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Abstract: The replacement of a methyl group by a tert-h\ity\ group at the tertiary position of tertiary p-nitrobenzoates re
sults in increases in the rates of solvolysis in 80:20 acetone-water. Thus, for a simple aliphatic system, 2-propyl, the rate in
creases by a factor of 4.4. In simple alicyclic systems, cyclopentyl, cyclohexyl, and cycloheptyl, the rate increases by factors 
of 112, 134, and 273, respectively. For bicyclic systems, 2-enrfo-norbornyl, 9-bicyclo[3.3.1]nonyl, and 2-e«rfo-camphenilyl, 
the rates increase by factors of 39,600, 104,000, and 1,120,000, respectively. Hence, it is concluded that steric effects in
crease markedly from the relatively flexible aliphatic, the less flexible alicyclic, to the rigid bicyclics. These results reveal 
that estimates of steric interactions in norbornyl derivatives based on steric interactions in aliphatic and alicyclic systems can 
be seriously in error. 

In 1946, it was proposed that relief of steric strain ac
companying the ionization of sterically crowded tertiary de
rivatives could provide a potent driving force to enhance the 
rate of solvolysis.3 Indeed, today steric assistance to ioniza
tion is an accepted factor in calculating rates of solvolysis.4 

Moreover, it has been shown that steric effects can be very 
large in the rigid norbornyl system.5'6 

Thus, the presence of gem-dimethyls in 2,7,7-trimethyl-
2-norbornyl system decreases the exoiendo rate ratio from 
885, the value observed in the parent compound, to a value 
of 6.1 (Figure 1). On the other hand, the presence of gem-
dimethyls in 2,6,6-trimethyl-2-norbornyl system increases 
the exo:endo rate ratio to 3,630,000.5,e 

Some time ago it was suggested that many of the unusual 
characteristics of the norbornyl system may have their ori
gin in unusually large steric strains arising from the rigidity 
of this bicyclic structure.7 It was proposed that strains aris
ing from the presence of a bulky substituent would be small 
in the relatively flexible aliphatic system, larger in the less 
flexible alicyclic system, and enormous in the rigid bicyclic 
norbornyl system.5,6 It appeared that this proposal could be 
tested by examining the relative effects of methyl and tert-
butyl substituents upon the rates of solvolysis of a selected 
series of derivatives.8 

For example, the effect of steric bulk has been demon
strated by the replacement of one of the methyl groups in 
tert-bwty\ chloride by a neopentyl group. This results in a 
21-fold increase in the reaction rate. Two neopentyl groups 
raise the rate to 580 times that of tert-butyl chloride.9 

Much larger effects have been realized by Bartlett and 
coworkers in the solvolysis of derivatives of highly hindered 
alcohols, such as tri-ferr-butylcarbinol.10 For example, at 
40°, tri-rerr-butylcarbinyl p-nitrobenzoate solvolyzes 
13,500 times faster than /er?-butyl p-nitrobenzoate in 60: 
40 dioxane-water. Moreover, dineopentyl-ferf-butylcarb-
inyl p-nitrobenzoate reacts 68,000 times faster. 

Thus, it is clear that relief of steric strain can have a 
large rate-accelerating effect. However, in the replacement 
of a methyl group by a tert-b\xty\ group, one also has to 
consider the changes in inductive and hyperconjugative ef
fects. 

The differences in the inductive effect of alkyl groups are 
relatively small.11,12 Consequently, in the study of steric ef

fects, it is frequently possible to assume, as a first approxi
mation, that the polar effects of structure changes in the 
alkyl group are negligible and to attribute the observed re
activity changes to the altered steric requirements of the 
alkyl groups.13 The Baker-Nathan phenomenon is attrib
uted to a small loss in hyperconjugative stabilization of the 
carbonium ion as the hydrogen atoms of the tert-butyl cat
ion are replaced by alkyl groups.14 In those few cases where 
the inductive and hyperconjugative effects of groups have 
been quantitatively resolved, it has appeared that carbon-
carbon hyperconjugation is not greatly inferior to that at 
the carbon-hydrogen bond.12,15,16 

Therefore, steric effects should play the predominant role 
in replacing a methyl group with a tert-butyl group at a 
carbonium ion center, and other effects, inductive and hy
perconjugative, should be relatively unimportant. 

Recently, it was pointed out that F strain involving ion
ization of p-nitrobenzoates can be Jarge in certain systems, 
much larger than for the corresponding chlorides.17 Conse
quently, the chlorides are to be preferred for studies of 
structural effects. In the present case, it was known that the 
synthesis of certain of the chlorides would offer major ex
perimental difficulties.10c Moreover, we were interested in 
the effect of the flexibility of the system on the total steric 
effect without undertaking detailed analyses of the individ
ual F- and B-strain contributions. Consequently, it ap
peared appropriate to utilize the p-nitrobenzoates. 

Results and Discussion 

The tertiary /erz-butylcarbinols were prepared by addi
tion of the appropriate ketone to /er/-butyllithium at 
_7go is J j 1 6 te rtiary methylcarbinols were prepared by the 
addition of the appropriate ketone to methylmagnesium 
chloride at 0°. The corresponding p-nitrobenzoates were 
prepared by the reaction of the lithium alkoxides with p -
nitrobenzoyl chloride.19 

Rates of solvolysis in 80:20 acetone-water were deter
mined titrimetrically. The data are listed in Table I. 

The rate of solvolysis of /erf-butyldimethylcarbinyl p-
nitrobenzoate is faster than tert-buty\ p-nitrobenzoate by a 
factor of 4.4 (Figure 2).20 

Thus in this system, the replacement of a methyl group 
by the tert-butyl group increases the rate by a relatively 
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Table I. Rates of Solvolysis of Tertiary p-Nitrobenzoates in 80% Acetone 

106A:, sec" 

p-Nitrobenzoatea 

tert-ButyV 
rerf-Butyldimethylcarbinyld 

l-Methyl-l-cyclopentyle 

l-fe/-r-Butyl-l-cyclopentyl/ 
1-Methyl-l-cyclohexyl/ 
1-to-f-Butyl-l-cyclohexyl/ 
1-Methyl-l-cycloheptyl^ 
1-rerf-Butyl-l-cycloheptyl? 
3-Methyl-3-nortricyclyl£ 
3-rerr-Butyl-3-nortricyclyl£ 
2-Methyl-ertdo-norbornyl^ 
2-tert-Butyl-endo-norbornylf 
9-Methyl-9-bicyclo[3.3.1]nonyl? 
9-re«-Rutyl-9-bicy clo [3.3.1] nonyl? 
2-Methyl-2-adamantyl< 
2-?e/t-Butyl-2-adamantyl! 

2-Methyl-e«c?o-camphenilyl/ 
2-/e/'f-Butyl-erc<20-camphenilyl£' 

(7-,,0Q 

23.6(125) 
814(150) 
236 (125) 

1200(100) 
247 (150) 
143(100) 
528(125) 
518(75) 
188(125) 

5.41(125) 
243(75) 
646 (150) 

68.8(124.8) 
7700 (75.4). 

12.0(125) 

(7-,/C) 

1.85 (100) 
89.6(125) 
23.0(100) 

105 (75) 
24.9(125) 

8.53(75) 
50.6 (100) 
30.9 (50) 
18.7(100) 

0.395(100) 
13.3(50) 
73.9(125) 

5.07 (100) 
631(50.1) 

0.867 (I1OO) 

25°* 

7.45 X 1O -5 

3.25 X 1 0 - 4 

2.11 X 1O -3 

0.236 
5.48 X 10 _ s 

7.35 X 1O -3 

4.21 X 1O -3 

1.15 
1.81 X 1O -3 

3.24 
1.13 X 10 - 5 

0.48 
3.34 X 10"4 

34.8 
1.43 X 10"" 

34.2 
2.31 X 10~5 

27.7 

/fc(r-Bu)/ 
/t(CH3) 

AH*, 
kcal/mol" 

AS*, 

4.36 

112 

134 

273 

1790 

39,600 

104,000 

225,000 

1,120,000 

29.2 
29.0 
26.9 
24.6 
30.1 
28.5 
27.1 
24.6 
26.7 

30.2 
25.4 
28.4 

30.2 
21.6 
30.4 

-7 .1 
-4 .8 
-7 .9 
-6 .5 
-4 .4 
-0 .1 
-6 .0 
-3 .1 
-9 .1 

-7 .5 
-2 .4 
-6 .5 

-2 .2 
-6 .5 
-5 .1 

<> All new compounds gave spectral and microanalytical data consistent with the proposed structure. * Calculated from data at higher tem
peratures. c H. C. Brown and W. C. Dickason, / . Am. Chem. Soc., 91, 1226 (1969). <* Reference 20. e H. C. Brown and W. J. Hammar, ibid., 
89, 6378 (1967). /Reference 1. S This work. h Reference 6 . ' Reference 8. /K. Takeuchi, Ph.D. Thesis, Purdue University, 1968. 
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small factor, presumably the result of relief of steric strain.3 

It should be pointed out that the accumulation of two or 
three bulky groups at a tertiary center can result in far larg
er rate enhancements.10 

Replacement of the 1-methyl group in the solvolysis of 
1-methyl-1-cyclopentyl p-nitrobenzoate by the more bulky 
tert-b\ity\ group results in a rate enhancement by a factor 
of 112 (Figure 3). Similarly, the replacement of the 1-meth
yl group in the solvolysis of 1-methyl-1-cyclohexyl p-nitro-
benzoate by the ferr-butyl group increases the rate of sol
volysis by a similar factor, 134 (Figure 4). The rate of sol
volysis of l-te/-r-butyl-l-cycloheptyl/>-nitrobenzoate is fast
er than that of 1-methyl-1-cycloheptyl by a factor of 273 
(Figure 5). These increases in strain over the acyclic system 
probably result from the loss of some rotational freedom in 
going to an alicyclic system and result in an increase in non-
bonded interactions. 

Looking at rigid systems, we see a marked increase in 
rates by the replacement of a methyl with a tert- butyl 

rel rate:25" 

Figure 6. 

group in the 3-nortricyclyl, 2-norbornyl, 9-bicyclo-
[3.3.1]nonyl, and 2-adamantyl systems. Indeed, the rate en
hancements due to steric strain reported here are even 
greater than those reported in the 2,7,7-trimethyl-2-nor-
bornyl and the 2,6,6-trimethyl-2-norbornyl systems (Figure 
I).5 '6 

The rate of 3-methyl-3-nortricyclyl /?-nitrobenzoate is in
creased by a factor of 1790 by the replacement of the 3-
methyl with a 2-tert-buty\ group (Figure 6). 

The rate of 2-tert-b\>Xy\-endo-r\orbomy\ p-nitrobenzoate 
is 39,600 times faster than that of the 2-methyl analog 
(Figure 7). 

The 9-bicyclo[3.3.1]nonyl p-nitrobenzoates show an 
enormous rate increase of 104,000 in going from the 9-
methyl to the 9-tert-butyl derivative (Figure 8). 

The 2-adamantyl p-nitrobenzoates exhibit a somewhat 
larger rate enhancement than that shown in Figure 8. Thus 
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Table II. Summary of Physical and Microanalytical Data for p-Nitrobenzoates 

Calcd, % 

p-Nitrobenzoate Mp, 0C C H N C 

Found, % 

H N 

1-ferf-Butyl-l-cyclopentyl 106.2-106.9 
1-Methyl-l-cyclohexyl 107.3-108.5 
1-rm-Butyl-l-cyclohexyl 112.5-113.0 
1-Methyl-l-cycloheptyl 96.5-97.8 
1-fW-Butyl-l-cycloheptyl 80.5-81.5 
3-Methyl-3-nortricyclyl 142.5-144.O^ 
3-?er/-Butyl-3-nortricyclyl 120-121 
2-fer?-Butyl-2-endo-norbornyl 127 dec 
9-Methyl-9-bicyclo[3.3.1]nonyl 129-130 
9-ferf-Butyl-9-bicyclo[3.3.1]nonyl 123-124 dec 
2-rert-Butyl-2-e«do-camphenilyl 133 dec 

65.95 
63.86 
66.86 
64.96 
67.69 
65.93 
68.55 
68.12 
67.31 
69.54 
69.54 

7.27 
6.51 
7.59 
6.91 
7.89 
5.53 
6.71 
7.31 
6.98 
7.88 
7.88 

4.81 
5.32 
4.59 
5.05 
4.39 
5.13 
4.44 
4.41 
4.62 
4.06 
4.06 

65.86 
63.65 
66.95 
64.90 
67.73 
65.67 
68.60 
68.23 
67.56 
69.58 
69.68 

7.33 
6.42 
7.72 
6.69 
7.74 
5.60 
6.96 
7.39 
7.20 
7.87 
8.05 

4.62 
5.44 
4.56 
5.15 
4.51 
5.11 
4.49 
4.44 
4.78 
4.16 
4.19 

a Literature mp 141.5-142.5°; G. L. Trifle, Ph.D. Thesis, Purdue University, 1967. 

CH3 
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rel rate:25" 

Figure 7. 
1.0 

rel rate:26" 

Figure 8. 

1.0 104,000 

the 2-tert-buty\ derivative reacts 225,000 times faster than 
the 2-methyl (Figure 9).8 

The behavior of camphenilyl derivatives possess historical 
implication for the development of a participation and the 
nonclassical ion theory.21 Thus the very fast rate of ethanol-
ysis of camphene hydrochloride compared with that of tert-
butyl chloride was considered to provide strong support for 
the formation of a stabilized synartetic (mesomeric, non-
classical) ion.22 However, the importance of internal strain 
in the ground state of camphene hydrochloride has been 
pointed out, and hence it was concluded that the rates for 
camphenilyl derivatives are not exceptionally fast but are in 
accord with the postulated effect of increasing steric strain 
in enhancing rates of solvolysis of highly branched tertiary 
chlorides.23 

Indeed, the rate of solvolysis of 2-tert-buty\-2-endo-
camphenilyl p-nitrobenzoate is 1,120,000 times faster than 
that of 2-methyl-2-enrfo-camphenilyl p-nitrobenzoate (Fig
ure 10). 

Clearly, steric effects are much greater in the rigid sys
tems than in the more flexible acyclic and alicyclic systems. 

Conclusions 

In 1966, it was suggested that many of the unusual char
acteristics of the norbornyl system may have their origin in 
unusually large steric strains arising from the rigidity of 
this bicyclic structure.7 It was proposed that strains arising 
from the presence of a bulky substituent would be small in 
the relatively flexible aliphatic system, larger in the less 
flexible alicyclic system, and enormous in the rigid bicyclic 
norbornyl system. 

Clearly, from the results presented here, steric effects are 
indeed much greater in the rigid systems than in the more 

rel rate:25" 

Figure 9. 

rel rate:2 

Figure 10. 

225,000 

OPNB 

CH3 

-CH3 

-C(CH3), 

OPNB 
1,120,000 

flexible acyclic and alicyclic systems. Moreover, these re
sults corroborate the belief that the rigid norbornane struc
ture provides an ideal system for the investigation of large 
steric effects.7 

In the past, it has not been uncommon to estimate steric 
interactions in norbornyl derivatives from their magnitudes 
in aliphatic and especially alicyclic systems.4-24 The A fac
tors determined for alicyclic systems have been an especial
ly fertile source for such estimates.25 The present results re
veal that such estimates can be seriously in error. Steric ef
fects in norbornyl derivatives can be huge compared with 
the effects we are accustomed to dealing with in the more 
flexible aliphatic and alicyclic derivatives. 

Experimental Section 

General Remarks. Melting points (taken in capillary tubes) and 
boiling points are uncorrected. Ir spectra were recorded on a Per-
kin-Elmer Model 137 or 700 spectrometer. NMR spectra were re
corded on a Varian T-60 spectrometer. The preparation of most of 
the ?e«-butylcarbinols, l-7e/-/-butyl-l-cyclohexanol,18 2-tert-
butyl-2-ewfo-norbornanol,'8 3-rm-butyl-3-nortricyclanol,18 9-
ferf-butyl-9-bicyclo[3.3.1]nonanol,26 and l-tert-butyl- 1-cyclopen-
tanol,27 has been described in the literature. Likewise, the prepara
tions of 1-methyl-1-cycloheptanol28 and 1 -methyl- 1-cyclohexa-
nol29 are described in the literature. 

9-Methyl-9-bicyclo[3.3.1]nonanol. This alcohol was prepared by 
the addition of methyl Grignard to bicyclo[3.3.1]nonan-9-one and 
worked up in the normal manner. Recrystallization from hexane 
gave the desired alcohol (89% yield), mp 175-176°. NMR spec
trum (CDCI3) showed a singlet for the 9-methyl at <5 1.33 from 
Me4Si. 

Anal. Calcd for C10Hi8O: C, 77.86; H, 11.76. Found: C, 78.03; 
H, 11.88. 

1-tert-Butyl-l-cycloheptanol. This alcohol was prepared by the 
addition of cycloheptanone to fer7-butyllithium at —78° following 
the procedure described in the literature.18 Distillation gave the 
desired product (40% yield), bp 110° (45 mm). NMR spectrum 
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(CCU) showed a singlet for the re/7-butyl protons at & 0.92 from 
Me4Si. 

Anal. Calcd for CnH22O: C, 77.58; H, 13.02. Found: C, 77.56; 
H, 13.08. 

2-ferf-Butyl-2-endo-camphenilol. This alcohol was prepared by 
the addition of camphenilone (3,3-dimethyl-2-norbornanone) to 
lerf-butyllithium at —78° following the procedure described in the 
literature.18 Distillation gave the desired alcohol (93% yield), bp 
92-93° (2 mm). VPC analysis (15% Carbowax 2OM on Chromo-
sorb W) indicated about 98% purity. Further purification by pre
parative VPC (20% Carbowax 2OM on Chromosorb W) resulted in 
a solid, mp 33.5-34.5°. NMR spectrum (CDCI3) showed a singlet 
for the tert-buty\ hydrogens at 5 1.08 from Me4Si. Ir spectrum 
(melt) showed weak absorption at 2.75 n (sharp). 

Anal. Calcd for CnH24O: C, 79.53; H, 12.32. Found: C, 79.75; 
H, 12.46. 

Preparation of p-Nitrobenzoates. The p-nitrobenzoates were 
prepared via the lithium alkoxides in tetrahydrofuran similar to 
the procedure described in the literature," except that, before 
work-up, an equal volume of diethyl ether was added to the reac
tion mixture. After washing with cold 5% aqueous sodium bicar
bonate, the ethereal layer was dried over anhydrous magnesium 
sulfate. Good to excellent yields of the p-nitrobenzoates were ob
tained. Physical properties are listed in Table II. 
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bilize the carbonium center increases as the electron de
mand is increased.3 Thus, the relative rates of 2 increase 
from 3.4 for p-amsy] to over 105 for 3,5-bis(trifluorometh-
yl)phenyl, compared with the corresponding 7-aryl-7-nor-

Solvolysis of l-(p-Cyclopropylphenyl)- and 
l-(/?-Isopropylphenyl)-l-arylethyl Chlorides. Test of 
the Tool of Increasing Electron Demand to Systems 
with Relatively Small Electronic Response1 
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Abstract: l-(p-Cyclopropylphenyl)-l-arylethyl chlorides and l-(p-isopropylphenyl)-l-arylethyl chlorides were synthesized 
and their rates of solvolysis in 97.5% aqueous acetone determined in order to establish whether there is, in this highly stabi
lized cationic system, a detectable difference in the relative abilities of a cyclopropyl and isopropyl group to contribute to the 
stabilized electron-deficient center. The relative rates of solvolysis of cyclopropyl derivatives compared with the correspond
ing isopropyl compounds for the usual range of substituents in the aryl group are as follows: p-CH30, 1.1; p-H, 2.8; p-CF3, 
8.5; 3,5-(CFj)2, 13.5. This modest increase in rate is in accordance with the greater ability of the cyclopropyl moiety over 
isopropyl to react to increasing electron demand by supplying electron density to stabilize the electron-deficient center. The 
cyclopropyl compounds yield a p+ value of —2.24 as compared with —2.91 for the isopropyl derivatives. It is concluded that 
the tool of increasing electron demand is quite sensitive, capable of detecting even modest electronic contributions in systems 
where the electronic demand and supply are relatively small. 
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