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ratio were carried out at an attenuation of 4 for the cis peak, 8 
for the trans peak. 

As mentioned earlier, at each temperature a cis-rich and a trans-
rich sample was equilibrated; in a few cases more than one. Each 
equilibrated sample was analyzed at least three times. The equi
librium constants tabulated in Table II are therefore averages of at 
least six analytical determinations in each instance. In no case 
was a systematic difference noted between equilibrium mixtures 
obtained from the cis side and from the trans side. Standard 
deviations, AK'x, were computed for each raw analysis and simi
larly, deviations Ar were computed for each determination of re
sponse ratio 0). The deviations shown in Table II are AKx = 
Kx(AK'x/K'x + Ar/r) where K'x is the raw area ratio uncorrected 
for response ratio. 

The data for Kx shown in Table II were fed to a Univac 1107 
computer with instructions to plot a least-squares plot of In Kx 
vs. 1/(273.16 + t). The computer was then instructed to put out, 
in addition to the plot, A#° x = Rmj 1000 where R = 1.9872 cal/deg 
mol and m is the slope of the least-squares plot. The computer 
was also instructed to compute the statistical slope error,36 Am, 

(36) H. Margenau and G. M. Murphy, "The Mathematics of Physics 

Because of their simplicity and high symmetry, the 
tetramethyl derivatives of the group IV elements 

have been extensively studied by nuclear magnetic 
resonance spectroscopy. These studies have included 
determination of the proton chemical shifts,2 13C 
chemical shifts,2 one-bond, carbon-proton coupling 
constants,23 and two-bond, metal-proton coupling 
constants.3 Recently some carbon-metal coupling 
constants in compounds of this type have been deter
mined by heteronuclear tickling experiments,4 and a 
rather complete nmr investigation of dimethylmercury 
has been carried out.5 

The 13C spectra previously reported were obtained 
with rapid passage in the dispersion mode. Under 
these conditions line widths are such that, while the 
large, one-bond, carbon-proton coupling constants 
can be resolved, the noise level is normally too high to 

(1) (a) Supported in part by the National Science Foundation and the 
Public Health Service Research Grant 11072-04 from the Division of 
General Medical Sciences, (b) National Science Foundation Predoc-
toral Fellow, 1965-1967. 

(2) H. Spiesecke and W. G. Schneider, J. Chem. Phys., 35, 722 (1961). 
(3) G. W. Smith, ibid., 39, 2031 (1963). 
(4) (a) P. R. Dean and W. McFarlane, MoI. Phys., 12, 289 (1967); 

(b) W. McFarlane, /. Chem. Soc, A, 528 (1967); (c) K. A. McLauchlan, 
MoI. Phys., 11, 303 (1966). 

(5) K. A. McLauchlan, D. H. Whiffen, and L. W. Reeves, ibid., 10, 
131 (1966). 

to put out AAH" = RAm/1000, and to compute the standard en
tropy difference AS" = Rb, where b is the intercept of the plot and 
the corresponding statistical error AAS0 = RAb, where Ab is the 
statistical intercept error. The resulting computer output for 
AH" and AS° is tabulated in Table I. AC23 was calculated as AG°25 
= AH0 - 298.16AS0(AG°andAtf°incal/mol). The correspond
ing error was computed as AAG° = AAH0 + TAAS0 + AS0A T, 
the last term actually being negligible. 
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and Chemistry," D. van Nostrand Co., Inc., Princeton, N. J., 1956, 
p 519. See also R. T. Birge, Reo. Mod. Phys., 1, 1 (1929). 

allow the observation of carbon-metal coupling, partly 
because the percentage of total metal with spin V2 

is low. Heteronuclear tickling experiments, while 
monitoring proton resonances, have made the observa
tion of carbon-metal coupling possible, but difficulties 
in the interpretation of tickling experiments can lead 
to erroneous conclusions. The heteronuclear tickling 
technique not only failed to resolve the vicinal, carbon-
proton coupling constants, but the stated error limits 
fail to include the actual values of these coupling con
stants.45 In the present work, high-resolution, natural-
abundance 13C spectra were obtained in the absorption 
mode with slow passage conditions and time averaging 
and permitted the direct observation and measure
ment of carbon-metal couplings as well as of 1 3C-
X-C-H couplings which have not heretofore been 
reported. 

Experimental Section 
The compounds used in this study were obtained from commer

cial sources and used without further purification. The samples 
were placed in 10-mm precision-ground sample tubes with approx
imately 10% benzene for an internal proton lock signal. The 
samples were degassed and sealed under vacuum. High-resolution 
13C spectra were obtained using the Varian DFS-60 spectrometer.6 

(6) F. J. Weigert and J. D. Roberts, /. Amer. Chem. Soc, 89, 2967 
(1967). 
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Proton decoupling was accomplished using a Hewlett-Packard 
5100 frequency synthesizer and a Boonton 23OA power amplifier. 

Results 

The one-bond, carbon-metal coupling constants and 
vicinal, carbon-proton coupling constants of the tetra-
methyl derivatives of group IV are given in Table I. 
The coupling constants and 13C chemical shifts of the 
dimethyl derivatives of group lib are given in Table II. 

Table I. Carbon-13 Nmr Parameters for the Tetramethyl Deriva
tives of Group IV 

C 
Si 
Ge 
Sn 
Pb 

./ex" 

36.2 ± 1 
51 

330 ± 5 
250 

JCXCH" 

4.8 
2.1 
1.9 
1.3 
1.05 

JcBa 

124.3 
118.2 
124.4 
127.7 
134.2 

5c6 

161.4(164.9)= 
193.0 
193.6 
202.1 
196.2 

° In hertz. b In parts per million upfield from carbon disulfide. 
" Central carbon. 

Table II. Carbon-13 Nmr Parameters for the Dimethyl 
Derivatives of Group lib 

Zn 
Cd 

Hg 

Jcx" 

512b 

537.5« 
690 

^CXOH0 

1.74 

Jca" 

121.6 
126.6 

129.6 

Sc" 

197.0 
191.8 

169.3 

"In hertz. ^111Cd. c 113Cd. d In parts per million upfield 
from carbon disulfide. 

The carbon-carbon coupling in neopentane was deter
mined for natural abundance 13C with complete proton 
decoupling. Under these conditions, the 0.04 % of the 
molecules with adjacent 13C give an AB spectrum having 
J/8 = 0.67. Because of the low signal-to-noise ratio 
from molecules of this type, it was not possible to ob
serve the weak, outer lines of the AB quartet. The 
coupling constant was obtained from the positions of the 
lines arising from molecules containing only one 13C 
and the two inner lines of the AB pattern by neglecting 
the isotope effect of 13C on the chemical shift of an 
adjacent 13C. Isotope effects are present and can be 
observed in other compounds, but the effect is small. 
The coupling constant is the average of four separate 
determinations involving 1000 scans each. The error is 
believed to be ± 1 Hz. 

The metal-carbon coupling constants were measured 
with complete proton decoupling except for dimethyl-
cadmium and tetramethyltin. The only isotope of 
germanium with a nonzero spin has a spin of 9/2 and a 
natural abundance of 7%. No carbon-germanium 
coupling was observed. For dimethylcadmium, the 
individual satellites due to the isotopes 111Cd and 113Cd 
could be resolved, but this was not the case for the 
various tin isotopes in tetramethyltin for which only a 
single composite band was seen. Vicinal, carbon-pro
ton coupling was not seen in the case of dimethylcad
mium and dimethylzinc because of rapid intermolecular 
methyl exchange.7 At our normal probe temperatures, 

(7) N. S. Ham, E. A. Jeffery, T. Mole, J. K. Saunders, and S. N. 
Stuart, J. Organometal. Chem. (Amsterdam), 8, P7 (1967); C. R. McCoy 
and A. L. Alfred, J. Amer. Chem. Soc., 84, 912 (1962); M. Winokur and 
J. D. Roberts, to be published. 

the exchange process is too rapid to allow the observa
tion of the small, vicinal, carbon-proton coupling con
stants, but does not greatly affect the large, one-bond 
coupling between carbon and cadmium. 

The relative signs of the coupling constants have not 
been determined in this study, but on the basis of the 
molecular orbital theory of spin-spin coupling pro
posed by Pople and Santry8 the signs of both the one-
bond, carbon-metal and vicinal carbon-proton reduced 
coupling constants are expected to be positive. This 
prediction agrees with the signs of the one-bond cou
pling constants which have been studied by the heteronu-
clear tickling technique.45 

Discussion 

Karabatsos9 has extended the valence-bond calcula
tions for the contact contribution of the geminal, pro
ton-proton coupling constant10 to the case of geminal, 
carbon-proton coupling. The major assumption was 
that the contributions of the various canonical struc
tures to the valence-bond formulation of the three-atom 
geminal fragments do not change on substitution of a 
carbon atom for a proton. The carbon-proton, gem
inal coupling should further depend only on the choice 
of a specific form for the carbon 2s orbital and the 
hybridization of the carbon orbital forming the carbon-
proton valence bond. The hybridization of an orbital 
used in forming a "long bond" is not necessarily the 
same as that forming the valence bonds in the perfect 
pairing structure. 

Smith,3 following Karabatsos, related the X-C-H 
geminal coupling in the tetramethyl derivatives of group 
IV to the H-C-H coupling in methane. The problem 
of choosing a form for the central atom s orbitals is 
more difficult for the heavier elements. Smith adopted 
an empirical approach and calculated effective nuclear 
charges (Z*) for s-like orbitals which gave the best fit 
with the observed spin-spin coupling constants. 

The equations which Smith and Karabatsos formally 
derived for geminal coupling are valid for any Fermi 
contact interaction between atoms whose s and p orbi
tals have similar energies. The most general form of 
such an expression must allow for the variation of both 
the form and the hybridization of the orbitals used by 
both atoms in forming the valence bonds. Equation 1 
relates the Fermi contact contribution to the one-bond, 
carbon-metal coupling constant in the tetramethyl 
derivatives of group IV to the carbon-carbon coupling 
in neopentane 

M£)(i)@)«:>~ ™ 
where a2 is the fractional s character of the carbon or
bital forming the carbon-metal bond, AE is the average 
energy approximation term, n is the principal quantum 
number of the period to which the central atom belongs, 
Z* is the effective nuclear charge of the orbital used by 
the central atom in forming the carbon-metal bond, 
and g is the magnetic moment of the central atom. For 
one-bond couplings, eq 1 is attractive theoretically, 
because the valence-bond structure which contributes 

(8) J. A. Pople and D. P. Santry, MoI. Phys., 8, 1 (1964). 
(9) G. J. Karabatsos, F. D. Graham, and F. M. Vane, J. Amer. Chem. 

Soc, 84, 37 (1962). 
(10) H. S. Gutowsky, M. Karplus, and D. M. Grant, /. Chem. Phys., 

31, 1278(1959). 
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Table III. Comparison of the Calculation of the One-Bond, Carbon-Metal Coupling 
by the Method of Karabatsos and Smith with the Observed Values 

C 
Si 
Ge 
Sn 
Pb 

• /CH 

124.3 
118.2 
124.4 
127.7 
134.2 

<*H 2 

0.248 
0.236 
0.249 
0.255 
0.268 

ax2 

0.256 
0.291 
0.256 
0.137 
0.196 

Zx* 

3.29 
6.02 

10.9 
16.3 
22.6 

M 

0.70 
- 0 . 5 5 
- 0 . 8 8 

1.0 
0.58 

«x 

2 
3 
4 
5 
6 

Calcd 

(36.2)« 
58.6 

204 
369 
276 

Obsd 

36.2 
51 

330 
251 

" Assumed value. 

the most to the coupling constant is the perfect pairing 
structure, and the coefficient of this structure in the 
valence-bond wave function changes insignificantly 
from unity for the purposes of calculating the coupling 
constant in covalent molecules for which ionic structures 
are unimportant. 

For the case of one-bond, carbon-metal coupling 
in the tetramethyl derivatives of group IV the hybridiza
tion of each orbital of the central atom forming a bond 
to carbon contains 25% s character by symmetry. 
The hybridization of the carbon orbital forming the 
bond to the metal is not exactly sp3 since the four sub-
stituents on the carbon are not identical. The degree 
of hybridization of this orbital may be assigned by the 
method of Juan and Gutowsky.n 

Assuming that a carbon atom uses a single 2s orbital 
to form its four bonds, the variation of the one-bond, 
carbon-proton coupling constant was attributed to 
changes in the hybridization of the carbon orbital 
forming the carbon-proton bond. This approach has 
been criticized12 and in the cases where electronegative 
substituents are present, the parameter which most 
strongly influences the carbon-proton coupling constant 
is the effective nuclear charge of the carbon 2s orbital 
rather than its hybridization. When no electronegative 
substituents are present, the correlation of s character 
with the carbon-proton coupling constants seems valid. 
When the fraction of s character in the C-H bond is 
fixed, the remaining s character, if any, must reside in 
the carbon-metal bond. The s characters of the car
bon hybrid orbitals calculated in this way for the 
tetramethyl derivatives of group IV have been tabu
lated by Smith.3 

In this work, the Z* values, which Smith found gave 
the best agreement for the geminal X-C-H coupling 
constants, were used. A further assumption was made 
that the average energy approximation term is constant 
throughout this series. There is no justification for 
this assumption, but at present assignment of a series 
of numerical values to this term seems dubious. 
Smith related the sum of the X-C and C-H bond 
energies to the average excitation energy for the geminal 
X-C-H fragment and commented that this ratio was, 
in fact, also near unity. 

The parameters used and the results of the calcula
tions are given in Table III and show the rather good 
agreement between the coupling constants calculated 
in this rather naive way and the experimental values. 
The agreement, if not fortuitous, tends to justify the 
belief that the Fermi contact interaction is the dom
inant coupling mechanism and that, for elements of 

(11) C. Juan and H. S. Gutowsky, J. Chem. Phys., 37, 2198 (1962). 
(12) D. M. Grant and W. M. Litchman, J. Amer. Chem. Soc, 87, 

3994(1965). 

similar electronegativity, simple correlations with bond 
order and electron density at the nucleus are valid. 

In a more restrictive sense, Karabatsos' results sug
gest that the carbon-carbon coupling in neopentane 
should be related to the one-bond, carbon-proton 
coupling in isobutane by the relationship / C c = 0.3 • 
Jen- The calculated value of 37.5 Hz agrees well with 
the experimental value of 36.2 Hz. Similarly, the 
one-bond, carbon-metal coupling constant should be 
0.3 times the one-bond, metal-proton coupling con
stants in the trimethylmeta hydrides. The results 
of this calculation are given in Table IV. The rela
tionship does not hold for the heavier members of group 
IV. The most plausible explanation for the failure of 

Table IV. A Comparison of Coupling Constants Involving 
Carbon with Those Involving Protons 

C 
Si 
Ge 
Sn 
Pb 

/XH, in 
HX(CH 3 V 

125 
202" 

1700' 
2397' 

Jxc,a 

calcd 

36.5 
61 

510 
720 

^ H X C H , in 

HX(CH3)S-

6.8« 

3.8« 
2 .4 ' 
1.5' 

• /HXCH," 

calcd 

2.0 

1.1 
0.72 
0.45 

« In hertz. b E. A. V. Ebsworth and J. J. Turner, J. Chem. Phys., 
36, 2628 (1962). ' H. D. Kaesz and N. Flitcroft, J. Amer. Chem. 
Soc, 85, 1377 (1963). « J. S. Waugh and F. W. Dobbs, J. Chem. 
Phys., 31, 1238 (1959). ' T. Birchall and W. L. Jolly, lnorg. Chem., 
5, 2177 (1966). 

the Karabatsos equation in these cases is that one or 
more of the assumptions on which the derivation is 
based are not valid. In particular, the wave functions 
of the two series of compounds may not be comparable. 
Chemically, this is reasonable because, although the 
carbon-proton bond closely resembles the carbon-
carbon bond, the metal-proton and metal-carbon 
bonds are not at all similar in their properties. 

A second possibility is that one or both of these cou
pling constants has a significant contribution from either 
the orbital or the dipole interactions. Both these 
contributions are negligible if one of the coupled nuclei 
is a proton, and the results presented above on the 
one-bond, carbon-metal couplings tend to show that 
these too are dominated by the Fermi contact term. 

Reeves and Wells13 proposed a correlation of the 
reduced coupling constants with atomic number ac
cording to eq 2, where Zx is the atomic number of 

\ 7 x 7 y / 

VJ 

= AZx + B (2) 

(13) L. W. Reeves and E. J. Wells, Can, J. Chem.AL 2698(1963). 
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nucleus x, 7 is the magnetic moment, and A and B 
are constants for a single series of atoms y. 

The results of applying this correlation to the case of 
one-bond, carbon-metal coupling constants in the tetra-
methyl derivatives of group IV are given in Figure 1. 
Although the equation correlates geminal, metal-proton 
coupling constants quite well, the fit for one-bond, 
carbon-metal coupling constants is less satisfactory. 

The main difference between eq 1 and 2 is in the 
choice of a form for the s orbital of the central atom. 
Both equations have arbitrary constants to absorb this 
unknown factor. Neither equation can predict the 
negative sign of the reduced carbon-fluorine coupling 
constant. For this, a more sophisticated treatment 
such as the molecular orbital theory of Pople and San-
try is needed.8 

The vicinal C-X-C-H coupling constants should be 
related to the H-X-C-H couplings in the trimethyl-
metal hydrides by the relationship 7CXCH = 0-3,/HXCH-9 

The results of this calculation are given in Table IV. 
As was the case for most of the carbon-proton vicinal 
coupling constants studied by Karabatsos, the ob
served values are more positive than those predicted. 
Though the magnitudes of the coupling constants are 
not predicted precisely, the trend toward smaller values 
with the heavier members of group IV is reproduced. 

No discussion will be made of the variations in the 
13C spectra of the dimethyl derivatives of group Hb 
because of the limited amount of available data. 

Since the completion of this work, several papers have 
appeared presenting the same or related data.14 Thus, 
Dreeskamp and Stegmeir16 have obtained carbon-

Figure 1. Reeves and Wells correlations of the C-X and X-C-H 
coupling constants in the tetramethyl derivatives of group IV: 
•, X-C-H; B1X-C. 

metal and vicinal carbon-proton couplings in some of 
the same compounds by heteronuclear tickling tech
niques using 13C-enriched samples. Litchman and 
Grant16 have observed the carbon-carbon coupling in 
neopentane while McFarlane17 has measured the tin-
carbon coupling in tetramethyltin. Also, Dean and 
McFarlane18 have reexamined the spectrum of dimethyl-
mercury and determined the vicinal carbon-proton 
coupling by tickling techniques. 

(14) This section added in proof. 
(15) H. Dreeskamp and G. Stegmeir, Z. Naturforsch., 22a, 1458 

(1967). 
(16) W. M. Litchman and D. M. Grant, J. Am. Chem. Soc, 89, 6775 

(1967). 
(17) W. McFarlane, J. Chem. Soc, A, 528 (1967). 
(18) R. R. Dean and W. McFarlane, MoI. Phys., 13, 343 (1967). 
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Abstract: The isomer pairs O-methylvalerolactim (5)-N-methylvalerolactam (6), 2-methoxypyridine (7)-N-
methyl-2-pyridone (8), 4-methoxypyridine (9)-N-methyl-4-pyridone (10), and 2,6-diphenyl-4-methoxypyridine 
(ll)-2,6-diphenyl-N-methyl-4-pyridone (12) have been equilibrated in the liquid phase by using the common alkyla
ted derivatives as catalysts. Calorimetric determinations of the heats of isomerization at 130° for the first three 
cases, in conjunction with estimated differences in heats of vaporization, kinetic energies, and zero-point vibrational 
energies, allow estimates of the chemical binding energy differences for each isomer pair. In this sense, the amide 
is considerably more stable than the imidate for the pairs 5-6 and 7-8; in contrast, the isomers 9-10 are of com
parable stability. The present results indicate that environmental effects can contribute several kcalories/mole to 
the relative isomer stabilities in the condensed phase. The 7r-stabilization energy of 7 is estimated to be 6 ± 7 
kcal/mol greater than that of 8. A mechanism involving alkyl transfer from the catalyst to the imidate is sug
gested for the equilibration reaction and is supported by isotopic scrambling data. 

Chemical, physical, and spectral investigations have 
established that an amide is generally more stable 

than its isomeric imidate.2-6 Quantitative estimates 

(1) (a) Sun Oil Company Fellow, 1965-1966; (b) University of 
Illinois Fellow, 1966-1967. 

(2) (a) F. Arndt and B. Eistert, Ber., 
Katritzky and J. M. Lagowski, Advan. 
(1963). 

71, 2040 (1938); (b) A. R. 
Heterocyclic Chem., 1, 311 

of protomeric equilibria 1-2 are available for a large 
number of heteroaromatics6 although contributions to 

(3) (a) H. Meislich, "Pyridine and Its Derivatives," Part III, E. 
Klingsberg, Ed., John Wiley and Sons, Inc., New York, N. Y., 1962, 
pp 619-631, 681; (b) J. W. Schulenberg and S. Archer, Org. Reactions, 
14, 24 (1965). 

(4) (a) C. A. Grob and B. Fischer, HeIv. CMm. Acta, 38, 1794 (1955). 
(b) B. Pullman and A. Pullman, "Quantum Biochemistry," Interscience 
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