

A useful way to gradually change the solvent properties is 
by studying binary solvent mixtures. Only one solvent prop- 
erty may be changed significantly as in aqueous EtOH mix- 
tures where the change in N is small compared with the 
change in Y.4d On the other hand, in aqueous TFE mixtures 
both N4,5 and Y4b,6 (which are based on solvolytic data) in- 
crease with the increase of the water content. 

The ionization power parameter Y involves contributions 
from two solvent properties: from the dielectric constant 
which is related to electrostatic solvation and from electro- 
philic solvation, mainly via hydrogen bonding to the leaving 
group. In aqueous EtOH the two effects are in the same di- 
rection since water has a higher dielectric constant and a 
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higher electrophilicity than EtOH. In aqueous TFE the two 
properties operate in opposite directions since water has 
higher dielectric constant, but TFE is probably a better 
electrophilic ~ o l v a t o r . ~  The nonlinear log k vs. Y plots found 
for solvolysis of a-arylvinyl derivatives in aqueous TFE were 
ascribed to this r e a ~ o n . ~  

The different bulk of the solvent components in a binary 
mixture was invoked for explaining the selectivity in the 
product-forming process in terms of different stabilities of 
solvent separated ion pairse8 

It is therefore surprising that more attention was not paid 
to the binary solvent mixtures EtOH-TFE. Mukherjee and 
Grunwald showed that these are nearly isodielectric mixtures, 
where the dielectric constants of TFE (26.14) and EtOH 
(24.32) are the extremes9 The bulk of the two solvents is also 
very similar. On the other hand, the nucleophilicity of TFE 
is much lower4d and its acidity1° and probably its electrophi- 
licity are higher than those of EtOH. Nevertheless, only three 
solvolytic studies in EtOH-TFE mixtures appeared so far.11-13 
da Roza, Andrews, and Keefer measured several Y and N 
values and studied the solvolyses of several benzyl halides." 
They found that Y increases and N decreases on increasing 
the molar fraction of TFE in EtOH-TFE and that eq 2 gives 
nonlinear correlations, as expected since the 1N term was 
neglected. From the dependence of the shape of these plots, 
of the product distribution, and of the kBr lkC1  ratios on the 
substituent in the aryl ring, the extent of solvent involvement 
as a nucleophile and an electrophile in the transition state was 
probed." Ando and Tsukamoto used the product distribution 
in the solvolysis of 1- and 2-adamantyl systems in 50% 
EtOH-TFE as a tool for evaluating various proposals con- 
cerning the product-forming selectivities in binary mixtures.12 
Kaspi and Rappoport13 found a nearly linear N vs. Y corre- 
lation in the region of 20-90% TFE with a slope of -0.83. 

0 1978 American Chemical Society 


