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base-catalyzed reactions have appeared in the litera
ture.617-19 A particularly significant reaction in the 
present context is the protodetritiation of fluorene in 
MeOH-NaOMe recently reported from this labora
tory.20 The pseudo-first-order rate constants for this 

(17) R. Stewart, J. P. O'Donnell, D. J. Cram, and B. Rickborn, 
Tetrahedron, 18, 917 (1962). 

(18) W. D. Kollmeyer and D. J. Cram, / . Amer. Chem. Soc, 90, 
1784 (1968). 

(19) M. Anbar, M. Bobtelsky, D. Samuel, B. Silver, and G. Yagil, 
ibid., 85, 2380 (1963). 

(20) A. Streitwieser, Jr., W. B. Hollyhead, A. H. Pudjaatmaka, P. H. 
Owens, T. L. Kruger, P. A. Rubenstein, R. A. MacQuarrie, M. L. 
Brokaw, W. K. C. Chu, and H. M. Niemeyer, ibid., 93, 5088 (1971). 

The electrostatic approaches to quantitatively de
scribing the effects of dipolar and charged sub-

stituents on the dissociation constants of organic acids 
are well known.3-5 The most theoretically satisfying 
is the model of Kirkwood and Westheimer6 which views 
the charges or dipoles as being embedded in a struc
tureless spherical or ellipsoidal cavity of low dielectric 
constant immersed in a structureless solvent of high 
dielectric constant. Roberts and Moreland7 have ex
amined this model with a series of 4-substituted bicyclo-
[2.2.2]octane-l-carboxylic acids. Discrepancies were 
observed between theory and experiment and were of 
such a serious nature that Tanford8 reexamined and 

(1) Part III: C. L. Liotta, W. F. Fisher, E. L. Slightom, and C. L. 
Harris, J. Amer. Chem. Soc, 94, 2129 (1972); part II: C. L. Liotta, 
W. F. Fisher, and C. L. Harris, J. Chem. Soc. D, 1312 (1971); par t i : 
C. L. Liotta, W. F. Fisher, and G. H. Greene, Jr., ibid., 1251 (1969). 

(2) Abstracted in part from the Ph.D. thesis of W. F. F., Georgia 
Institute of Technology, 1970, and from the M.S. Thesis of B. L. J., 
Georgia Institute of Technology, 1971. 

(3) N. Bjerrum, Z.Phys. Chem., 106, 219 (1923). 
(4) A. Eucken, Angew. Chem., 45, 203 (1932). 
(5) H. M. Smallwood, / . Amer. Chem. Soc, 54, 3048 (1932). 
(6) J. G. Kirkwood and F. H. Westheimer, J. Chem. Phys., 6, 506 

(1938); F. H. Westheimer and J. G. Kirkwood, ibid., 6, 513 (1938); 
F. H. Westheimer and M. W. Shookhoff, J. Amer. Chem. Soc, 61, 555 
(1939); F. H. Westheimer, W. A. Jones, and R. A. Lad, J. Chem. Phys., 
10, 468 (1942). 

(7) J. D. Roberts and W. T. Moreland, J. Amer. Chem. Soc, 75, 2167 
(1953). 

(8) C. Tanford, ibid., 79, 5348 (1957). 

exchange reaction give curved correlations with i/M 

functions derived from the nitrogen and oxygen acids. 
The correlation with the present Hu acidity function 

derived from the related hydrocarbon, DPI, is presented 
in Figure 3. Although this correlation is accurately 
linear over this range with a least-squares slope of 0.847 
± 0.006, over the whole range of NaOCH3 concentra
tions the correlation mnst be nonlinear; that is, this 
line applies only at relatively high base concentrations 
(//M > 16). At low NaOCH3 concentrations, where the 
second-order rate constant is essentially constant, a line 
of unit slope is expected. 

modified the electrostatic model. He considered that 
the important parameter in evaluating interaction en
ergies is the depth at which the dipole or charge is 
placed within the cavity. Siegel and Kormarmy9 

determined the pKR value of a series of trans-4-substi-
tuted cyclohexane-1-carboxylic acids in several sol
vent systems and found that both models were qualita
tively acceptable but still inadequate quantitatively. 
Stock and Holtz10'11 have reexamined and extended the 
work of Roberts and Moreland. Nevertheless, even 
with the improved data, the discrepancy between 
theory and experiment still remained significant. 

Dewar and Grisdale12 have proposed a model for 
field effect based upon the ionization constants of meta-
substituted benzoic acids. In this treatment, they 
criticize the point dipole model for relatively small 
molecules in which the length of the dipole is compa
rable to the distance separating it from the reaction 
center and contend that the important distance param
eter is an r - 1 term rather than r~2 as in the Kirkwood-
Westheimer treatment. Stock,10'11 however, has at
tempted to apply Dewar's field approach to the 4-sub-

(9) S. Siegel and J. M. Kormarmy, ibid., 82, 2547 (1960). 
(10) L. M. Stock and H. D. Holtz, ibid., 86, 5188 (1964). 
(11) F. W. Baker, R. C. Parish, and L. M. Stock, ibid., 89, 5677 

(1967). 
(12) M. J. S. Dewar and J. Grisdale, ibid., 84, 3539, 3548 (1962). 
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Abstract: The pAVs of eight 6-substituted spiro[3.3]heptane-2-carboxylic acids in 50% (by weight) aqueous 
ethanol at 25° are presented. Excellent correlation is obtained between the experimental data and <TI parameters, 
whereas only a fair correlation is obtained using the Dewar-Grisdale F parameters. The data are also analyzed by 
means of the Tanford modification of the Kirkwood-Westheimer cavity model. Excellent agreement between cal
culated and experimental results is obtained with the spherical cavity model as well as with Stock's modification 
of this electrostatic model. An analysis is presented which demonstrates that hydrogen and methyl substituents 
do not exhibit anomalous behavior when compared to more polar substituents by means of the cavity models. 
Analysis of the limiting models for the propagation of nonconjugative substituent effects (a -inductive and field) sug
gests that the field model is more reliable in explaining the data. 
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stituted bicyclo[2.2.2]octyl system with some serious 
deviations resulting. 

Another approach to the mode of transmission of 
polar effects in nonconjugated systems is the <r-induc-
tive model.13-13 If one'considers a substituent at a 
position S on a molecule, the polarization of the bond 
between the substituent and the atom to which it is 
attached can be transmitted to another position on the 
molecule, S ± n, n bonds removed from the point at 
which the initial effect was exerted, by the successive 
polarization of the intervening a bonds. The resultant 
effect, Xs±„, will be equal to the initial effect, X5, multi
plied by a constant factor per bond (1// < 1) and 
summed over all pathways as illustrated by the follow
ing equation 

X*±. = Xa£(j ) (D 

Attenuation factors ( /) from 2 to 3 have been used in 
the correlation of organic Brpnsted acids.16-19 

The empirical parameter (T1 has been successfully 
used by a number of workers to correlate rate and equi
librium data.20-22 What ffi is actually measuring (the 
field or <r-inductive effect of a substituent) is the source 
of much controversy. That the field effect is an im
portant mechanism for the transmission of polar effects 
is qualitatively shown by the observations of the angular 
dependence of substituent effects.12'23-29 Indeed, to 
date, most studies indicate that the field model is quali
tatively better than the cr-inductive model in predicting 
relative rates and relative equilibrium constants.3031 

Although a few series of rigid carboxylic acids free 
from resonance or steric interaction have been studied, 
l,4-bicyclo[2.2.2]octanes,7'10'32'33 l,4-bicyclo[2.2.2]oc-
tenes,11 l,4-dibenzobicyclo[2.2.2]octadienes,n 1,4-bi-
cyclo[2.2.1]heptanes,30 1,4-rrarcs-cyclohexanes,9 and 1,3-
adamantanes,34 information on other model systems 
is needed to help develop a quantitative treatment for 
evaluating substituent effects. We have thus syn
thesized a series of 6-substituted spiro[3.3]heptane-2-

(13) C. G.Derick, J. Amer. Chem. Soc, 33, 1152(1911). 
(14) S. Ehrenson, Progr. Phys. Org. Chem., 2, 175 (1964). 
(15) G. E. K. Branch and M. Calvin, "The Theory of Organic Chem

istry," Prentice-Hall, Englewood Cliffs, N. J., 1941. 
(16) J. C. McGowan,/. Appl. Chem., 10,312(1960). 
(17) P. E. Peterson, C. Casey, E. V. Tao, A. Agatrop, and G. Thomp

son, J. Amer. Chem. Soc, 87, 5163 (1965). 
(18) G. W. Stevenson and D. Williamson, ibid., 80, 5943 (1958). 
(19) K1 Bowden, Can. J. Chem., 41, 2781 (1963). 
(20) R. W. Taft, "Steric Effects in Organic Chemistry," Wiley, 

New York, N. Y., 1956, Chapter 13. 
(21) R. W. Taft, E. Price, I. R. Fox, I. C. Lewis, K. K. Anderson, 

and G. T. Davis,/. Amer. Chem. Soc., 85, 709, 3146 (1963). 
(22) M. Charton, J. Org. Chem., 29, 1222 (1964). 
(23) D. S. Noyce, B. N. Bastian, P. T. S. Lau, R. S. Monson, and 

B. Weinstein, ibid., 34, 1247 (1969). 
(24) D. S. Noyce and B. E. Johnston, ibid., 34, 1252 (1969). 
(25) R. Golden and L. M. Stock, J. Amer. Chem. Soc., 88, 5928 

(1966). 
(26) K. Bowden and D. C. Parkin, Chem. Commun., 75 (1968); M. J. 

S. Dewar, ibid., 547 (1968). 
(27) W. Adcock and P. R. Wells, Aust. J. Chem., 18, 1351 (1965). 
(28) W. Adcock and M. J. S. Dewar, J. Amer. Chem. Soc, 89, 379 

(1967). 
(29) E. J. Grubbs and R. Fitzgerald, Tetrahedron Lett., 4901 (1968). 
(30) C. F. Wilcox and C. Leung, / . Amer. Chem. Soc, 90, 336 

(1968). 
(31) C. L. Liotta, W. F. Fisher, and G.H. Greene,/. Chem. Soc, 1251 

(1969). 
(32) C. F. Wilcox and J. S. Mclntyre, / . Amer. Chem. Soc, 87, 777 

(1965). 
(33) C. D. Ritchie and E. W. Lewis, ibid., 84, 591 (1962). 
(34) H. Stetter and J. Mayer, Chem. Ber., 95, 667 (1962). 

carboxylic acids35 in order to compare the various em
pirical and theoretical approaches to substituent effects 
and to extend the analysis of the two limiting models 
(field and a-inductive). 

Experimental Section 
Materials. Distilled water was redistilled from alkaline per

manganate with protection from carbon dioxide by a tube filled with 
Ascarite. Absolute ethanol was prepared by reacting stock 100% 
ethanol with magnesium turnings followed by distillation. The 
solvent used in the pATa determinations, 50% by weight aqueous 
ethanol, was prepared by mixing equal weights of freshly purified 
water and absolute ethanol and stored in sealed brown bottles under 
an atmosphere of nitrogen. 

Standard sodium hydroxide solution was prepared by diluting 1.5 
ml of 6.66 N sodium hydroxide to 1 1. with 50% aqueous ethanol. 
The solution was standardized by titration with potassium acid 
phthalate and found to be 1.021 X 10~2 M This was stored at 25° 
in sealed polyethylene bottles under an atmosphere of nitrogen. 

Buffer solution for calibration of the pH meter was prepared by 
dissolving 0.0907 g of freshly sublimed benzoic acid in 100 ml of 
aqueous ethanol. The molarity of the acid was found to be 7.40 X 
10~3 M by titration with the standard base. Benzoic acid-sodium 
benzoate buffer was then made by adding exactly one-half the 
volume of standard base required to neutralize 40 ml of the benzoic 
acid solution (39, 10). The buffer was stored in a capped bottle 
under a blanket of nitrogen. 

Freshly recrystallized, distilled, or sublimed spiro acids were 
weighed into clean, dry 50-ml volumetric flasks and solutions were 
made up to the mark with solvent which had been stored at 25°. 
In each case these solutions were made up to be as close to 7.4 X 
10~3 M as possible. The capped flasks were then stored in the con
stant temperature bath at 25 ° until they were titrated. 

pKa Determinations. The pfo's of the various 6-substituted 
spiro[3.3]heptane-2-carboxylic acids were determined by potentio-
metric titration in 50% (by weight) aqueous ethanol using a Beck-
man Model 1019 pH meter equipped with glass and calomel elec
trodes. 

The pH measurements were made in a 100-ml tall-form beaker 
which was clamped in the constant-temperature bath. The beaker 
was fitted with a rubber stopper through which were inserted the 
electrodes, a nitrogen inlet tube, an NBS thermometer, and the tip of 
the base dispensing buret. Stirring was accomplished by means of a 
Teflon encased stirring bar propelled by an air driven magnetic 
stirrer. Solvent saturated nitrogen was slowly admitted to the 
beaker throughout the measurements. 

The pH meter was calibrated with the benzoic acid buffer to read 
5.738, which is the reported thermodynamic pA^ of benzoic acid in 
50% (by weight) aqueous ethanol. 10'3S The meter was checked 
with buffer between each set of measurements to ensure against 
drift. No significant adjustments were necessary throughout the 
measurements which took several hours. 

The acid solution (40 ml) to be titrated was introduced to the 
beaker by volumetric pipet. The solution was stirred as standard 
base was added rapidly from the buret. The addition of base was 
stopped when enough had been added to come within 1 ml of the 
anticipated half-neutralized point of the acid. Stirring was con
tinued until the temperature within the beaker had restablished itself 
at 25°. Stirring was then discontinued, and the pH of the solution 
and the volume of base added were recorded. This procedure was 
then repeated with base being added in increments between 0.1 and 
0.2 ml until a point 1 ml beyond the anticipated half-neutralization 
point was reached. The equivalence points of the acid solutions 
were confirmed by titration. The data from about the half-
neutralization point were used to calculate the pK* of the acid by 
the Henderson-Hasselbach equation.37 Deviations of pKa for a 
single point were never more than 0.003 from the average while the 
average deviation in a single run was usually less than ±0.001. The 
pATa's from the measurements of three independently prepared 
solutions were averaged to give the pA!* for each spiro acid and the 
average deviation. 

(35) The synthetic details concerning the preparation of 6-substituted 
spiro[3.3]heptane-2-carboxylic acids will be presented elsewhere. 

(36) E. Grunwald and B. J. Berkowitz, / . Amer. Chem. Soc, 73, 4939 
(1951). 

(37) P. Karlson, "Introduction to Modern Biochemistry," Academic 
Press, New York, N. Y., 1963, p 11. 
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Corrections for liquid junction potentials and activity coefficients 
were made empirically by assuming that the carboxylate anions had 
the same intrinsic mobility and activity as the reference benzoate 
anion.30'38-41 This assumption appears to be justified since the 
measurements were made at the same low ionic strength as the 
reference buffer (0.0025 ± 0.0001). 

The dissociation constants of the 2,6-spiro[3.3]heptanedicarboxy-
lic acid were determined by the method of Speakman.42 

Calculations. The calculations to determine distances and angles 
were carried out using three-dimensional vector analysis and trigoo-
nometry. The bond lengths used in the calculations were 1.54 A 
for C-C bonds and 1.09 A for C-H bonds. The bond angles for 
external H-C-X were 112° while ring C-C-C angles were taken as 
90. ° The lengths of dipoles were considered to be standard C-X 
bond distances when X was a single atom. When X was a group of 
atoms, the dipole length was considered to be the maximum exten
sion of the group as projected on the C-X bond axis. The dipole 
lengths used were C-H (1.09 A),oC-CN (2.62 A), C-Br (1.94 A), 
C-CH3 (1.71 A), and CO2R (2.99 A). The position of the ionizable 
hydrogen was fixed at 1.45 A beyond the carboxyl carbon on the 
extension of the C-C bond in accordance with the suggestion of 
Kirkwood and Westheimer.6 

Bond or group moments were assessed from data tabulated by 
Smyth43 for the dipole moments of substituted methanes in benzene 
solution. It is suggested that these values be used as they present a 
better interpretation than values taken from gas-phase measure
ments.43 It has been assumed that the bond moment of the C-H 
bond is 0.4 with hydrogen as the negative terminus.6 Smyth de
votes considerable discussion to this point and concludes that 
popular opinion supports 0.4 as the magnitude, but the controversy 
continues over the direction. 

The effective dielectric (£>E) was calculated for both conforma
tions by the spherical and ellipsoidal cavity models of Kirkwood and 
Westheimer6 assuming an external dielectric of 49.5 andoan internal 
dielectric of 2. The center of the dipole was placed 1.5 A below the 
surface of the cavity, and the ionizable protons of the dicarboxylic 
acid were placed 1.0 A below the surface of the cavity according to 
the suggestion of Tanford.8 This procedure fixes the cavity di
mensions so that the effective dielectric may be calculated from the 
tabulations of Westheimer, Jones, and Lad.6 

Results and Discussion 
The dissociation constants and the corresponding 

pKa values of a series of 6-substituted spiro[3.3]hep-
tane-2-carboxylic acids (I) in 50 % (by weight) aqueous 

H 

X 

COOH 

I 

ethanol at 25° are summarized in Table I. 

Table I. Dissociation Constants and Corresponding p.Ka's of 
6-Substituted Spiro[3.3]heptane-2-carboxylic Acids in 50% 
(by Weight) Aqueous Ethanol at 25° 

Substituent K X 10"6 P^a 

H 
CN 
Br 
CO2C2H5 
CH3 

CO2H" 
COr" 
CoNH2' 

0.542 
1.39 
1.05 
0.867 
0.478 
0.802 
0.355 
0.777 

6.266 ± 
5.856 ± 
5.980 ± 
6.062 ± 
6.321 ± 
6.096 ± 
6.450 ± 
6.110 

0.015 
0.018 
0.0156 

0.025 
0.015 
0.010 
0.015 

0 Statistically corrected. h Originally reported incorrectly as 
5.931.31 ' One measurement. 

(38) A. L. Bacavealla, E. Grunwald, H. P. Marshall, and E. G. Purlee, 
/. Org. Chem., 20, 747 (1955). 

(39) C. L. Liotta, K. H. Leavell, and D. F. Smith, Jr., J. Phys. Chem., 
71, 3091 (1967). 

(40) W. F. O'Hara, T. Hu, and L. G. Hepler, ibid., 67, 1933 (1963). 
(41) H. H. Jaffe, Chem. Rev., 53, 191 (1953). 
(42) J. C. Speakman,/. Chem. Soc, 855 (1940). 
(43) C. P. Smyth, "Dielectric Behavior and Structure," McGraw-

Hill, New York, N. Y., 1955, pp 244-270. 
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Empirical Analysis. It has been shown by Stock and 
his students10,11 that the polar effects of substituents 
on the bicyclo[2.2.2]octane and bicyclo[2.2.2]octene 
systems are well correlated by C1.

20'21 In contrast, a 
somewhat unprecise relationship was found between 
these parameters and the p#a's of the 4-substituted di-
benzobicyclo[2.2.2]octadiene-l-carboxylic acids (hydro
gen and methyl seriously deviating from the line).11 

The use of these parameters to describe the relative 
p£a's of the spiro acids is shown in Figure 1. (Ti param
eters based on chemical reactivities of substituted acetic 
acids were taken from Charton's extensive compila
tion.22 The correlation equation is given as eq 2. The 

p#a = -0.693trT + 6.288 (2) 

high degree of correlation41 (r = 0.995, s = 0.205, n = 
8) provides additional evidence that (T1 is a good mea
sure of nonconjugative substituent effects. In this 
case both hydrogen and methyl correlate extremely well. 

The magnitude and direction of the polar effect of 
methyl has been the subject of much investigation.44 

In general, it appears that the effects are small and that 
their direction depends primarily on the hybridization 
of the carbon to which the methyl is attached. When 
bonded to sp2 carbon, methyl acts as an electron donor 
as compared to hydrogen (OVCHJ = —0.07). Stock 
has concluded that there is very little difference between 
methyl and hydrogen when attached to sp3 carbon (<rT 
varied from -0.02 to +0.02).1011 The spiro system 
presents an interesting case in that methyl is bound to 
carbon of hybridization intermediate between sp2 and 
sp3. Based upon analysis of eq 1, <TT

CH3 = 
indicating that in this saturated system the C 
bond is polar in the direction of the spiro ring. This 
statement is predicated on the assumption that Cspr-H 
and Cspiro-H have identical bond moments in the same 
direction. 

Application of the Dewar-Grisdale12 approach to 
the spiro acids is shown in Figure 2. A fair correlation 
is produced (r = 0.941, s = 0.550, n = 7).41 (T26 
parameters were generated from F parameters of meta-
substituted benzoic acids where o-2;6 = FjR2^, F = 1.73(Tm, 
and .R2,e is the distance from C-2 to C-6 in terms of 

-0.048 
sp* ^sp i ro 

pA:a = -1.33<72,6 + 6.300 (3) 

(44) H.KwartandL. J. Miller,/. Amer. Chem. Soc, 83,4552(1961); 
H. Kwart and T. Takeshita, ibid., 86, 1161 (1964); R. C. Fort and P. v. R. 
Schleyer, ibid., 86, 4194 (1964); V. W. Laurie and J. S. Muenter, ibid., 
88, 2883 (1966); A. D. Walsh, / . Chem. Soc, 398 (1948); A. J. Petro, 
/. Amer. Chem. Soc, 80, 4230 (1958); T. L. Brown, ibid., 81, 3229, 3232 
(1959); D. Steele, Quart. Rev., Chem. Soc, 18, 21 (1964); F. J. F. 
Dippy, S. R. C. Huges, and J. W. Laxton, /. Chem. Soc, 4102 (1954). 
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C-C bond lenths in benzene. That the observed de
viations from linearity are not due to solvent effects is 
made clear by the fact that a plot of our data vs. the 
pA'a's of meta-substituted benzoic acids in 50% (by 
volume) aqueous ethanol at 25°43'46 produced an even 
greater scatter (Figure 3). Closer inspection of Figure 
2 reveals that several of the deviations appear to be in 
the same direction as the resonance contribution of the 
substituent. Stock and Holtz10 have made a similar 
observation when attempting to correlate the p^a 's of 
substituted bicyclo[2.2.2]octanecarboxylic acids with 
F parameters. It would appear that the choice of a 
saturated system as model for field effect would be 
more successful since 7r-inductive and mesomeric 
effects seem to be operative in meta-substituted benzoic 
acids.12'10'19'47'48 

Electrostatic Analysis. From the above discussion it 
may be concluded that the empirical approaches to 
quantitatively describing nonconjugative substituent 
effects are successful to varying degrees. The theoreti
cal approaches based upon the electrostatic interaction 
of a substituent dipole or charge with the reaction center 
are examined next. To date, the most successful treat
ment is based upon the Kirkwood-Westheimer cavity 
model.6'8 This approach has been extensively reviewed 
in several places.49'50 The equation usually employed 
to calculate the ratio of dissociation constants of a 
substituted acid relative to the parent acid is 

log KxIK* = 
en cos d 

JJkTR2 DE 
(4) 

where /u is the bond or group moment of the substituent 
relative to the moment of the carbon-hydrogen bond, 
R is the distance between the center of dipole and the 
reaction center, 6 is the angle between R and the sub-

(45) The F values used for the H, CH3, Br, CO2C2H5, CN, COOH, 
and CO." substituents are 0.00, -0 .03, +0.21, +0.20, +0.31, +0.20, 
and —0.05, respectively, based on a C2-Cs distance of 4.40 A. 

(46) J. D. Roberts, E. A. McElhill, and R. Armstrong, / . Amer, Chem. 
Soc, 71, 2923 (1949); J. D. Roberts and E, A. McElhill, ibid., 72, 628 
(1950). 

(47) C. G. Swain and E. C. Lupton, ibid., 90, 4328 (1968); M. J. S. 
Dewar and A. P. Marchand, ibid., 88, 354 (1966). 

(48) M. J. S. Dewar, R. Golden, and J. M. Harris, ibid., 93, 4187 
(1971) have recently proposed a modification of the original FM 
treatment (FMMF) in which the field contribution of a substituent is 
based upon the l,4-bicyclo[2.2.2]octane system. 

(49) E. J. King, in "The International Encyclopedia of Physical 
Chemistry and Chemical Physics," E. A. Guggenheim, J. E. Mayer, 
and F. C. Tompkins, Ed., Macmillan, New York, N. Y., 1965, pp 161-
166. 

(50) K. B. Wiberg, "Physical Organic Chemistry," Wiley, New York, 
N. Y„ 1965, pp 282-285. 
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Figure 3. Correlation of log Kx/Ka spiro acids with log Kx/Kn 
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stituent dipole, DE is the "effective" dielectric constant, 
and e, k, and T have their usual meaning. 

In order to examine the spiro acids by means of eq 
4, a knowledge of the parameters R and 6 is necessary. 
Since it has been shown by several workers that cyclo-
butane rings may be planar or puckered,31 it was de
cided to carry out the calculations on what are con
sidered to be two extreme conformational forms of 
the cyclobutane rings—one in which each ring is planar 
(Ia) and the other in which each ring is puckered with 

Ia Ib 

a dihedral angle of 31° (Ib). 
The log KX/KH ratios for the two conformational 

structures are compared by means of the Tanford mod
ification of the Kirkwood-Westheimer (TMKW) spher
ical cavity model. The results are summarized in 
Tables II and III. Both extreme conformations give 
very much the same results. This is a case in which 
there is a partial compensation between R and 8 as one 
proceeds from one conformation to the next (as the 
distance, R, decreases the angle, d, increases). 

Excellent agreement between the calculated log KK/Kn 

ratios and the experimental values is found with the 
spherical cavity model for both the planar and the bent 
structure. The ellipsoidal cavity model, in both cases, 
results in log Kx/Kn values which are far below the ex
perimental values found. This model appears to 
overestimate the value of DB. 

Table IV shows the calculations of log Ki/4K2 for 
spiro[3.3]heptane-2,6-dicarboxylic acid by use of eq 1, 

log Ki/4K2 = e2/2.3kTRDe (5) 

where all symbols have their usual meaning. It may 
be seen that the puckered ellipsoidal model gives a 

(51) T. P. Wilson, J. Chem. Phys., 11, 369 (1943); J. D. Dunitz and 
V. Schomaker, ibid., 20, 1703 (1952); G. W. Rathjens, Jr., N. K. Free
man, W. D. Gwinn, and K. S. Pitzer, J. Amer. Chem. Soc, 75, 5634 
(1953); W. F. Edgell, ibid., 69, 660 (1947); H. H. Claassen, / . Chem. 
Phys., 18, 543 (1950); H. P. Leniaire and R. L. Livingston, J. Amer. 
Chem. Soc, 74, 5732 (1952); T. B. Owen and J. L. Hoard, Acta Crys-
tallogr., 4, 172 (1951); W. G. Rothschild and B. P. Dailey, J. Chem. 
Phvs., 36, 2931 (1962); S. Meiboom and L. C. Snyder, J. Amer. Chem. 
Soc, 89, 1038 (1967); E. Lustig, E. P. Ragelis, N. Duy, and J. A. Fer-
retti, ibid., 89, 3953 (1967); I. L. Karle, J. Karle, and K. Britts, ibid., 88, 
2918 (1966); I. L. Karle and J. Karle, Acta Crystallogr., 4, 172 (1951); 
J. D. Dunitz, ibid., 2, 1 (1949); T. N. Margulis, ibid., 19, 857 (1965); 
E. Adman and T. N. Margulis, Chem. Commun., 641 (1967); A. Al-
mennigen, O. Bastiansen, and P. N. Skancke, Acta Chem. Scand., IS, 711 
(1961); T. N. Margulis and M. S. Fischer, J. Amer. Chem. Soc, 89, 223 
(1967); K. B. Wiberg and G. M. Lampman, ibid., 88, 4429 (1966); J. B. 
Lambert and J. D. Roberts, ibid., 87, 3884, 3891 (1965). 
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Table II. Parameters and Calculated Values for Log KxIK3 of 6-X-Spiro[3.3]heptane-2-carboxylic Acids0 at 25° by Eq 2 

X 

H 
CN 
Br 
CO2C2H5 

CH3 
CO2H 

R, A 

6.82 
7.27 
7.07 
7.41 
7.00 
7.41 

—Parameters-
Hx,D 

0.40 
3.90 
2.20 
2.26 
0.0O6 

2.03 

_ 

e 
56° 14' 
50° 36' 
52° 12' 
48° 8' 
52° 58' 
48° 8' 

Tanford sphere 
De 

4.80 
5.02 
4.90 
5.21 
4.84 
5.21 

Log KxIKs 

0.00 
0.42 
0.23 
0.22 

- 0 . 0 5 
0.19 

. Tanford ellipse 
De 

9.88 
10.19 
10.15 
11.08 
9.96 

11.08 

Log KxIKs 

0.00 
0.21 
0.11 
0.10 

- 0 . 0 2 
0.09 

Exptl 
Log KXIKH 

0.41 ± 0.03 
0.28 ± 0.03 
0.20 ± 0.04 

- 0 . 0 6 ± 0.03 
0.17 ± 0.03 

° Planar cyclobutanes. b The bond moment for Cspi,0-CH3 has been arbitrarily set at 0.00 in comparison to C3pir0-H since it has been con
cluded that Cspiro-Cmethji has a nonzero moment in the direction of the spiro ring, e = 4.80 X 10-10 esu, M = Mx — MH X 10-18 esu/cm, 
k = 1.381 ergs/,K°r = 2980K. 

Table III. Parameters and Calculated Values for Log KxIKu of 6-X-Spiro[3.3]heptane-2-carboxylic Acids" at 25° by Eq 2 

X 

H 
CN 
Br 
CO2C2H5 

CH, 
CO2H 

-—Parameters—* 
R 1 A 

7.29 
7.97 
7.66 
8.14 
7.56 
8.14 

M, D 

0.40 
3.90 
2.20 
2.26 
0.00 
2.03 

e 
30° 26' 
26° 36' 
28° 18' 
26° 2' 
28° 54' 
26° 2' 

-—Tanford sphere— 
De 

5.08 
5.61 
5.43 
5.75 
5.33 
5.75 

Log KxIKs 

0.00 
0.45 
0.25 
0.22 

- 0 . 0 6 
0.19 

-—Tanford ellipse—• 
De 

10.19 
12.38 
11.39 
12.60 
10.26 
12.60 

Log KxjKu 

0.00 
0.20 
0.12 
0.11 

- 0 . 0 3 
0.10 

Exptl 
Log KxIKn 

0.41 ± 0.03 
0.28 ± 0.03 
0.20 ± 0.04 

- 0 . 0 6 ± 0.03 
0.17 ± 0.03 

" Puckered cyclobutanes, 31 ° dihedral angle. 

Table IV. Parameters and Calculated Values for Log Ki/4Ki 
for Spiro[3.3]heptane-2,6-dicarboxylic Acid at 25° 

R, A De 
Log KiIiK2 

Calcd Exptl 
Planar sphere 
Planar ellipse 
Puckered sphere 
Puckered ellipse 

8.46 
8.46 
9.51 
9.51 

37.58 
58.54 
42.37 
60.40 

0.76 
0.49 
0.61 
0.42 

0.35 
0.35 
0.35 
0.35 

ratio much closer to the one experimentally deter
mined than the spherical models. This result is diffi
cult to explain in view of the fact that the spherical 
model gives by far the best results for the dipolar sub
stituted spiro acids. Indeed, the spherical cavity model 
gives excellent results for the 1,4 diacids of the bicyclo-
[2.2.2]octane,10 bicyclo[2.2.2]octene,n and cubane11 

systems. 
Stock and Holtz have proposed a modification of 

eq 4 which recognizes that the values of R, 6, and DE 

of the parent acid are usually quite different from most 
dipolar substituted acids. Log KX/KK ratios should 
be more realistically calculated by 

log KxKn = 
2.3kT 

ju cos 
R2Dr, 

jj. cos 6 
(6) 

/x \ R*DE / H J 

The results using eq 6 are shown in Table V. The log 

Table V. Calculated Values of Log Kx/KH for 
6-X-Spiro[3.3]heptane-2-carboxylic Acids from Eq 3 

X 

H 
CN 
Br 
CO2C2H5 

CH3 

CO2H 

, Log 
Planar sphere 

0.00 
0.41 
0.23 
0.22 

- 0 . 0 5 
0.19 

Kx/Kn- , 
Puckered sphere 

0.00 
0.43 
0.24 
0.21 

- 0 . 0 6 
0.18 

KyLfKn ratios are essentially the same as those obtained 
from the original formulation of the electrostatic equa
tion. 

Application of the TMKW cavity model to the 1,4-
bicyclo[2.2.2]octane10 and l,4-bicyclo[2.2.2]octeneM 

systems has resulted in rather substantial deviations 
between experimental and calculated equilibrium con
stant ratios. From analysis based upon curvilinear 
relationships found in plots of /x cos 8/R- vs. ApKa, 
Stock and his students have concluded that the dis
crepancies between theory and experiment result from 
hydrogen and alkyl-substituted carboxylic acids ex
hibiting anomalous behavior when compared to car
boxylic acids substituted with more polar groups. Sev
eral speculative interpretations were put forth. The 
lyophobic character of the hydrogen and alkyl groups 
would allow the solvent continuum to begin closer to 
these substituents. In contrast to this, the more lyo-
philic substituents would incorporate more solvent 
within the cavity resulting in the solvent continuum be
ginning further away from the substituent. An alter
nate explanation, based upon the Dewar-Grisdale 
model,12 suggests that the greater solvent interaction of 
the lyophilic substituents tends to decrease the mag
nitude of the exposed negative end of the dipole. The 
solvent influence on the lyophobic hydrogen and alkyl 
substituents would, in contrast, be much less. In sup
port of these ideas it has been shown that the hydrogen 
and alkyl substituents of the dibenzobicyclo[2.2.2> 
octadienyl system11 do not show this anomalous be
havior. This was attributed to steric inhibition of sol
vation due to the presence of the bulky benzene rings. 
In view of this, it is interesting to extend this analysis to 
the spiroheptane system. Figures 4 and 5 show a plot 
of n cos 6/R2 vs. log (^x/^H)expti for the planar and bent 
conformation of the spiro acids. No curvilinear rela
tionship is evident. Indeed, least-squares analysis 
indicate values for DB of 4.83 and 5.44 in remarkable 
agreement with the average values of 4.91 and 5.49 as 
calculated by TMKW cavity model. This independent 
assessment of DE suggests that the model may be more 
reliable than has been the general view. 

(r-Inductive Model vs. Field Model. In order to ex
plore the question of which model, field or <r-inductive, 
most adequately describes the transmission of noncon-

Liotta, Fisher, Greene, Joyner / 6-Substituted Spiro[3.3]heptane-2-carboxylic Acids 
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PKa 

PBi Bicyclic Acids 

ILCOO x a 0 2 

Figure 4. Correlation of p#a with (M COS e)/R2 for planar cyclo-
butanes. 

7.0 
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pEa Spiro Acids 

Figure 6. pK*s of bicyclo[2.2.2]octane acids vs. pJCs of spiro 
acids. 

U -Co2 - 2 x 1 0 a 

Figure 5. Correlations of pKa with (/n cos 9)/R2 for puckered cyclo-
butanes. 

jugative substituent effects, a graphical comparison was 
made between the pK& values of the 6-substituted spiro-
[3.3]heptane-2-carboxylic acids (I) and the pKa values 
of the corresponding 4-substituted bicyclo[2.2.2]oc-
tane-1-carboxylic acids (II) in 50% aqueous ethanol 
(by weight) at 25° (Figure 6). An excellent linear cor
relation was obtained with a slope equal to 2.12. It 
was desired to make a similar comparison between 
system I and the 4-substituted bicyclo[2.2.1]heptane-
1-carboxylic acids (III).80 Unfortunately, the pKR 

values of III in 50% aqueous ethanol (by weight) have 
not been reported. Wilcox and Leung, however, have 
compared the relative acidities of systems II and 
III in pure water, 25 % methanol-water, and 50% meth-
anol-water and have obtained p values of 1.175, 1.183, 
and 1.195, respectively. A plot of p vs. XjD produces 
a straight line, which when extrapolated to the \/D 
value for 50% aqueous ethanol (by weight, D = 4.95) 
gives a p value of 1.210. The "experimental" slope in 
the comparison of I and III is then calculated to be 
2.56. In order to evaluate the theoretical slopes from 

the inductive model, attenuation factors of 1/2.0 and 
1/3.0 were used (see Chart I and eq 7 and 8). 

Chart I 

CO2H 

H00Cv[\^3(l/^ 
4d//)4 r ^ j ^u//)2 

x i / / 

HOOC 
1// 

-[2(1//)3 + (I//-)2] 

vd//)2 

X \\f 
III 

(H) :(I) = IiMfYIMMfY = 3//4 (7) 

(III): (I) = [2(1//) ' + ( l / / ) 2 ] /4 ( l / / ) 4 = [2/ + /2]/4 

(8) 

The theoretical slopes based on the field model were 
evaluated by means of the TMKW spherical cavity 
model. The results are summarized in Table VI. It 

Table VI. Experimental and Theoretical p Values in the 
Comparison of Spiro[3.3]heptane (I), Bicyclo[2.2.2]octane (II), 
and Bicyclo[2.2.1]heptane Acids (III) 

Slope p (exptl) 
Slope p (TMKW) 
Slope p (inductive) 

/ = 2-3 
Slope ju (inductive) 

/ - 2.7 

II : I 

2.12 
1.93 
1.50-2.25 

2.02 

III: I 

2.56 
2.40 
2.00-3.75 

3.17 

can be seen that the slopes predicted by the cavity model 
and the experimental slopes are very close, whereas the 
slopes predicted by the inductive model cover an ex
tremely wide range, the experimental values falling 
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within this range. Wilcox and Leung30 have suggested 
that an attenuation factor of 1/2.7 is most reasonable. 
Using this value, the predicted inductive slope falls 
very close to both the experimental and field slopes in 
the comparison of systems I and II. This same at
tenuation factor, however, predicts a slope for systems 
I and III which is far from the field and experimental 
slopes. These results suggest that the cavity model is 

The ability of 13C nmr to resolve small differences in 
molecular environment has been well documented 

in recent years. Chemical shifts arising from steric 
perturbations of carbon nuclei, known as steric com
pression shifts, have been utilized in studies of diverse 
organic compounds.12 The experimental result of 
steric compression is an upfield shift for carbons ex
periencing the interaction. For example, in methyl 
cyclohexanes the upfield shift due to an axial CH3 group 
at Ci is over 5 ppm experienced by both the C3 and C5 

ring carbons.1 Evaluation of steric compression shifts 
is facilitated where conformations can be "locked" and 
where model compounds are available to allow deter
mination of 13C chemical shifts in the absence of steric 
compression. Amides and oximes are particularly 
suited and of particular interest for such studies. 

In the present work we have examined the cmr (car
bon magnetic resonance) spectra of ^,TV-dimethyl-
formamide (DMF) and #,A^-di-«-butylformamide 
(DBF), plus several other amides and oximes. All 
spectra were obtained by pulsed Fourier transform 
(FT) nmr methods. In several cases, the spin-lattice 
relaxation behavior of each carbon was investigated in 
order to gain insight into the fast, internal motions 
>10"/sec) of the different aliphatic groups. No at
tempt was made to study rotation around the amide 
C-N bond.3 At the temperatures of observation, rota-

(1) D. M. Grant and B. V. Cheney, J. Amer. Chem. Soc, 89, 5315 
(1967); D. K. Dalling and D. M. Grant, ibid., 89, 6612 (1967). 

(2) J. B. Grutzner, M. Jautelat, J. B. Dence, R. A. Smith, and J. D. 
Roberts, ibid., 92, 7107 (1970). 

(3) O. A. Gansow, J. Killough, and A. R. Burke, ibid., 93, 4297 
(1971). 

a more useful approach in predicting the relative mag
nitude of substituent effects. 
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tion around that bond was slow enough to freeze out 
conformers and yield separate resonances for aliphatic 
peaks cisoid and transoid to the formyl hydrogen. 

In amides having two different N substituents and in 
oximes with different derivatized carbonyl substituents, 
the two conformers or isomers are not of equal energy; 
the equilibrium populations can be very different. 
Using steric compression shifts to facilitate 13C spectral 
assignments allows rapid determination of isomer ratios 
for many amides and oximes. It is necessary to have 
some knowledge of the carbon spin-lattice relaxation 
times (T1) and nuclear Overhauser enhancements (NOE) 
in order to obtain quantitative or near quantitative re
sults. The spin relaxation and NOE behavior of these 
compounds is also of interest because it probes molec
ular geometry and intramolecular interactions. 

Experimental Section 
13C Nmr Spectra. All 13C nmr spectra were recorded on a Varian 

XL-100-15 spectrometer equipped for both frequency sweep and 
pulsed Fourier transform (FT) operation. In all cases, the FT 
mode was utilized. Chemical shifts are reported in ppm down-
field from the internal standard TMS. The accuracy of chemical 
shifts determined in 5000-Hz spectra is better than 0.1 ppm; for 
1000 Hz spectra, the maximum error is <0.02 ppm. The system 
computer (Varian 620-i, 16K core) allowed acquisition of 8K data 
points, thus yielding 4K (4096) output data points in the trans
formed, phase corrected real spectrum (~1.3 Hz per data point in 
a 5000 Hz spectrum). 13C spectra were obtained with complete 
proton decoupling utilizing the pseudorandom noise modulation 
mode of the Gyrocode decoupler. Off resonance, partial decou
pling to differentiate nonprotonated carbons, CH, CH2, and CH3 
carbons, was effected by offsetting the 1H irradiation frequency 
0.5-1.0 kHz and turning off the noise modulation. In both wide-
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Abstract: 13C Fourier transform nmr spectra and partially relaxed Fourier transform (PRFT) cmr spectra of 
aliphatic amides and oximes yield insight into intramolecular interactions in these molecules. Af,Af-Dimethyl-
formamide, Af,Ar-di-«-butylformamide, 7V,A'-di-«-butylacetamide, acetone oxime, and methyl ethyl ketone oxime 
have been studied. Significant carbon steric compression shifts are reported for the four aliphatic carbons transoid 
to the formyl hydrogen and eclipsing the carbonyl oxygen in A^AT-di-n-butylformamide (DBF). These steric 
shifts range from over 5 ppm for the a-CH2 carbon to ca. 0.1 ppm for the S-CH3 carbon on the same chain. Carbon 
spin-lattice relaxation behavior in DBF indicates that the ends of both butyl chains have significantly increased 
motional freedom. PRFT studies also yield insight into intramolecular steric interactions. For example in 
methyl ethyl ketone oxime the 1-CH3 carbons in the two isomers (syn and anti to the NOH group) have very dif
ferent Ti values (6.1 and 2.8 sec, respectively). 
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