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AJ- _ c (Hz) in O-protonated acetophenones 
i p s o " carbonyl 

Figure 4. Plot of A7Cl -c^,^ i ' n O-protonated benzaldehydes vs. those 
in O-protonated acetophenones. 

that there is a linear free energy relationship between AJ values 
of two similar system. A plot of ^Jc^-c^bonyi v a l u e s m substituted 
O-protonated benzaldehydes against the corresponding values in 
O-protonated acetophenones is also linear (Figure 4) {r = 1.0). 
These linear plots of A / values indicate that the substituent effect 
on Jcc values (SCC) in systems that are closely related in their 
electron demand is very similar. 

/ c c values can, as shown in the present study, be valuable in 
the study of carbocationic systems. We are continuing our further 
study on 1 3C- 1 3C coupling in such electron-deficient systems. 

Experimental Section 

All acetophenones and benzaldehydes used were commercially avail
able samples with >99% purity. Regular 13C NMR and 13C satellite 
spectra were recorded at 50.3 MHz with use of a Varian XL-200 su

perconducting NMR spectrometer equipped with a variable-temperature 
broad-band probe. The spectra of neutral acetophenones and benz
aldehydes were obtained at room temperature in CDCl3 solvent (~30% 
solution). The O-protonated carboxonium ions were prepared by slow 
addition of the corresponding acetophenone or benzaldehyde to FSO3H 
at ca. -40 0C (~25% solution), and the spectra were recorded in FSO3H 
at -35 0C. The pulse sequence used for the 13C satellite spectra, based 
on Freeman et al.,17 is 90° (x)-r-18Oo(y)-T-9Oo(x)-A-9Oo(0)-Acq.«<), 
where T =* {In + l ) / 4 / c c , A is a very short delay (~ 10 ^s) needed to 
reset the radio-frequency phase during which time double quantum co-
herance evolves,and 4> and \p are the phase of the last 90° "read" pulse 
and the receiver reference phase, respectively. Optimum setting of T for 
direct coupling is when n = 0 and thus is set at 4.5 ms (corresponding 
to a / c c value of ~ 55 Hz). The repetition rate of this sequence is —10 
s, and reasonable S/N was achieved in 6-8 h of acquisition. The coupling 
constants can be directly measured from the "satellite" spectra.17 The 
accuracy of the coupling constants in a neutral compound are ±0.2 Hz 
while those in the protonated carboxonium ions are ±0.3 Hz. Some of 
the coupling constants could not be measured accurately due to overlap 
of peaks or due to broadening because of slow rotation around the 
Cip,0-Ccarbonyi bond (in the carboxonium ions). 
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Abstract: One-bond 13C-13C N M R coupling constants in a series of substituted benzoyl cations were measured by natu
ral-abundance 13C N M R spectroscopy with use of the INADEQUATE pulse sequence. The / c , ,co+ values were qualitatively 
compared with the JCi,cs values obtained in the corresponding substituted benzonitrile series, which serve as isoelectronic models 
for the benzoyl cations. Evidence for the predominance of the "ketene-like" mesomer contribution to their structure is discussed 
in the light of these results as well as previous 13C chemical shift data. A highly consistant behavior of the observed Jc31C4 
o r Jc41C5 values in both these series is also discussed and compared with previous results obtained in a series of similarly substituted 
benzenes, acetophenones, benzaldehydes, and the corresponding carboxonium ions. 

13C N M R chemical shifts (5C) and 1 3 C-H coupling constants 
( J C - H ) a r e widely used to provide detailed information about 

structure, bonding, and electron distribution in organic molecules, 
including carbocations.2 In contrast, relatively little interest has 
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Table I. One-Bond 13C-13C NMR Coupling Constants in 
Substituted Benzoyl Cations, IR" 

Table II. One-Bond 13C-13C NMR Coupling Constants in 
Substituted Benzonitriles, 2R° 

'Ci.CO 17C11C2 ' C 2 X 3 ' C 3 X 4 
others 

4-OCH3 

4-CH3 

H 
4-Cl 
4-Br 
4-F 
3-CF3 

4-CF3 

89.8 
84.0 
82.6 
85.2 
84.4 
86.4 
82.9 
82.6 

57.6 
58.1 
59.1 
59.1 
60.6 
60.1 
61.0 
60.9 

60.5 
57.2 
56.0 
57.3 
56.1 
58.7 
b 

58.5 

63.7 
54.1 
53.4 
59.1 
59.1 

b 
b 

(,1.1 
' C i X 6 

60.1 

3,5-(CF3)2 86.4 62.3 

"All coupling constants are in Hz and are measured in 1:1 
FS03H:SbF5 /S02 solutions at ca. -65 0C (~25% solutions). 'Could 
not be measured accurately due to signal overlap. 

been focused on the study and utility of 13C-13C coupling constants, 
yc,c» >n structural determinations.3,4 The one-bond coupling 
constants, in particular, are known to show large variations in 
values, ranging from -17.5 Hz (bicyclobutanes) to +185 Hz 
(alkynes), that arise mainly from hybridization changes in the 
carbons involved. Smaller variations within the series of com
pounds can be shown to also arise from factors such as nature 
and orientation of substituents, ring size, etc. However, experi
mental difficulties associated with measurements of such coupling 
constants have discouraged systematic investigations. Thus 
available data at present are sparse, usually involving only a limited 
series of compounds. 

Using Freeman's INADEQUATE pulse sequence,5 we reported 
one-bond 13C-13C coupling constants in a series of 1- and 2-
substituted adamantane derivatives6 and analyzed the substituent 
effect on these ' / c c values (SCC) in terms of electronic and 
stereochemical effects. We, subsequently, extended our study to 
electron-deficient systems and reported7 such results in a series 
of substituted acetophenones, benzaldehydes, and their corre
sponding O-protonated carboxonium ions. Since the primary goal 
of our studies was probing the transmission of electronic substituent 
effects, our investigation was restricted only to those systems in 
which the substituent and the electron-deficient carbocationic 
centers were well separated by a reasonably rigid molecular 
framework, such as an aryl ring. Ortho substituents were excluded 
to avoid complications arising from steric and/or other effects. 

In continuation of our study of ' / c c constants in carbocationic 
systems, we herein report the results obtained in a series of 3- and 
4-substituted benzoyl cations IR. 

: @ ^ 
IR. 

R-4-0CH,, 4 - C H 3 , H, 4-F. 4-CI , 4 -Br , 3-CF3, 4-CF,, 3, 5-(CF3) 3'2 

The 1JcX values obtained in this study are evaluated in con
junction with the 13C chemical shift data of the ions to probe the 

(1) Stable Carbocations Part 257. For Part 256, see: Olah, G. A.; Iyer, 
P. S.; Prakash, G. K.; Krishnamurthy, V. V. / . Org. Chem., in press. 

(2) (a) Stothers, J. B. "Carbon-13 NMR Spectroscopy"; Academic Press: 
New York, 1972. (b) Levy, G. C; Nelson, G. L. "13C Nucleus Magnetic 
Resonance for Organic Chemists"; Wiley-Interscience: New York, 1972. 

(3) For recent reviews and data compilations, see: (a) Marshall, J. L. in 
"Methods in Stereochemical Analysis"; Marchand, A. P., Ed.; Verlag Chemie 
International: Deerfield Beach, FL, 1983; Vol. 2, pp 1-241. (b) Wray, V. 
Prog. Nucl. Magn. Reson. Spectrosc. 1979,13, 177. (c) Hansen, P. E. Annu. 
Rep. NMR Spectrosc. 1981, UA, 65. Wray, V.; Hansen, P. E. Annu. Rep. 
NMR Spectrosc. 1981, 11 A, 99. 

(4) Pomerantz, M.; Bittner, S. Tetrahedron Lett. 1983, 7. Stocker, M. 
Monatsh. Chem. 1982,113, 1415. Kamienskatrela, K. / . MoI. Struct. 1982, 
78, 121. London, R. E. Org. Magn. Reson. 1982, 17, 134. 

(5) (a) Bax, A.; Freeman, R.; Kempsell, S. P. J. Am. Chem. Soc. 1980, 
102, 4849. (b) Bax, A.; Freeman, R.; Kempsell, S. P. J. Magn. Reson. 1980, 
41, 349. (c) Bax, A.; Freeman, R. J. Magn. Reson. 1980, 41, 507. 

(6) Krishnamurthy, V. V.; Iyer, P. S.; Olah, G. A. / . Org. Chem. 1983, 
48, 3373. 

(7) Krishnamurthy, V. V.; Prakash, G. K. S.; Iyer, P. S.; Olah, G. A. J. 
Am. Chem. Soc, in press. 

R 

4-OCH3 

4-CH3 

H 
3-OCH3 

4-Cl 
4-Br 
4-F 
3-CF3 

4-CF3 

^Ci,CN 

83.7 
81.5 
80.3 
80.6 

84.0 
83.1 
83.0 
82.6 

80.8C 

7 C i X 2 

60.5 
60.3 
60.1 
63.1 

61.2 
61.0 
60.5 
64.0 

60.4 

-7C2X3 

60.0 
57.3 
56.4 
68.6 

57.1 
63.4 
57.8 

b 

59.2 

-7C3X4 

66.5 
56.2 
54.7 
66.7 

64.7 
63.0 
70.7 

b 

b 

others 

Zc4-CH3 = 43.4 

•/Cl.c6 = 60.5 
Jc4X5 = 57.4 
' c , . c = 5 7-° 

-7CC6 = 60.7 
^c5X6 = 56.1 

"All coupling constants are in 
25% solutions) containing trace 
agent. 'Could not be measured 
value by spin simulation.10,11 

Hz and are measured in CDCl3 ( ~ 
amounts of Cr(acac)3 as relaxing 
due to signal overlap. 'Calculated 

trend of charge derealizations as a consequence of substituent 
effect. 

Results and Discussion 

The one-bond 13C-13C coupling constants8 in substituted benzoyl 
cations were measured in FSO3HiSbF5 (1:1)/S02 solution at 
temperatures between -60 and -80 0C and are listed in Table I. 
For comparison, similar measurements were also made in the 
corresponding neutral series of benzonitriles, 2R, whose 1 Jc,c values 
are summarized in Table II. These values were measured in 

C = N 

2R, 

R= 4-0CH3 , 4 - C H 3 , H, 3 -0CH 3 , 4-F, 4 -C l , 4-Br, 3 -CF 3 , 4 - C F 1 

CDCl3 solution at ambient temperature in the presence of a 
paramagnetic relaxing agent such as chromium(HI) acetyl-
acetonate.9 The JC,,CN f° r 4-(trifluoromethyl)benzonitrile (80.8 
Hz) had to be obtained by spin simulation technique, since only 
the inner peaks of the strong AB pattern (resulting from C1 and 
nitrile carbon resonances) could be observed. With use of the 
chemical shift obtained for C1 and nitrile carbons, the JC,,CN w a s 

computed by iterative calculations employing the LAME pro
gram.10,11 Since the calculation did not incorporate the 13C-in-
duced chemical shift shielding, the estimated error in the coupling 
constant is in the order of ±1 Hz. In the case of 3,5-bis(tri-
fluoromethyl)benzonitrile, measurement of /cbcN w a s n o t possible 
because of the close proximity of the C1 and nitrile 13C chemical 
shifts resulting in a strong AB coupled pattern where overlap of 
inner peaks of the AB "quartet" occurs. Attempts to measure 
the coupling constants in the related protonated benzonitrile series 
within reasonable instrument time were unsuccessful due to the 
extremely long spin-lattice relaxation times, T1, associated with 
the corresponding C1 and protonated nitrile carbons. Use of 

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

(9) The 13C-13C coupling constant values of benzonitriles in the absence 
of chromium(III) acetylacetonate were measured whenever possible. No 
difference in the values were, however, observed with those obtained in 
presence of this relaxation agent. 

(10) The spin simulation is based on the FORTRAN program, LAME, 
which is LAOCOON with magnetic equivalence added.11 LAME calculates the 
theoretical spectrum for spin - ' /2 nuclei given the values of chemical shifts 
and coupling constants. It can adjust the values of the parameters to approach 
a given experimental spectrum. 

(11) (a) Bothner-by, A. A.; Castellano, S. J. Chem. Phys. 1964, 41, 3863. 
(b) Emsely, J. W., Feeney, J., Sutcliffe, L. H., Eds. "Progress in Nuclear 
Magnetic Resonance Spectroscopy"; Pergamon Press: Oxford, 1972; Vol. 1, 
Chapter 3. (c) Stanley, R. M.; Marquardt, D. W.; Ferguson, R. C. J. Chem. 
Phys. 1964, 41, 2087. 
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Table III. Comparison of One-Bond 13C-13C NMR Coupling 
Constants in Some Representative Methyl and Phenyl Derivatives" 

Scheme I 

compound Vcc ref 

*CH3—*C=CH 
*CH3—*C=N 
" C H 3 - 4 C = O + 

67.4 
56.5 
45.9 

89.0 

80.4 

81.2 

16 
16 
16 

b 

b 

b 

" Coupling constants are between the carbons indicated by an aster
isk. 4 Present work. 

iron(III) chloride as a relaxing agent also proved futile under these 
conditions. 

The measured scalar coupling constant values basically represent 
the energy of interaction between the two 13C nuclei under ob
servation. The mechanism contributing to this interaction has 
been described by Ramsey12 with three terms—Fermi contact, 
spin-dipolar, and orbital dipolar, the last two being non-contact 
terms. Fermi contact mechanism has been generally regarded 
as the major contributor to the observed one-bond 13C-13C cou
pling constants and is believed to operate predominantly via the 
<r-molecular framework.13 Recently, however, the relative im
portance of both (T- and ir-transmitted components of all three 
terms in substituted benzenes has been evaluated by Contreras, 
et al.14 They concluded that in aryl systems, (a) the ir-component 
contributions of all three terms (contact and non-contact) are 
larger in the case of a formal double bond than in a single bond 
and (b) that they represent non-negligible contribution to the 
observed one-bond 13C-13C coupling constant values, even though 
the cr-component is still the dominant contributor. 

It is therefore of substantial interest to study Jchca
 m benzoyl 

cations and related benzonitriles. The basis for comparing the 
Jc1C values of the benzoyl cations with neutral benzonitriles stems 
from the fact that the carbons of interest in both cases are ap
proximately in the sp2-sp hybridized state. Moreover, a plot of 
the 13C chemical shift of Ci of the substituted benzoyl cations vs. 
the corresponding C1 shifts in benzonitriles yields a good corre
lation, r = 0.97.15 A reasonable correlation of r = 0.89 was also 
obtained in a similar plot of the Ca

 13C chemical shifts from both 
series.15 Hence replacing the positively charged oxygen atom with 
the isoelectronic nitrogen seems to induce similar changes in the 
613C values. No correlation was, however, obtained when the C„ 
13C chemical shifts of benzoyl cations are plotted vs. those of 
similarly substituted thiobenzoyl cations.16 

Theoretical studies have previously compared the '7c,c values 
in the related series of propyne, acetonitrile, and the acetyl cation, 
where the carbons of interest are in approximately the sp3-sp 
hybridized state. A list of these representative experimental 1J0 c 

values is summarized in Table III. The observed trend for these 
three systems has been correctly rationalized by CNDO molecular 
orbital calculations by Gray et al." and by Pople18 and are found 

(12) Ramsey, N. F. Phys. Rev. 1953, 91, 303. 
(13) (a) Blizzard, A. C; Santry, D. P. J. Chem. Phys. 1971, 55, 950. (b) 

Towl, A. D. C; Schaumberg, K. MoI. Phys. 1971, 22, 49. (c) Schulman, J. 
M.; Newton, M. D. J. Am. Chem. Soc. 1974, 96, 6295. (d) Wasylishen, R. 
E. Annu. Rep. NMR Spectrosc. 1977, 7, 245. (e) Axenrod, T., Webb, G. A., 
Eds. "NMR Spectroscopy of Nuclei Other Than Protons"; Wiley-Interscience: 
New York, 1974; Chapters 6, 8, and 13. (f) Pachler, K. G. R.; Chalmers, 
A. A. "Specialist Periodical Reports: Nuclear Magnetic Resonance"; Abra
ham, R. J., Ed.; Chemical Society: London, 1979; Chapter 3. (g) EgIi, H.; 
Philipsborn, W. V. Tetrahedron Lett. 1979, 4265. 

(14) Engelmann, A. R.; Scuseria, G. E.; Contreras, R. H. J. Magn. Resort. 
1982, SO, 21. 

(15) Olah, G. A.; Iyer, P. S.; Prakash, G. K. S.; Krishnamurthy, V. V. / . 
Org. Chem., in press. 

(16) Olah, G. A.; Prakash, G. K. S.; Nakajima, T. Angew. Chem., Int. Ed. 
Engl. 1980, /9,812. 

(17) Gray, G. A.; Maciel, G. E.; Ellis, P. D. / . Magn. Reson. 1969,1, 407. 

C H 3 - C = O 

3A 

C H 3 - C = O 

3B 

<Q>-c=o — (J^-C=O 

IA IB 

+ H 
- C H 2 - C = O 

3C 

-£>c=0-
IC 

etc. 

to be in opposite trend as dictated by /OSASA. the bond order/charge 
density matrix term. 

A similar, qualitative comparison of /Cl,c« values between phenyl 
acetylene, benzonitrile, and the benzoyl cation shows, however, 
an interesting deviation (Table III). The difference in the coupling 
constant, A/, between propyne and acetonitrile is approximately 
of the same magnitude as the AJ between the related phenyl 
acetylene and benzonitrile, roughly 10 Hz. In view of this, the 
Jchc„ °f the benzoyl cation would be predicted to have a value 
~ 10 Hz lower than benzonitrile (since 1Zc1C0 °f tne acylium cation 
is approximately 10 Hz lower than that of acetonitrile). However, 
the observed 1Zc1C0 value of the benzoyl cation is actually very 
close to that of benzonitrile. This relative increase in the coupling 
constant of the benzoyl cation clearly must have its origin in the 
mesomeric interaction of the phenyl ring with an electron-deficient 
cationic center. 

The acylium ions can be described in terms of the resonance 
hybrid contributions as depicted in Scheme I. This is strongly 
supportive of the fact that whereas the oxocarbenium ion 3A and 
carboxonium ion 3B mesomers are dominant contributors to the 
electronic description of the structure of the acetyl ion,19,20 the 
"ketene-like" mesomer IC contributes to a greater extent in the 
benzoyl cation. The resulting increased "double bond" character 
between C1 and Ca is in turn reflected in the relative increase 
observed in Jc,,ca- This is in agreement with the conclusions drawn 
earlier from 13C chemical shift studies21 which indicated a sub
stantial deshielding of the C2]6 and C4 carbons (approximately 
21 ppm for the C4 carbon of the parent benzoyl cations with repect 
to benzene) implying considerable charge derealization into the 
aryl ring. Support for the importance of "ketene-like" mesomer 
also comes from other methods of investigation such as UV 
measurements,22 X-ray crystallography,20 1H NMR23 and X-ray 
electron spectroscopy.24 

Another important evidence in support of the contribution of 
ketene-like structure (IC) for benzoyl cations comes from the 
analysis of the substituent effect on the carbonyl carbon chemical 
shift.21 Electron-donating substituents such as 4-OCH3 and 4-CH3 

deshield the carbonyl carbon (with respect to the parent benzoyl 
cation) while electron-withdrawing substituents shield it. Hence, 
a plot of the carbonyl carbon chemical shift against <rc+ values25 

gives a straight line (r = 0.99) with positive pc+ (+3.5). This trend 
in the substituent effect is opposite to what one would predict on 
the basis of only charge derealization (due to inductive and/or 
resonance effects) into the aryl ring. However, as a consequence 
of increased charge derealization into the aryl ring (with elec
tron-donating groups), the contribution of the mesomeric ket
ene-like structure, IC, increases. Such an increase in the mesomer 
(IC) contribution is expected to deshield the carbonyl carbon and 
in fact more than offsets the shielding expected on the basis of 

(18) Pople, J. A.; Mclver, J. W.; Ostlund, N. S. Chem. Phys. Lett. 1968, 
1, 465. 

(19) Boer, F. B. J. Am. Chem. Soc. 1968, 90, 6706. 
(20) Cherrier, B.; Le Carpentier, J. M.; Weiss, R. J. Am. Chem. Soc. 1972, 

94, 5718. Acta Crystallogr., Sect. B 1972, B28, 2673. 
(21) Olah, G. A.; Germain, A.; White, A. M. "Carbonium Ions"; Olah, 

G. A., Schlelyer, P. v. R., Eds.; Wiley-Interscience: New York, 1976; Vol. 
5, p 2049. 

(22) Olah, G. A.; Pittman, C. U.; Waak, R.; Doran, M. / . Am. Chem. Soc. 
1966, 88, 1488. 

(23) Tomalia, D. A. J. Org. Chem. 1969, 34, 2583. 
(24) Mateescu, G. D.; Riemenschnieder, J. L.; Svoboda, J. J.; Olah, G. A. 

/ . Am. Chem. Soc. 1972, 94, 7191. 
(25) Brown, H. C; Kelly, D. P.; Periasamy, M. Proc. Natl. Acad. Sci. 

U.S.A. 1980, 77, 6956. 
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Table IV. Comparison of ,Zc31C4 Values in Substituted Benzenes 

R 

OCH3 

CH3 

H 
Cl 
Br 
F 
CN 

H' 

67.0 
57.0 
56.0 
65.2 
63.7 
70.8 
60.1 

C H C 

66.4 
56.1 
55.4 
64.8 
63.1 
70.5 
60.4 

C O C H / 

66.5 
56.5 
55.4 
65.0 
63.6 
70.6 
60.4 

X 

CN" 

66.5 
56.2 
54.7 
64.7 
63.0 
70.7 

b 

CH+OH'' 

61.5 
53.7 
54.0 
62.2 
60.1 
69.0 
* 

CC+OH)CH3'' 

64.5 
54.1 
54.0 
62.6 
61.7 
69.8 
* 

C = O + e 

63.7 
54.1 
53.4 
59.1 
59.1 

a 
b 

"Could not be measured accurately due to signal overlap. 'Data not available. cReference 29. dReference 7. 'Present study. 

charge delocalization. Similar argument will explain the shielding 
observed with an electron-withdrawing group. 

Some confusion was introduced recently by Kelly et al.,26 who 
interpreted the positive p c + in the benzoyl cation (in comparison 
to the positive px observed27 in acetophenone, styrene, etc. by DSP 
analyis) as due to the dominance of the inductive ir-polarization 
mechanism. While a positive P1

28 in DSP analysis is indeed 
indicative of "reverse" substituent effect on chemical shift which 
can be interpreted as due to ir-polarization, a comparison of such 
P1 values to p c + is highly misleading. p c + is the slope in the SSP 
analysis and is thus a combination of both inductive and resonance 
transmission coefficients (pr and pR), while P1 (from DSP analysis) 
reflects only the inductive component. Moreover, in the case of 
the benzoyl cation (and other systems with a conjugated triple 
bond such as phenylacetylenes, benzonitriles, etc.) the large de-
shielding in the carbonyl carbon ( C J due to an increase in the 
mesomeric contribution of the ketene-like structure (in general, 
allenyl structure) is also reflected in the pc+ value. Thus one must 
use caution in using the sign and magnitude of p c , in systems 
with conjugated triple bond as a probe for the presence of chemical 
shift shielding "mechanisms" other than inductive and resonance 
effects. 

In our previous report related to the study of acetophenones, 
benzaldehydes, and their corresponding carboxonium ions,7 we 
also described the substituent-induced behavior of the 7c,,co values 
in terms of inductive and resonance effects. For example, in all 
of these systems, the coupling constants increased (with respect 
to the /ci.co value of the corresponding parent compounds) with 
electron-donating groups such as 4-OCH3 and 4-CH3 and de
creased with electron-withdrawing groups like 4-CF3 and 4-
COCH3. 

These changes were rationalized as being a reflection of changes 
in the double bond character caused by the relative contributions 
of mesomers such as 4B or 5C (in Scheme II). In addition, the 
relative increase in the magnitude as well as span of values ob
tained in the protonated series further indicates the increased 
mesomeric interaction of the aryl ring. A similar comparison of 
the range of/C|Ca values obtained in the present study, indeed, 
also reveals a spread of 3.7 Hz in the neutral benzonitriles while 
exhibiting a relatively larger span of 7.2 Hz in the electron-de
ficient benzoyl cation series. The largest /c,,c„ value of 89.8 Hz 
was observed in the 4-methoxybenzoyl cation while a relatively 
lower coupling constant of 82.6 Hz was obtained in the 4-(tri-
fluoromethyl)benzoyl cation. In the corresponding benzonitriles, 
the 4-methoxy substituent induces a /c,,c„ value of 83.7 Hz while 
the 4-(trifluoromethyl) renders a value of 80.8 Hz.29 However, 
an attempt to explain the SCC values in either of these two systems 

(26) Kelly, D. P.; Jenkins, M. J. J. Org. Chem. 1984, 49, 409. 
(27) (a) Bromilow, J.; Brownlee, R. T. C; Craik, D. J.; Fiske, P. R.; Rowe, 

J. E.; Sadek, M. J. Chem. Soc, Perkin Trans. 2 1981, 753. (b) Hamer, G. 
K.; Peat, I. R.; Reynolds, N. F. Can. J. Chem. 1973, 51, 897, 915. 

(28) The sign of the p value is defined by following the convention24 that 
AS (dH - ^x) is positive for shielding and negative for deshielding. 

(29) The latter value of 80.8 Hz is a simulated value as discussed earlier. 
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simply on the basis of mesomeric interactions alone fails since all 
the substituents cause the /c„c„ values to be greater than that of 
the corresponding parents, benzoyl cation or benzonitrile. 

Analysis of the Jchct
 o r -Zc41C3 values in substituted benzonitriles 

and benzoyl cations reveals a more consistant behavior when 
compared with those obtained in the corresponding acetophenones, 
benzaldehydes, and their O-protonated analogues. The data are 
collected in Table IV. The coupling constants in the neutral series 
of acetophenones, benzaldehydes, and benzonitriles are almost 
identical (within ± 1 Hz) and seem to be characteristic of the 
substituent attached to the C4 carbon atom. Furthermore, these 
values compare just as well with /c,,c2 values obtained for the 
corresponding series of monosubstituted benzenes reported earlier 
by Wray et al.30 Hence, the magnitude of the substituent effect 
in neutral systems seems to depend critically upon the proximity 
of the substituent to the carbons involved in coupling and sharply 
attenuates at distances greater than one bond. The .Zc31C4

 o r -ZQ1C5 

a n d ^Ci1C2
 o r -Zc11C6 therefore exhibit values which are mutually 

exclusive to the presence of another substituent three bonds away. 
The general trend is that inductively electron withdrawing groups 
increase the coupling constant while electron donating groups 
decrease it. 

Comparison of these coupling constant with the 7Cj,c4 or -7C41C5 

values obtained in the corresponding carbocationic series of 
compounds, namely the O-protonated acetophenones, benz
aldehydes, and benzoyl cations, shows that while the overall trend 
still persists, the magnitudes are generally lower. These results 
may be rationalized, if one considers (in addition to the electro
negative effect of the directly attached substituent) the bond 
localization effects brought about by a relative increase in the 
contribution of mesomer SC and IC (see Schemes I and II) in 
protonated acetophenones, benzaldehydes, and benzoyl cations, 
respectively. We are well aware that such a simplified explanation 
ignores the possible effect of the positive charge residing on the 
C4 carbons in either of the two mesomers 5C and IC. However, 
until detailed theoretical investigations critically evaluate such 
effects, the proposed qualitative explanation based on simple 
inductive and resonance effects seems reasonable. 

(30) Wray, V.; Ernst 
40, 55. 

L.; Lund, T.; Jakobson, H. J. / . Magn. Reson. 1980, 



J. Am. Chem. Soc. 1984, 106, 7077-7082 7077 

Experimental Section 

Regular 13C and 13C satellite spectra were recorded at 50.3 MHz on 
a Varian XL-200 superconducting NMR spectrometer equipped with a 
variable-temperature broad-band probe. 

All the benzonitriles used were commercially available with >99.0% 
purity and were used as such. Aroyl chloride precursors for benzoyl 
cation were either commercially available or made by thionyl chloride 
reaction from the corresponding acids. The acid chlorides were freshly 
distilled before ionization. 

All the benzoyl cations were prepared with use of 1:1 FS03H:SbF5 
in SO2 solutions at temperatures of -10 to -20 0C. Solution concen
tration for the natural abundance coupling constant studies were typically 
in the order of ~25%. 

Similarly ~30% CDCl3 solutions of substituted benzonitriles con
taining a trace amount of Cr(acac)3 were used at ambient tempeatures 
for the coupling constant measurements. 

The pulse sequence used for the 13C satellite spectra, based on Free
man et al.,5 is 9O°(*)-T-18O°(±><)-r-9Oo(x)-A-9Oo(0)-Acq.W<), where 
T = (In + l)/47cc, A is a very short delay (~ 10 /AS) needed to reset the 

Acid-catalyzed rearrangement of hydrazoarenes into benzidines, 
diphenylines, and semidines are called, collectively, benzidine 
rearrangements. In spite of the very large amount of information 
which has been gathered about these intramolecular rearrange
ments,5"15 questions on their mechanisms still remain. A major 

(1) Part 18: Shine, H. J.; Habdas, J.; Kwart, H.; Brechbiel, M.; Horgan, 
A. G.; San Filippo, J., Jr. J. Am. Chem. Soc. 1983, 105, 2823. 

(2) Taken, in part, from the Ph.D. Dissertation of K. H. Park, Texas Tech 
University, 1983. 

(3) Texas Tech University. Supported by the Robert A. Welch Founda
tion, Grant No. D-028. 

(4) Rutgers University. Supported by the National Science Foundation, 
Grant No. CHE 8312730. 

(5) Jacobson, P. Justus Liebigs Ann. Chem. 1922, 428, 76. 
(6) Hughes, E. D.; Ingold, C. K. Q. Rev., Chem. Soc. 1952, 6, 34. 
(7) Vecera, M. Chem. Listy 19S8, 52, 1373. 
(8) Dewar, M. J. S. In "Molecular Rearrangements"; de Mayo, P., Ed.; 

Interscience: New York, 1963; Vol. 1, pp 323-343. 
(9) Dewar, M. J. S.; Marchand, A. P. Annu. Rev. Phys. Chem. 1965,16, 

338. 
(10) Banthorpe, D. V.; Hughes, E. D.; Ingold, C. K. J. Chem. Soc. 1964, 

2864. 

radiofrequency phase during which time double quantum coherence 
evolves, and 4> and <p are the phase of the last 90° "read" pulse and the 
receiver reference phase, respectively. The optimum setting for direct 
coupling is when n = 0 and thus set at 3.1 ms (corresponding to a lJc,c 
value of ~80 Hz). The repetition rate of this sequence is 2 and 15 s 
respectively for benzonitriles [with Cr(acac)3] and benzoyl cations. 
Reasonable signal to noise was achieved in 6-8 h for the former and in 
24-36 h for the latter. 
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mechanistic uncertainty concerns concertedness, that is, whether 
or not the rearrangements are concerted processes, as described 
in the polar-transition-state theory of Ingold, Hughes, and Ban
thorpe,16 or go through intermediates such as 7r-complexes8'9 or 
solvent-caged radical/radical-ion pairs. Recently we have shown 
with measurements of kinetic isotope effects (KIE) that the re
arrangement of hydrazobenzene into benzidine is a concerted 
process while the accompanying rearrangement into diphenyline 
is not.17 Also, the p-semidine rearrangement of 4-methoxy-
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Benzidine Rearrangements. 19. The Concerted Nature of 
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Abstract: Kinetic isotope effects (KIE) in the acid-catalyzed, one-proton rearrangement of 2,2'-dimethoxyhydrazobenzene 
(1) into 3,3'-dimethoxybenzidine (2) have been measured. Nitrogen KIE were determined on the bis(trifluoroacetyl) derivative 
of 2 which was isolated from low and 100% conversions of mixtures of 1 and [15N1

15N'] 1 under kinetic conditions. The ratio 
of masses M(438)/M(436) as determined by whole-ion mass spectrometric techniques led to the result fc(14N)/&(15N) = 1.0289 
(for two nitrogens). Similar measurements on the derivative of 2 isolated from conversions of mixtures of 1 and [4,4'-'3C2]I 
led to the result k(nC)/k(nC) = 1.0286 (for two carbons). These results show that the formation of 2 is a concerted process 
and, thus, that the acid-catalyzed rearrangement of 1 is a 5,5-sigmatropic shift. Rearrangement via a 7r-complex intermediate 
or a solvent-caged, radical/radical-ion pair is excluded. That bonding in the 4,4' positions of 1 is part of the rate-determining 
step in this rearrangement was confirmed by measurement of an inverse secondary deuterium KIE (kH/kD = 0.929 for two 
deuteriums). This result was obtained from ratios of M(244)/M(242) which were measured on 2,2'-dimethoxyazobenzene 
(3), obtained by oxidizing the hydrazo substrate remaining after high conversions of mixtures of 1 and [4,4'-2H2]I. 
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