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sealed with a gas-oxygen flame. Individual reaction tubes were 
marked and stored at dry ice temperature until an entire set (1G12 
tubes) had been prepared and sealed. The tubes were firmly 
inserted into a wire cage and immersed in a Haake constant- 
temperature bath at  69.0 f 0.2 "C. After 5 min, the wire cage 
was removed and inverted several times until each solution was 
thoroughly mixed. Tubes were removed at  intervals, quickly 
frozen in a 2-propanol/dry ice bath, and labeled. Analysis of each 
tube was performed by GC on the opened reaction tube. A 1 m 
X 1/8 in. 25% DEGS on NAW Chromosorb W 60/80 column was 
used for analysis of the products. At a column temperature of 
105 "C, retention times were 3.7 min for the propene and 5.8 min 
for the cyclopropane at  a flow rate of 35 mL/min. Response 
factors were calibrated by comparing peak integration in the 'H 
NMR spectrum with the values obtained from the GC integrator. 
The response factors were 4.1 for the propene and 1.7 for the 
cyclopropane by using the flame ionization detector. The corrected 

product ratios are based on averages of three to four injections. 
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The one-bond 13C-'3C NMR coupling constants ('Jc,c) in a series of substituted methyl benzoates, benzoyl 
chlorides, and benzophenones were measured at natural abundance by using the INADEQUATE pulse sequence. 
These results when evaluated and compared with the lJc,c values obtained from the study of substituted 
acetophenones, benzaldehydes, and benzoyl cations reveal their sensitivity to both mesomeric and inductive 
substituent effects. Within a given series, the changes in 'Jci,co values, as a function of the remote substituent 
on C4 carbon, reflect the magnitude of the mesomeric interaction. The inductive effect of an a-substituent, on 
the other hand, is best portrayed by the consistency observed in the AJcl-co (JCHO - Jcox) values. Such consistency 
of these effects is also seen in the Jc3,c4 or Jc4,c5 values. 

13C NMR spectroscopy has proved to be a powerful tool 
in providing detailed information about structure, bonding, 
and electron distribution in organic molecules.' T h e  focus 
has  been predominantly on t h e  s tudy of chemical shifts 
(6,J, together with t h e  complimentary use of spin-spin 
interactions with relatively sensitive, high abundant nuclei 
such as 'H, 19F, 31P, etc. One particular interaction which 
is of considerable interest is that between directly bonded 
13C nuclei. However, t h e  low natural  abundance of these 
nuclei, have, in the past, severely restricted their study and 
utility2p3 generally necessitating difficult and often costly 
13C labeling. 

Using Freeman's INADEQUATE pulse ~ e q u e n c e , ~  we 
studied the one-bond 13C-13C coupling constants, at natural 
abundance, in a series of adamantane5 and diamantane6 
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Table I. One-Bond lsC-lsC Coupling Constants" in 
Substituted Methyl Benzoates (1R) 

4-OCH3 77.1 59.3 58.5 66.5 
4-CH3' 76.0 b b 56.5 
H 74.8 b 56.6 55.5 
4-F 76.6 59.6 57.3 70.7 
4-C1 76.0 59.1 56.5 64.8 
4-Br 76.1 59.6 b 63.4 
4-CF3 74.6 59.3 57.6 59.9 

"All coupling constants are in hertz. *Could not be measured 
accurately. JC4,CH3 = 43.6 Hz. 

derivatives and analyzed t h e  substi tuent effect on these 
' J C , ~  values (SCC) in terms of electronic and stereochem- 
ical effects. We, subsequently, extended our s tudy to 
electron-deficient carbocationic systems and reported such 
results in a series of substi tuted acetophenones, benz- 
aldehydes, their corresponding 0-protonated carboxonium 
ions,7 and benzoyl cations.s 

As an extension of this s tudy we have determined t h e  
one-bond 13C-13C coupling constants in a series of sub- 
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electron-donating substituents (such as 40CH3) in the aryl 
ring while they are less with electron-withdrawing sub- 
stituents (such as 4-CF3). This observation, in the present 
study, is in line with our earlier observation of the sub- 
stituent effect on Jc,,co coupling constants in substituted 
acetophenones, benzaldehydes, their protonated carboxo- 
nium ions,7 and substituted benzoyl cations.* 

We attribute such differences in the Cipso-Ccar~nyl cou- 
pling constants to the changes in the r-bond order between 
these two carbon centers, due to changes in the relative 
contribution of the two canonical structures, A and B. 

R 

Table 11. One-Bond 13C-13C Coupling Constantsa in 
Substituted Benzoyl Chloride Derivatives (2R) 

' CI 
5 6  

4-OCH3 77.9 60.4 
4-CH3' 75.6 b 
H 74.2 60.0 
4-F 75.2 60.8 
4-C1 15.1 b 
4-CF3 74.0 60.3 
3,5-(CF3)2 76.2 61.8 

All coupling constants are in hertz. 
accurately. 'JC~,CH~ = 43.2 Hz. 

58.9 66.0 
57.0 56.1 
56.3 55.2 
57.8 70.3 
57.5 64.6 
57.4 59.8 

b b 

Could not be measured 

Table 111. One-Bond lsC-lsC Coupling Constants' in 
Substituted Benzophenones (3R) 

0 
2' II 2 

JGC, or 
R Jco,cl JCl,C2 or JCl,C8 Jc3,c4 Or Jc4.c5 

4-OCHq 56.8 57.0 58.9 66.4 
4-CH3' 55.1 57.7 b 56.4 
H 54.6 57.7 56.3 55.5 
4-F 56.0 b 57.6 70.7 
4-C1 56.5 58.1 56.8 65.0 

All coupling constants are in hertz and measured in CDC13 so- 
lution containing trace amounts of C r ( ~ c a c ) ~  a t  ambient tempera- 
tures. bCould not be measured accurately. 'JC~,CH~ = 43.5 Hz. 

stituted aromatic carbonyl compounds such as methyl 
benzoates lR, benzoyl chlorides 2R, and benzophenones 
3R. The results are evaluated and compared with the 'JC,c 
values obtained in our previous s t u d i e ~ . ~ , ~  

\ 
X 

Results and Discussion 
The one-bond 13C-13C coupling constantsg of all the 

carbonyl compounds in this study were measured in CDC13 
solution at  ambient temperature. The 'Jc,c values ob- 
tained for substituted methyl benzoates and benzoyl 
chlorides are listed in Tables I and 11. Due to poor sol- 
ubility of the benzophenones, trace amounts of chromi- 
um(II1) acetylacetonate as relaxing agent were used in 
order to increase the repetition rate and achieve adequate 
signal to noise ratio in a reasonable time.1° The values 
obtained are listed in Table 111. 

As in the previous s t u d i e ~ ~ , ~  the coupling constants of 
major interest are those involving the carbonyl and the C1 
carbon atoms. In general, the lJc1,c0 values are higher with 

(9) The relative or absolute signs were not determined in this study. 
Signs of directly bonded couplings are assumed positive. 

(10) The JCC values of benzophenones were measured in the absence 
of chromium(iI1) acetylacetonate, whenever possible. No differences 
were, however, observed with those obtained in the presence of this 
relaxing agent. 

A B 

Thus, electron-donating groups (such as R = 4-OCH3), due 
to their ability in stabilizing a positive charge in the aryl 
ring, increase the a-bond order between the ipso and the 
carbonyl carbon and is thereby reflected in the greater 
lJcl,co value. Similarly electron-withdrawing groups (such 
as R = 4-CF3) decrease the 7-bond order between the ipso 
and the carbonyl carbon and thus the lJc,c~ values are less. 

The Ci so-Ccarbonyl coupling constants measured in aro- 
matic cartony1 compounds (those of the present study as 
well as those reported earlier'B) are compared with each 
other in Table IV. Two clear and distinct trends emerge 
from the analysis of these 13C-13C coupling constant values. 
An almost consistent range (within the limited number of 
substituents used) of - 3 Hz in the lJcl,co values is ob- 
served within any given series of neutral aromatic carbonyl 
compounds. This range almost doubles in the case of more 
electron-deficient systems such as protonated aceto- 
phenones, protonated benzaldehydes, and benzoyl cations. 
Such an increase in the range of lJc1,c0 within a given series 
of electron-deficient systems can be attributed to the 
higher electron demand of the carbonyl group in these 
positively charged systems compared to that in the neutral 
systems. In other words, a change in the r-bond order (and 
thus 13C-13C coupling constant) between the ipso and the 
carbonyl carbon, brought about by a change in the elec- 
tron-donating or -withdrawing ability of the substituent 
in the aryl ring, is much more significant in electron-de- 
ficient systems compared to that in neutral systems. 

A different substituent effect (SCC) on the Cipep<mbnyl 
coupling constants is observed when the role of neighboring 
substituent X is analyzed. The changes in lJcl,co brought 
about by substituents directly attached to the carbonyl 
carbon is best represented when AJCH0 v s . c ~ x  (the dif- 
ference between the lJcl,co values of substituted benz- 
aldehyde and similar R substituted carbonyl compound) 
is analyzed. A remarkably consistent A J  value is obtained 
which is characteristic of the nature of the a-substituent, 
X. Considering the experimental error of h0.3 Hz, the 
small standard deviation, u, seen in all the neutral series 
strongly suggests that the mean AJ values are independent 
of the electronic effect of the remote R substituents. These 
values instead give a measure of the "electronegative" effect 
of an &-substituent. While substitution by OMe or C1 on 
the carbonyl gives a mean A J  value of -22.0 and -21.6, 
respectively, a methyl substituent gives a value of +0.8. 
The large negative values in the former cases clearly reflect 
the greater inductiue electron-withdrawing ability of these 
substituents. A methyl group (as in the acetophenone 
series) on a sp2 carbon, on the other hand, being an in- 
ductive electron-donating substituent, gives a positive A J  
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Table IV. Comparison of ' J C l , c ~  Values" in Aromatic Carbonyl Compounds 
3 e  

5 6  

X =  

o *  o d  
I1 II 

CO+' C H  CCH, R COOCH3' COC1' CHOd COCH3d 
OCH, 77.1 77.9 56.8 55.5 54.8 64.1 65.5 89.8 
CH3 76.0 75.6 55.1 54.0 53.4 60.0 61.1 84.0 
H 74.8 74.2 54.6 53.0 52.4 58.6 59.3 82.6 
F 76.6 75.2 56.0 54.3 53.7 60.0 61.1 86.4 
c1  76.0 75.7 56.5 53.9 52.8 59.5 60.3 85.2 
Br 76.1 b b 53.8 52.7 59.5 60.1 84.4 

74.6 74.0 b 52.4 51.7 57.9 58.5 82.6 
2.5 3.7 3.1 3.1 6.2 7.0 7.2 

CF3 
range 

All coupling constants values in hertz. *Data not available. CPresent study. dReference 7. 'Reference 8. /Values in parenthesis denote, 

AJ' = JCHo - Jcox -22.0 (0.2) -21.6 (0.5) -1.66 (0.5) 0 +0.8 (0.2) -6.1 (1.0) -7.0 (1.3) -31.2 (1.5) 

u, the standard deviation. 

Table V. Comparison of Jcl,c, or ' JC4,c6 Values in Substituted Benzenes 

X =  

R HC CHOd COCH3d CHO+Hd C(O+H)CH3d C=O+' COOMef COCY 
OCH3 67.0 66.4 66.5 61.5 64.5 63.7 66.5 66.0 66.4 
CH3 57.0 56.1 56.5 53.7 54.1 54.1 56.5 56.1 56.4 
H 56.0 55.4 55.4 54.0 54.0 53.4 55.5 55.2 55.5 
c1  65.2 64.8 65.0 62.2 62.6 59.1 64.8 64.6 65.0 
Br 63.7 63.1 63.6 60.1 61.7 59.1 63.4 b a 
F 70.8 70.5 70.6 69.0 69.8 a 70.7 70.3 70.7 

" Could not be measured accurately due to  signal overlap. *Data not available. Reference 11. Reference 7. e Reference 8. f Present 
study. 

value. While a similar comparison with the benzophenone 
series may not be completely justified, a A J  value of -1.5 
Hz is reasonable and in line with an aryl group being an 
inductive electron-withdrawing substituent. The largest 
A J  value of -31.2 Hz is observed for benzoyl cations where 
the substituent X can now be envisaged as a strongly 
electron withdrawing empty p orbital. This 
"electronegativity" effect is in line with our earlier ob- 
servation in the study of substituted adamantanes5 and 
diamantanes.6 In our earlier studies we have shown that 
the C,-C, coupling constant is sensitive to the C, sub- 
stituent and increases with increase in the electronega- 
tivity. 

The deviations (a) in A J  values in the protonated car- 
bonyl compounds and carbocation series is much larger. 
This may be due to the fact that A J  values now represent 
comparison of the values of 'JC ,co in neutral and cationic 
species where the electronic efrect of the remote R group 
may not be entirely cancelled out. Nevertheless, such 
comparisons still allow for simple and useful insights into 
the behavior of 13C-13C coupling constants. 

Similar a-effects are also observed in the lJC ,C or lJC ,c5 

values. These values have been collected in *able V tor 
comparison. Wray et al.ll have earlier reported 'JC,~ values 
in a series of monosubstituted benzenes. The remarkable 
constancy in these values is once again observed both in 
the present study of substituted methyl benzoates, benzoyl 

(11) Wray, V.; Emst, L.; Lund, T.; Jakobson, H. J. Magn. Reson. 1980, 
40, 55. 

chlorides and benzophenones as well as in our earlier 
studies on acetophenones, benzaldehydes, and their pro- 
tonated carboxonium ions' and benzoyl cations.8. This 
consistent behavior, therefore, makes it an attractive 
compliment to chemical shifts (ac) measurement for the 
determination of substition pattern in aromatic systems. 

Theoretical descriptions of coupling between nuclear 
spins are based on Ramsey's theory12 that coupling via 
electrons originates from three types of interaction between 
the magnetic moments due to the nuclear spin and the 
electrons. The three types are (a) orbital interaction with 
the magnetic field due to the orbital motion of the elec- 
trons, (b) dipolar interaction with the electron spin, and 
(c) Fermi contact interaction with the electron spin. While 
these three contributions may vary in sign as well as in 
magnitude, calculations indicate that coupling between the 
majority of first-row elements is dominated by the Fermi 
contact13-19 and, as a result, would be expected to correlate 

(12) Ramsey, N. F. Phys. Reu. 1953, 91, 303. 
(13) Blizzard, A. C.; Santry, D. P. J. Chem. Phys. 1971, 55, 950. 
(14) Towl, A. D. C.; Schaumberg, K. Mol. Phys. 1971, 22, 49. 
(15) Schulman, J. M.; Newton, M. D. J .  Am. Chem. SOC. 1974, 96, 

6295. 
(16) Wasylishen, R. E. "Annual Reports in NMR Spectroscopy"; 

Webb, G. A., Ed.; Academic Press: London, 1977; Vol. 7, p 245. 
(17) Axenrod, T.; Webb, G. A., Eds. "NMR Spectroscopy of Nuclei 

Other Than Protons"; Wiley-Interscience: New York, 1974; Chapters 6, 
8, and 13. 

(18) Pachler, K. G. R.; Chalmers, A. A. "Specialist Periodical Reports: 
Nuclear Magnetic Resonance"; Abraham, R. J., Ed.; Chemical Society: 
London, 1979, Chapter 3. 
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with the product of the s electron densities at the coupled 
nuclei. However, the noncontact contributions are also 
expected to be important especially in unsaturated com- 
pounds where a r-electronic system is well definedaZ0 It 
is generally accepted that while calculations are able to 
qualitatively reproduce some of the observed trends, they 
are still of limited reliability at the present time. 

In our present study, we have attempted to demonstrate 
the scope and utility of measuring one-bond carbon cou- 
pling constants and believe that these results will help 
understand the mechanism of 13C spin interactions. We 
hope that, perhaps, the experimental data provided in our 
study will also stimulate theoretical interest to gain a more 
quantitative understanding of the effect of substituents 
on one bond 13C-13C coupling constants. 

Experimental Section 
Regular 13C and 13C satellite spectra were recorded at  50.3 MHz 

using a Varian XL-200 superconducting NMR spectrometer 
equipped with a variable temperature broad-band probe. 

All the benzophenones used were either commercially available 
with 99% purity or prepared from the correspondig 4-substituted 
bromobenzene by standard literature procedures. The benzoyl 
chlorides and methyl benzoates were prepared from the corre- 
sponding, commercially available, acid precursors. The former 

(19) Egli, H,; Philipsborn, W. U. Tetrahedron Lett. 1979, 4265. 
(20) Engelman, A. R.; Scuseria, G. E.; Contreras, R. H. J .  Magn. Re- 

son. 1982, 80, 21. 

was freshly distilled before use. All compounds used gave sat- 
isfactory spectral characteristics. 

The INADEQUATE spectra were all recorded a t  ambient 
temperatures in CDC13 solutions. Concentration of solutions were 
typically in the order of -30% for the methyl benzoates and 
benzoyl chlorides. In the case of benzophenones they varied from 
8% to 15% and needed the presence of trace amounts of Cr(acac)* 

The pulse sequences used for the 13C satellite spectra, based 
on Freeman et aL4, is 90°(x)-~-1800(ky)-r-900(x)-A-900(~)- 
Acq.(#), where T = (2n + 1)/4Jcc, A is a very short delay (- 10 
ps) needed to reset the radiofrequency phase during which time 
double quantum coherence evolves and $I and # are the phase of 
the last 90’ “read” pulse and the receiver reference phase, re- 
spectively. Optimum setting for direct coupling is when n = 0 
and thus set at  3.5 ms for benzoyl chlorides and methyl benzoates, 
and at  4.5 ms for the benzophenones. Repetition rate of this 
sequence is 15 s for the former and 2 s for the latter which 
contained Cr(acac)* Reasonable signal to noise ratio was achieved 
in 12-20 h of acquisition. Errors in the ‘JC,c measurements are 
estimated to be k0.3 Hz. 
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The rates of solvolysis of five allyl arenesulfonates are analyzed in terms of the extended Grunwald-Winstein 
equation. The 1 values are constant but the m values decrease slightly as the nucleofugality of the leaving group 
increases. The solvent nucleophilicity (NOTs) values presently available in the literature are based upon a m 
value for methyl p-toluenesulfonate (tosylate) solvolysis of 0.3; it is demonstrated that a value of 0.55 is more 
appropriate. The previously reported 1 values and correlation coefficients for tosylate ester solvolyses are accurate 
and the “apparent” sensitivities to solvent ionizing power ( m  values) are easily corrected. However, for use in 
conjunction with solvent ionizing power scales for other leaving groups,  NOT^ values based on the appropriate 
m value or, alternatively, NEts0+ values (based on triethyloxonium ion solvolysis) are required. 

Recently, we usedl the extended Grunwald-Winstein log ( k / k o )  = 1N + mY (1) 
, CH2=CHCH,0S0,Ar + SOH - 

CH2=CHCH,0S + ArS0,H (2) 
in the solvent under consideration. and in the standard 

(eq 1) to analyze the kinetic data of Sendega 
and co-workers for the solvolyses of allyl arene~ulfonates~’ 
(eq 2 ) .  In eq 1, k and KO are the specific rates of solvolysis 

(1) Kevill, D. N.; Rissmann, T. J. J. Chem. SOC., Perkin Trans. 2 1984, 

(2) Winstein, S.; Grunwald, E.; Jones, H. W. J .  Am. Chem. SOC. 1951, 

(3) Lowry, T. H.; Richardson, K. S. “Mechanism and Theory in Or- 
New York, 1981; pp 

(4) For a review, see: Bentley, T. W.; Schleyer, P. v. R. Adu. Phys. Org. 

(5) Sendega, R. V.; Vizgert, R. V.; Mikhalevich, M. K. Org. React. 

(6) (a) Vizgert, R. V.; Sendega, R. V. Org. React. (Tartu) 1968,5, 111. 

(7) (a) Sendega, R. V.; Gorbatenko, N. G. Reakts. Sposobn. Org. 

717. 

73, 2700. 

ganic Chemistry”, 2nd ed.; Harper and Row: 

Chem. 1977, 14, 1. 

(Tartu) 1970, 7, 512. 

(b) 1968, 5, 149. (c) 1969, 6, 83. 

Soedin. 1973, IO, 673. (b) 1973, 10, 691. 

334-336. 

(80% ethanol) solvent, 1 represents’the sensitivity to sol- 
vent nucleophilicity values (N) and m represents the 
sensitivity to solvent ionizing power values (Y). The 
specific rates of solvolysis were correlated for a combina- 
tion of ethanol, aqueous methanol, aqueous dioxane, and 
aqueous acetone systems. 

Using NKL values based on triethyloxonium ion solvo- 
lysiss and Y values based on tert-butyl chloride solvolysis? 
it was found that as the nucleofugality of the arene- 

(8) Kevill, D. N.; Lin, G. M. L. J .  Am. Chem. SOC. 1979, 101, 3916. 
(9) Grunwald, E.; Winstein, S. J .  Am. Chem. SOC. 1948, 70, 846. 
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