
Vol. 7 ,  1974 C-H and C-C Spin-Spin Coupling Constants 333 

apparently random H-D rearrangement is thus able 
to compete successfully with the McLafferty rear- 
rangement, even a t  times less than 10-IO sec. 

To explain these kinetic results we propose the fol- 
lowing mechanism41 

\ t p cleavage 

y-H transfer 2 + ,Y and p cleavage 

C,H,,O~+ (10) 

We are concerned primarily with reaction a t  times of 
10-10 sec and longer, a t  which times we consider the 
McLafferty rearrangement to be stepwise (c f .  hexa- 
nal). The crucial question is: does the species formed 
by the initial 7-D transfer undergo hydrogen shifts in 

(41) G. Eadon and C. Djerassi, J.  Amer. Chem. Soc., 92,3084 (1970) 

the hydrocarbon chain or does it undergo /3 cleavage? 
We argue that the tertiary radical formed by y 
transfer in a y-branched molecule is significantly 
more stable than the secondary radical formed with 
a straight-chain or a-branched molecule, and that 
the increased stability will favor hydrogen shifts over 
,6 ~leavage.~O Thus branching at  the y position en- 
ables H-D rearrangement to compete more effective- 
ly with McLafferty rearrangement. Support for the 
proposed mechanism (eq 10) can be derived from the 
relative rates of McLafferty rearrangement in 
straight-chain and y-branched ketones.40 

The point we wish to make is that  the apparently 
random H-D rearrangements in aliphatic alkenes 
and ketones are explicable in terms of perfectly con- 
ventional chemical reactions. We suggest that  this is 
generally true for aliphatic species.42 The only prob- 
able exceptions are alkane ions.21 Hydrogen and 
deuterium atoms in aliphatic ions containing unsat- 
uration or functional groups arrive a t  a degree of iso- 
topic randomization by a series of highly specific hy- 
drogen (deuterium) shifts. 
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During the 1960's a profusion of experimental pro- 
ton nmr data, in conjuction with excellent theoretical 
work, allowed very satisfactory correlation of molecu- 
lar structure with proton-proton spin-spin coupling 
c0nstants.l This correlation has given the organic 
chemist a powerful tool for structure elucidation of 
even very complex molecules. Proton nmr work was 
so fruitful because of three inherent features: (1) the 
ubiquitousness of the proton in organic molecules, 
giving the nmr spectroscopist an almost unlimited 
number of systems to explore; (2) the high natural 
abundance of the lH isotope (99.98%), whose spin of 
l/2 gives sharp signals, allowing precise measurements 
of high-resolution spectra; (3) the high sensitivity of 
the lH nucleus, and hence the large nmr signals. 
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Carbon-Proton Couplings, It would seem desir- 
able to extend structural correlations to carbon-pro- 
ton couplings, since carbon exists in all organic com- 
pounds, by definition. However, the common isotope 
of carbon-12C, whose nuclear spin is 0-is nmr inac- 
tive, and carbon-proton couplings are not a signifi- 
cant feature in routine proton nmr spectra. Actually, 
the nmr inactivity of carbon-12 has been a blessing 
during the extensive proton-proton investigations of 
the past 15 years, because i t  removed the complica- 
tion of carbon-proton couplings. Now that our un- 
derstanding of proton-proton couplings is fairly com- 
plete, however, the attractiveness of additional nmr 
methods involving carbon increases. The isotope of 
carbon that is nmr active (13C, with a nuclear spin of 
l/2) exists in nature to the extent of 1.1%. Hence, if 
one chooses a system wherein the main proton signals 
do not mask the much weaker signals arising from 
the carbon-proton couplings, one may obtain accu- 
rate measurements for these couplings. In practice, 
only large carbon-proton splittings may be observed, 

(1) S. Sternhell, Quart. Rea ,  Chem. Soe., 23,236 (1969). 
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because the smaller splittings are not spread out suf- 
ficiently to emerge from under the intense center 
band of the normal proton signals. Generally, only 
those carbon-proton couplings which are directly 
bonded ( ~ J c - H )  are large enough (120-250 Hz) to be 
directly observable. These patterns, attributable to 
the directly bonded carbon-proton couplings, flank 
the more intense center bands in a pattern known as 
“satellite spectra.” Unfortunately, these satellite 
spectra can be quite complex and only the simplest 
molecules are amenable to satellite spectral analysis. 

A different approach to obtaining carbon-proton 
couplings is to observe these splittings in the 13C nrnr 
spectra. This approach suffers from two difficulties. 
First, for a compound with x different carbon atoms, 
there appear x different spectra, all appearing simul- 
taneously and potentially overlapping in an indiscer- 
nible manner. Second, the sensitivity of the carbon 
nucleus is low, only 0.016 that of lH. Hence, ob- 
taining satisfactory spectra can be laborious and can 
suf€er from lack of resolution. Nevertheless, some ex- 
cellent carbon-proton coupling data have been ob- 
tained by this method in suitably chosen systems. 

on ~ ~ ~ p ~ ~ ~ ~ s ~  A further area of ex- 
ploration involving carbon-13 is carbon-carbon cou- 
plings. An experimental benefit here is the possibility 
of using proton decoupling. Proton decoupling helps 
alleviate the two problems noted immediately above. 
First, since carbon-proton coupling is removed, sim- 
plified spectral patterns result; second, proton decou- 
pling generally enhances carbon signals, owing to the 
nuclear Overhauser effect. Unfortunately, because of 
the low natural abundance of carbon-13, the chance 
of two carbon-13 nuclei existing simultaneously a t  
two given positions in a molecule is quite small. 
Time-averaging can enhance these carbon-carbon 
satellite signals so that they are measurable if the 
values are sufficiently large to be apart from the large 
center band. With a few exceptions, only directly 
bonded carbon-carbon coupling constants (4Ic-c) 
can be obtained by this method. 

les. In view of these 
difficulties in studies involving natural abundance 
carbon-13, using enriched samples is an obvious ad- 
vantage. Several research groups have adopted this 
approach with considerable success. In the past five 
years, carbon-13 precursors have become available a t  
reasonable prices (about $700 for 1 mol of >90% I3C 
carbon dioxide), allowing the economically reason- 
able synthesis of molecules with a specific carbon-13 
label. Although carbon-13 precursors of lower isoto- 
pic purity are available a t  low prices, i t  is usually de- 
sirable to use isotopic purities sufficiently close to 
100% so that the center-band problem will not ob- 
scure small couplings. The major difficulty with the 
approach is tedious synthetic sequences originating 
from the labeled precursor. 

With a specific position labeled with carbon-13, 
the proton spectrum would involve exclusively the 
proton system coupled with the labeled carbon. Car- 
bon-carbon couplings could be obtained from these 
specifically labeled systems by observing the natural- 
ly occurring carbons, each of which could potentially 
be coupling with the labeled carbon. Thus, the natu- 
rally occurring carbon signals would each be split into 

a doublet, reflecting coupling with the labeled carbon. 
Synthesis of Labeled Compounds. In our group, 

the synthesis of the labeled compounds has almost 
exclusively involved initially reacting a Grignard re- 
agent with labeled carbon dioxide to form the 13C- 
carboxyl carboxylic acid.2 Vacuum-line techniques 
had previously been worked out for carbon-14 la- 
beled compounds which were immediately adaptable 
to our carbon-13  system^;^ however, the technique of 
washing out a synthesized labeled compound with 
natural compound, which is routine in carbon-14 syn- 
theses where dilution of the radioactivity is not a se- 
rious concern, in our systems would immediately de- 
stroy the (virtually) pure label. Only small adjust- 
ments in the published procedures, however, were 
necessary for satisfactory syntheses. Because car- 
boxyl-labeled carboxylic acids were immediately 
available uia these procedures, i t  was natural to con- 
centrate on carboxylic acids in our carbon-proton 
and. carbon-carbon coupling studies. However, these 
carboxylic acids have sometimes been converted to 
different functionalities. 

ange Carbon-Proton Coupling 
A major question pursued by several investigatoiLa 

in the past several years has been: is carbon-proton 
coupling analogous to proton-proton coupling? With 
no nonbonding valence electrons, carbon is like pro- 
ton, and perhaps carbon couplings would differ from 
proton couplings only in that the magnetogyric ratio 
would predict the former couplings would be smaller. 
Specifically, with a magnetogyric ratio ca. one-fourth 
that of proton, carbon-proton couplings should be 
one-fourth those of geometrically equivalent proton- 
proton couplings. In some initial calculations taking 
into consideration mean excitation energies and elec- 
tron densities, a slightly higher figure was suggested 
(ca. 20% h i g h ~ ) . ~ J  

In testing the idea that proton-proton systems will 
reflect geometrically equivalent carbon-proton sys- 
tems, one should choose a labeled carbon atom which 
is similar to a proton. By this “similarity” one would 
suggest a carbon which is singly bonded to the organ- 
ic molecule, rather than a multiply bonded carbon. 
The natural direction to test this hypothesis, there- 
fore, is to isolate the labeled carbon as a substituent 
rather than as a nucleus inherent in a T system. The 
choice of labeled carboxyl carbons, which was point- 
ed but above to be desirable synthetically, therefore 
seemed natural, and a major portion of our work has 
accordingly involved such systems. 

oxyl-Labeled Carboxylic Acids. A 
good method of determining coupling constants in- 
cluding signs is that of “spin tickling.” In spin-tic- 
kling studies, appropriate nmr signals are irradiated 
(“tickled”), whereupon certain other signals are split 
into doublets in a manner consistent with a certain 
choice of signs for the coupling constants. In spin-tic- 

(2) J. L. Marshall and D. E. Miiller, J .  Amer. Chem. Soc., 95, 8305 
(1973). 

(3) A. Murray, 111, and D. L. Williams, “Organic Synthesis with Iso- 
topes,” Interscience, New York, N. Y., 1958. 

(4) G. J. Karabatsos, J. D. Graham, and F. M. Vane, J .  Amer. Chem. 
Soc., 84,37 (1962). 

( 5 )  The presence of six additional bonding electrons for the carbon atom 
will further complicate the picture. Thus, the proton-proton system may he 
a working model, but this additional complicating factor should be kept in 
mind. 



Vol. 7, 1974 C-H and C-C Spin-Spin Coupling Constants 335 

10 “1 
JCH 

-2 0 2 4 6 8 10 12 14 16 18 20 

Ji,H 

Figure 1. Jc-H of olefinic and aromatic carboxylic acids us. JH-H 
of geometrically equivalent hydrocarbons. The respective data 
points are derived from: (0); 3J of 1 (0);  3J of 2 (v); 3J of 3 

(0); 5J of 1 (A).  The line is that obtained by the method of aver- 
ages not including the 2J values (0). 

(+); 3Jcis of 4 (V); 3Jtrans of 4 (0); 4J of 1 (A); *J of 2 (D); 4J of 3 
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kling studies involving the proton nmr spectra of 
13C-carboxyl crotonic acids (1, 2) and methyl benzo- 
ate (3), all long-range Jc-H values, including signs, 
were determined.6>7 These Jc-H values, along with 
the values from acrylic acid (4),8 found excellent cor- 
relation with the JH-H values of geometrically equiv- 
alent systems (5 ,6 ,  and 7).6 Figure 1 shows this corre- 
lation and includes 2 J ~ ~ ,  3 J c ~ ,  4 J ~ ~ 3 ,  and 5 J ~ ~  
values. Interestingly, the 2 J ~ ~  values (0 symbols) di- 
verge from the general linearity of the plot, suggest- 
ing an additional mechanism is operating for ‘JcH, 
possibly via indirect coupling through the carboxyl 
oxygen atom. The slope of the plot of Figure 1 shows 
JCH = O . ~ J H H ,  larger than anticipated from some 
theoretical calculations (uide supra 1, where i t  was 
suggested that JCH O . ~ J H H . ~  This JCH O . ~ J H H  
relationship also applies to 3J values for aliphatic 
carboxylic a c i d ~ . ~ J ~  

The speculation that the 2 J ~ - ~  values experience 
(6) J .  L. Marshall and R. Seiwell, J .  Magn. Resonance, 15, 150 (1974). 
( 7 )  A. M. Ihrig and J. L. Marshall, J.  Amer. Chem. SOC., 94,3268 (1972). 
(8 )  K. M. Crecely, R. W. Crecely, and J. H. Goldstein, J .  Mol. Spec- 

trosc., 37, 252 (1971). 
(9) G. J. Karabatsos, J .  Amer. Chem. SOC., 83,1230 (1961). 

(10) G. J. Karabatsos, J. D. Graham, and F. Vane, J .  Amer. Chem. SOC., 
83. 2778 (1961). 

Table I 
Geminal Carbon-Proton Couplings of Aliphatic 

Carboxylic Acids Compared with Geminal 
Proton-Proton Couplings of Geometrically 

Equivalent Hydrocarbons 

Carbon-  P r o t o n  P r o t o n -  P r o t o n  
Compound 2 J C - H u 7 b  Compound JH-H 

(-)6.17 (- ) 12.6“ 

8 12 

9 

10 13 

- 10.2d 

HOIC 

(-)4.61 & 11 14 

a I n  hertz. bReference 11. Signs are most probably negative.12 
Reference 13. Reference 14. 

an additional mechanism in olefinic systems may be 
supported by geminal couplings in aliphatic carbox- 
ylic acids.ll Various aliphatic carboxylic acids (8-1 1)  
show a I 2 J ~ ~ I  value considerably less than analogous 
1 2 J ~ ~ J  values of 12-14 (see Table I), whereas the re- 
verse was the case for 1-7. The data of Table 
show a rough relationship, 2 J ~ ~  N O A 2 J ~ ~ .  It is 
known that the orientation of the carboxyl group 
with respect to the geminal proton is not the same in 
these aliphatic systems as it was in the olefinic sys- 
t e m ~ , ~ ~  and this may explain why these aliphatic 
‘JCH values are more nearly “normal.” That  2 J ~ ~ /  
~ J H H  for the aliphatic carboxylic acids (m~0.5) is 
smaller than the general JCHIJHH relationship of 
Figure 1 (-0.7) may be due to a steric flaring of the 
H02C-C-H angle16 (in 2 J ~ ~  systems, an increase of 
the involved angle decreases the I ‘JHHI value1). Con- 
sistent with the idea that the I2Jc~I  value of the 
H02C-C-H system decreases as the involved angle 
increases, this I ‘JcHI value is substantially lower in 
11, 

The Dihedral Dependence of Three-Bonded 
Carbon-Proton Coupling. Attempts to use proton- 
proton systems as models for carbon-proton systems 
have led to investigations concerning the angular de- 
pendence of three-bonded carbon-proton couplings. 

(11) D. E. Miiller, Ph.D. Thesis, North Texas State University, 1974. 
(12) E. Sackmann and H. Dreeskamp, Spectrochim. Acta, 21, 2005 

(13) N. Muller and P. J. Schultz, J .  Phys. Chem., 68,2026 (1964). 
(14) J .  L. Marshall and S. R. Walter, J .  Amer. Chem. Soc., 96,6358 (1974). 
(15) J. Sicher, M. Tich4, and F. SipoH, Tetrahedron Lett., 1393 (1966); H. 

van Bekkum, P. E. Verkade, and B. M. Wepster, ibid., 1401 (1966); H. van 
Koningsveld, Acta Crystallogr., Sect, B, 28, 1189 (1972); V. P. Luger, K. 
Plieth, and G. Ruban, ibid., 28,706 (1972). 

(16) In olefinic systems, a substituent does not flare the geminal proton 
as in aliphatic systems [M. A. Cooper and S. L. Manatt, Org. Magn. Reso- 
nance, 2,511 (1970)]. 

(1965). 
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Although a thorough investigation has not been con- 
ducted, several studies strongly suggest a similar de- 
pendence does exist for aliphatic 3 J c - ~  values. Cal- 
culations for propane17 suggest that, just as for Kar- 
plus proton-proton systems,18 a minimum for 3JcH 
occurs with a dihedral angle of 90°, a maximum a t  O", 
and a larger maximum a t  180O. A conformational 
study of propionaldehyde and its 0- methyloxime 
shows the angular dependence of 3 J c - ~  behaves as 
that of 3 J ~ - ~  in these systems.lg 

In another interesting system wherein 3JH-H 
values are not helpful in establishing relative confor- 
mer populations-2-phenylsuccinic acid-the 3Jc-H 
values are quite helpful.20 In this study, a Jc-H 
(trans) value of 11 Hz and a Jc-H (gauche) value of 2 
Hz are suggested. The angular dependence of 3JC-H 
has also been used to help establish the conforma- 
tions of carbohydrates21 and bases and nucleo- 
s i d e ~ . ~ ~ - ~ ~  

The Jc-H/JH-H Ratio. The Fermi contact term is 
generally agreed to be the dominant contribution in 
JH-H and 'JC-H.~~'~ Dominance of the Fermi contact 
term would lead one to expect a strong dependence of 
Jc-H on the hybridization of the carbon atom. A sin- 
gular lack of such dependence for 3 J c ~  in certain ali- 
phatic s y s t e m ~ ~ J ~ 9 ~ ~  has been noted, and it was sug- 
gested that perhaps other mechanisms ( i . e , ,  spin-di- 
pole and/or electronrorbital . contributions) may be 
operative. It was further calculated4 that a purely 
Fermi contact mechanism would predict: JC-H = 
JH-H X 0.30 (for sp3-hybridized 13C); Jc-H = JH-H X 
0.40 (for sp2-hybridized 13C); and Jc-H = JH-H X 
0.61 (for sp-hybridized 13C). As noted above, the ob- 
served Jc-H values are consistently greater, suggest- 
ing additional coupling mechanisms may be opera- 
tive and/or these calculations are not completely sat- 
isfactory. The excellent correlation of Jc-H with 
JH-H (Figure 1) suggests the latter possibility is the 
correct one. Subsequent calculations26 have indeed 
supported the contention that with carbon noncon- 
tact mechanisms are expected to be quite small. No 
doubt part of the large Jc-HIJH-H ratio for carboxyl- 
ic acids is partially due to the electronegative substit- 
uent (-OH) on the carboxyl group, but even for ke- 
tones (diethyl ketonelo) and for hydrocarbons (neo- 
pentanez7) the ratio is still large (-0.6). 

Carbon-Proton Coupling in  ./r Systems. I t  is 
more difficult to envision a proton-proton model for 
carbon-proton systems where the carbon is olefinic- 
aromatic than where the carbon is a substituent. 
Nevertheless, surprising success has been experi- 

(17) R. Wasylishen and T. Schaefer, Can. J .  Chem., 50,2710 (1972). 
(18) M. Karplus, J.  Amer. Chem. Soc., 85,2870 (1963). 
(19) G. J. Karabatsos, C. E. Orzech, Jr., and H. Hsi, J.  Amer. Chem. Soc., 

(20) M. E. Rennekamp and C. A. Kingsbury, J.  Org. Chem., 38, 3959 

(21) J. A. Schwarcz and A. S. Perlin, Can. J .  Chem., 50,3667 (1972). 
(22) R. U. Lemieux, T. L. Nagubhushan, and B. Paul, Can. J .  Chem., 50, 

(23) M. P. Schweizer, E. B. Banta, J. T. Witkoski, and R. K. Robins, J.  

(24) L. T. J. Delbaere, M. N. G. James, and R. U. Lemieux, J.  Amer, 

(25) G. J. Karabatsos and C. E. Orzech, Jr . ,  J .  Amer. Chem. Soc., 86,3574 

(26) M. D. Newton, J. M. Schulman, and M. M. Manus, J.  Amer. Chem. 

(27)  G. J. Karabatsos and C. E. Orzech, Jr., J .  Amer. Chem. Soc., 87, 560, 

88,1817 (1966). 

(1973). 

773 (1972). 

Amer. Chem. Soc., 95,3770 (1973). 

Chem. Soc., 95,7866 (1973). 

(1964). 

Soc., 96, 17 (1974). 

(1965). 

Y H  
H 

15 16 

enced with benzene where 'Jc-H, 3JC-H, and 
4 J c - ~  values were compared with 2 J ~ - ~  and 3 J ~ - ~  
of ethylene (16) and an adjustred 4 J ~ - ~  value of al- 
lene. Here the J c - H l J H - H  ratio was 0.4, just as pre- 
d i ~ t e d . ~  Choice of the correct proton-proton model 
was critical, however; if propylene is chosen as the 
model for the 4 J c - ~  value of benzene, agreement is 
poor. Using this Jc-HIIJH-H = 0.4 ratio, reasonable 
agreement is also found in nitrogen  heterocycle^^^ 
and in olefins.30 

Departure from the success of using proton-proton 
models is seen in 2J values in monosubstituted vinyl 
compounds (17). For these compounds a remarkable 
difference exists in the VCH couplings of the a car- 
bon with the cis and the trans protons (see 17a).8 
Clearly no proton-proton model can be chosen here, 
although an oxime model (using a W-6-N model sys- 
tem) can give qualitative e x p l a n a t i ~ n . ~ ~  
'5 = $7.5 to +1.6 + H. H 

17a 

H + ' r7  = $6.9 to -0.6 H z  H\* / 
H ,c=c\x 

1% 
Long-range Jc-H values have also been determined 

for five-membered  heterocycle^^^-^^ for which pro- 
ton-proton models are difficult to choose. 

Cyclopropanes. An interesting example where no 
proton-proton models are available is found with 
monosubstituted cyclopropanes where each 
long-range Jc-H value can be considered to be simul- 
taneously a two-bonded coupling and a three-bonded 
coupling. These long-range values vary from -0.55 to 

H H 
-5.5 Hz. 

H /'r H 
x 
18 

Long-Range Carbon-Carbon Coupling 
The next question is: are J c c  values analogous to 

JHH (and/or J C H )  values? I t  will be increasingly dif- 
ficult to find suitable proton-proton model systems, 
however, and carbon-proton model systems may 
sometimes be more useful. 

(28) F. J. Weigert and J. D. Roberts, J .  Amer. Chem. Soc., 89, 2967 

(29) F. J. Weigert, J. Husar, and J. D. Roberts, J.  Org. Chem., 38, 1313 

(30) F. J. Weigert and J. D. Roberts, J.  Phys. Chem., 73,449 (1969). 
(31) C. J. Jameson and M. C. Damasco, Mol. Phys., 18,491 (1970). 
(32) J. Runsink, J. deWit, and W. D. Weringa, Tetrahedron Lett., 55 

(33) F. J. Weigert and J. D. Roberts, J .  Amer. Chem. Soc., 90, 3543 

(34) K. Takahashi, T.  Sone, and K. Fujieda, J.  Phys. Chem., 74, 2765 

(35) K. M. Crecely, R. W. Crecely, and J. H. Goldstein, J.  Phys. Chem., 

(1967). 

(1973). 

(1974). 

(1968). 

(1970). 

74,2680 (1970). 
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Table I1 
Long-Range Carbon-Carbon Couplings of 

Aliphatic Derivatives Compared with Analogous 
Carbon-Proton Couplings 

2 3 2 a 3 a  
J C C a  J C C a  JCH JCH Compound 

CH3CH2CH2500H 1.8 3.6 6.4b 5.5' 

<1 4.6 -4d 6.4d 
l9 * 

20 * 

CHsCH2CH2CH20H 

CH3CH2CH26H2CI 
2 1  

<1 4.8  3.76 
4.2" 5.Vd 

* 3.gd 5.63f 
CH,CH2CH2CH2Br <1 5.2 4.0" 5.84f 

<1 4.9 -5.0g 5.9gf 
22 * 
23 * 

CH3CH2CH2CH21 

CH,CH2CH2CH2N(CH2CH,)z -0 1.9 (N) 

(CH,CH2CH2)3COH 

(CH3CH2CH2)36H 0.8 3 .8  -4.5i  4.65' 

-Ok 4.0k -4.5i 4.65' C H ~ ( C H Z ) & H ~  

4 .8  
-0 5.0 3.8b 4.5h 

24, 

25 

-4.8' 

27 -4.8" 

26, 

a In hertz. Reference 36. C Reference 9. Reference 4. e Refer- 
ence 37. f Reference 25. g Reference 12. Reference 10. Reference 
31.1 Reference 27. k Personal communication, G. J. Ray, Standard 
Oil Research Center, Naperville, Ill. 

Butane-I- l3C Derivatives. Aliphatic systems 
would appear a priori to be best for trying to corre- 
late carbon-carbon couplings with proton-proton 
and/or carbon-proton couplings, since the involved 
nuclei are always substituents. Table I1 lists long- 
range carbon-carbon data (see ref 4, 9, 10, 12, 25, 27, 
31, 36, and 37) compared with data from model car- 
bon-proton systems for aliphatic compounds. These 
model systems were taken from aliphatic compounds 
whose functionality was the same, but unfortunately 
identical systems were not always available. There- 
fore, restraint must be exercised in making too close a 
comparison between Jcc and analogous JCH values. 
However, a rough comparison of these J cc  and anal- 
ogous JCH values allows several interesting observa- 
tions, (1) Again, ~JCC > Vcc, just as 3 J C H  > 2JCH.9 

(2) Again, substituting a proton by a carbon produces 
a new 3J value about 0.7 the former value. That is, 
just as 3JCH N 0 . 7 3 J ~ ~ ,  we find 3Jcc N 0 .73Jc~ .  (3) 
Little, if any, correlation is possible between 3Jcc 
and the electronegativity of the substituent, as was 
observed for 3JCH.10'38 (4) 3Jcc does not appear to 
depend strongly on the hybridization of the carbon 
atom, just as was observed for 3JCH.25 (5) 2Jcc is 
much smaller than 2 J ~ ~ .  

The first four observations suggest a similar mech- 
anism is operating for 3 J ~ c  and for 3JCH. The mean- 

(36) G. J. Karabatsos, J. D. Graham, and F. Vane, J.  Phys. Chem., 65, 
1657 (1961). 

(37) G. Miyazima, Y. Utsumi, and K. Takahashi, J.  Phys. Chem. 73,1370 
(1969). 

(38) As has been pointed out,I0 the possibility of different conformer 
populations being responsible for random variations of 3 5  should be consid- 
ered. However, i t  was notedlo that in large numbers of propane derivatives 
the 3 J ~ ~  value is relatively constant. Although the proton nmr spectra of 
19-27 were too complex to analyze completely, i t  is reasonable to assume 
that these butane derivatives also should have similar conformer popula- 
tions as the substituent is changed. Compare the 3Jcc values for 20 and 
25-the primary and tertiary alcohols-which differ by only 0.4 Hz. 

ing of the fifth observation is unclear: one may be 
tempted to reason that the flaring of the involved 
C-C-C linkage may be responsible for these small 
2Jcc values, but in alicyclic compounds wherein the 
involved C-C-C linkage is constrained,2 the 2 J ~ ~  
value is only slightly larger (and 2 J ~ ~ / 2 J ~ ~  = 0.46). 
However, 2J should be very sensitive to environment 
or angles,31 and perhaps a theoretical treatment of 
2Jcc would explain the anomalous behavior. 

The Angular Dependence of Three-Bonded 
Carbon-Carbon Coupling Constants. As noted 
above, the angular dependence of 3 J c ~  has not been 
rigorously studied, but does appear to be dependable. 
For carbon-carbon couplings, two studies involving 
rigid systems have 'been c o n d ~ c t e d . ~ ~ ~ ~  In our study2 
nine different carboxylic acids, all labeled in the car- 
boxyl position, .gave 3Jcc values for 16 different di- 
hedral angles. The resulting plot (Jcc us. dihedral 
angle) shows a maximum of 2.5 Hz at  O", a minimum 
of (-)0.5 Hz at -65", another maximum of 5.6 Hz at  
-164", and a value of 3.6 Hz a t  -180". This plot is 
reminiscent of the JFF r e l a t i o n ~ h i p ~ ~  where J m i n  and 
Jn iax  are shifted to lower values of the dihedral angle, 
but the resemblance is probably coincidental, be- 
cause with nonbonding valence electrons the fluo- 
rine-fluorine couplings should involve additional 
 mechanism^.^^ 

In the second 3 J c ~  study, five methylcarbinols, all 
labeled in the methyl position, give 3 J ~ c  values for 
12 different dihedral angles.39 The resulting plot 
showed. the largest maximum not at  MOO, but a t  0" 
(5.4 Hz), in contrast to the carboxylic acid study2 and 
to the usual Karplus relationship.18 The other maxi- 
mum, at  MOO, was 3.2 Hz. The minimum of -0 Hz 
appeared near 90". 

Theoretical con~iderations3~ agree very well with 
the methylcarbinol data,3g and in particular predict 
the larger maximum a t  0". These same theoretical 
studies agree relatively well with the carboxylic acid 
data,2 and correctly predict the smaller maximum at 
0". However, these calcuIations predict a value too 
low for JOO (by 27%) and do not predict the shift of 
the maximum and minimum to lower dihedral angles. 
As was pointed the orientation of the carboxyl 
group is not known, and different conformations of 
this group would change the 3Jcc values. That  the 
observed 3Jcc for the carboxylic acids a t  0" is larger 
than predicted has been surmised39 to be due to indi- 
rect coupling. 

Carbon-Carbon Couplings One of Whose In- 
volved Carbon Is Aromatic. ( 1 )  3 J ~ ~  Values. I t  
was noted above that for equivalent geometries in ali- 
phatic systems 3 J C H  N 0 . 7 3 J ~ ~  and 3Jcc N 

0 .73Jc~ ,  and in aromatic systems 3 J C H  (Jc~-H~ in 29) 
N 0 . 4 3 J ~ ~ . 2 8  It would be of interest to determine 
~Jcc/~JcH for aromatic systems to see if the general 
trend continues. To answer this question, eight 13C-7 
labeled monosubstituted benzene derivatives of the 
general form 28 were studied;41 their 3J~7-c3 values 
varied from 3.84 to  5.75 Hz, about 50-75% those of 
the corresponding 3 J c ~  values in 29. Specifically, for 

(39) D. Doddrell, I. Burfitt, J. B. Grutzner, and M. Barfield, J .  Amer. 

(40) R. R. Ernst, Mol. Phys., 16, 241 (1969); K. Hirao, H. Nakatsuji, and 

(41) A. M. Ihrig and J. L. Marshall, J. Amer. Chem. Soc., 94,1756 (1972). 

Chem. Soc., 96,1241 (1974). 

H. Kato, J.  Amer. Chem. SOC., 95,31 (1973). 
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@7 = COzH (the group closely examined in our car. 
bon-proton coupling ~ t u d i e s ~ , ~ )  3 J~7-c3  = 4.53 
and J c c l J c ~  = 0.61. Thus, J c c l J c ~  is only slightly 
larger than JCHIJHH, and no surprises are encoun- 
tered here. These 3 J c ~  values are probably posi- 
t i ~ e , ~ ~  and hence there appears to be good correspon- 
dence between 3 J ~ ~ ,  3 J c ~ ,  and 3Jcc. 

"C H 

> 

4 

28 29 

If 3 J ~ c  in these systems is indeed positive and if 
the coupling mechanism is similar to that in ~ J C H  
where a Fermi contact term is d0minant ,10?~"~~ then 
3Jcc should increase as the s character of C7 in- 
creases and as a substituent on C7 increases in elec- 
t r ~ n e g a t i v i t y . ~ ~  Inspection of the 3 J ~ ~  values41 shows 
this is indeed the case. 

(2) 2Jcc Values.  I t  was pointed out above that ali- 
phatic 2Jcc values were surprisingly low. However, 
the 2 J c ~  values found for 28 (Le., 2Jci-c2) were much 
larger (2.2-3.1 H a ) ,  albeit the 2Jcc values were si31 
smaller than the 3Jcc values. These 2Jcc values are 
to be contrasted with 2 J ~ ~  in benzene 29 (i.e., 
' J H ~ - C ~ ) ,  which is considerably smaller (+1.0 
These 2 J c ~  values increased as a C7 substituent in- 
creased in electronegativity, just as for 3Jcc; how- 
ever, in contrast to the 3Jcc values, an increase in 
the s character of 6 7  decreased 2 J ~ c .  Model carbon- 
proton systems to examine these trends are difficult 
to find. These 2Jcc values are probably positive: as 
ethylene was used as a model compound to predict a 
positive 2 J c ~  in 29928,46147 acrylic acid derivatives 
(whose 2 J c ~  values are -+3 Hz6) suggest the same 
sign for 2 J ~ c  in 28. Furthermore, 2 J ~ ~  for a.cetone is 
positive (i-16.1 I.3[z49* 

( 3 )  4Jcc Values.  As for 4 J ~ w  in 29, 4 J c ~  values in 
28 are small (0.6-1.6 H a ) .  These "e~cc values appear 
to  vary irregularly. 

( 4 )  Substi tuted Aromatic Systems.  A study was 
conducted to determine the effect 06 a substituent on 
the aromatic ring of 28. Specifically, a number of de- 
rivatives of the form 30 and 311 were i n ~ e s t i g a t e d . ~ ~  In 
general, J cc  values whose coupling passed through 
the substituted aromatic carbon ( ie . , .  Jc7-c2 and 
Jc7-c3 of 30) were attentuated substantially (to ca. 
50% of the former value where X = H). 'These obser- 
vations are to be compared with analogous JCH 
values in aromatic  system^;^^,^^ these JCH values be- 
come less positive (or more negative) as the benzene 
ring is substituted. These JCH data are consistent 
with the Jcc data of 30 if a positive value is assumed 
for both 2Jcc and 3 J c ~  in 28. It is to  be recalled that 

(42) D. J. Sardella, J .  Amer. Chem. Soc., 95, 3809 (1973). 
(43) J. N. Shoolery, J.  Chem. Phys., 31, 1427 (1959). 
(44) N. Muller and D. E. Pritchard, J.  Chem. Phys., 31, 768, 1471 (1959). 
(45) W. M. Litchman and D. M. Grant, J .  Amer. Chem. Soc., 89, 6775 

(46) M. Hansen and H. J. Jakobsen, J .  Magn. Resonance, 10,74 (1973). 
(47) A positive *JCH has also been noted in various  pyridine^.*^^^^ 
(48) H. Dreeskamp, K. Hildenbrand, and 6. Pfisterer, Mol. Phys., 17,429 

(49) d. L. Marshall and A. M. Ihrig, Org. Mugn. Resonance, 5 ,  235 (1973). 
(50) A. R. Tarpley, Jr., and J. H. Goldstein, J .  Mol. Spectmsc., 37, 432 

(51) G. Govil, J.  Chem. Soc. A, 1420 (1967). 

(1967). 

(1969). 

(1971). 

x 
2 

1 4  

X 
30 3'1 

these positive signs were tentatively assigned (uide 
supra 1 for "Jcc and 3 J @ C  in 28, 

ditional coupling mechanism through the T system is 
apparently operative. Typical 3J'cc values are: 9.05 
Hz in 1 , 3 - b ~ t a d i e n e , ~ ~  9.45 Wz in t ~ l u e n e , " ~  7.6-8.6 
H z  in monosubstituted benzene  compound^,^^ 13.95 
Hz in pyridineqi4 and 3.1-8.0 Hz in 9-substituted an- 
thracene  derivative^.^^ 

On the other hand, VCC values in 7r systems are 
quite small: <I Hz  in 1,3-b~tadiene5~ and toluene.53 
This attentuating effect on 2 J c ~  values of ir systems 
has also been noted In isolated olefins.56 The carbon- 
proton ~ o u p l h g  in the model compound ethylene 
would also suggest a low value of 2 d ~ c . 5 7  

If an additional 7 i ~  mechanism is operating in the 
3 J ~ ~  coupling in olefinic and aromatic systems, then 
bond order should be reflected in these couplings. 
This dependence has been noted in anthracene deriv- 
atives.56 In compounds of structure 32 (R = CWR, 
OCH3), 3Jcg_c2 was larger than 3J~g-c4 (by ca. 60% 
average), attesting to the lower total n-bond order 
along the c9-C13-C14--@4 route. This dependence of 
3Jcc on the T-bond order is also seen with the cisoid 
couplings of 9-methylantlmracene and toluene ( i .e . ,  
J C ~ ~ C , ~  of 32 and YcI-c4 of 33): the 3 J ~ ~  of 33, involv- 
ing a larger total rr-bond order, is larger by 12%. The 
transoid couplings of 32 are about one-half the cisoid 
coupling, in agreement with the idea that a dual 
meehanistic path is available €or cisoid couplings in 
aromatic s y s t ~ n s . ~ ~  These cisoid couplings are to  be 
compared with the large value of 1 , 3 - b ~ t a d i e n e , ~ ~  in 
which a dual mechanistic path is not available. Thus, 
three-bonded carbon-carbon couplings appear to be 
more effective in olefins than in aromatics. This ob- 
servation is analogous to 5 J a ~  values in homoallylic 
systems.j8 

P 

32 33 
(52) G. Becher, Mi. Lhttke, and G. Schrumpf, Angeu. Chem., Int. Ed,,  

(53) J. L. Marshall, A. M. Ihrig, and D. E. Miiller, J.  Mol.  Spectrosc., 43, 
Engl., 12,339 (1973). 

323 (1972). 

(1972). 
(54) F. J. Weigert and J. 1). Roberts, J Amer. Chem. Soc., 94, 6021 

(55) J. L. Marshall, A. M. Ihrig, and D. E. Miiller, J.  Magn IZesonunce, 
16, in press. 

(56) J. L. Marshall and D. E. Miiller, Org. Mugn. Resonance 6, 395 
(1974). 

(57) R. M. Lynden-Bell and N. Sheppard, Proc. Roy. Soc., London, Ser. 
A, 269,385 (1962). 

(58) Homoallylic coupling in 9,10-dihydroanthracene is -1 Hz [A. W. 
Brinkman, M. Gordon, R. G. Harvey, P.  W. Rabideau, J. B. Stothers, and A. 
L. Ternay, Jr., J .  Amer. Chem. Soc., 92,5912 (1970)], in 1,4-dihydronaphth- 
alenes -4 H z  [J. L. Marshall and T. K. Folsom, J .  Org. Chem., 36, 2011 
(1971)], and in 1,4-dihydrohenzenes -8 Hz [J. L. Marshall, K. C. Erickson, 
and T. K. Folsom, J.  Org. Chem., 35,2038 (1970)l. 
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Conclusions 
From theoretical considerations, one would expect 

that  the Fermi contact term would be dominant and 
that orbital and dipolar contributions would be small 
for light nuclei.59 Thus, one might expect observa- 
tions in proton-proton couplings would find analogy 
with carbon-proton and carbon-carbon couplings. 
The amount of carbon-proton and carbon-carbon 
data that is available does in fact show numerous 
parallels, and the similarity between JHH values and 
JCH and JCC values is sufficiently clear to suggest 
that  the use of J H H  values may be increasingly im- 

(59) J. N. Murrell, Progr. Nucl. Magn. Resonance Spectrosc., 6 , l  (1970). 

portant to help establish correlations between JCH 
and Jcc values and molecular structure. 

Note Added in Proof. Some recent high-resolution 
work with furan60 indicates some proton-carbon cou- 
pling assignments in five-membered heteroaromatic 
compounds should be reversed (see ref 33). 
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The central challenge of modern biochemistry is to 
elucidate biological function in terms of molecular 
structure. A considerable catalog of information on 
biomolecular architecture is already available from 
X-ray diffraction studies on crystalline or partially 
ordered materials. Numerous spectroscopic methods 
have been introduced to monitor structural features 
and detect changes which accompany biological 
function. Among them, vibrational spectroscopy of- 
fers high promise, since vibrational frequencies, 
available from Raman or infrared spectra, are sensi- 
tive to geometric and bonding arrangements of local- 
ized groups of atoms in a molecule. 

The study of vibrational spectra has played a lead- 
ing role in structural investigations of small mole- 
cules, and a substantial body of systematic knowlege 
has been f0rmed.l Application to biological materials 
is beset with difficulties, however. Water, the ubiqui- 
tous biological medium, is an excellent absorber of 
infrared radiation, leaving only restricted “windows” 
for infrared spectroscopy. These can be somewhat 
extended by using D20 as well as H20 solutions.2 
Raman spectroscopy does not suffer as much from 
this limitation, since water is a poor Raman scatter- 
er. Lasers now provide the high light power density 
required for Raman spectroscopy and allow examina- 

Thomas G. Spiro received h i s  B.S. degree from UCLA in 1956 and the 
Ph.D. from MIT in 1960, with Professor David N. Hume. A postdoctoral 
year at  the University of Copenhagen, with Professor Carl J .  Ballhausen, 
was followed by a year as research chemist at the California Research 
Corp., LaHabra, Calif., and another postdoctoral year at t h e  Royal Insti- 
tute of Technology, Stockholm, with the late Professor Lars Gunnar Sil- 
I e n .  In 1963 he joined the faculty at Princeton University where he is now 
Professor of Chemistry. H i s  research program has dealt with structural 
inorganic chemistry and the role of metal ions in biology, and now fo- 
cuses  on applications of Raman spectroscopy to biological systems. 

tion of minute quantities (microliters) of material. 
The chief obstacle encountered with biological mate- 
rials, however, is their complexity. A molecule con- 
taining N atoms has 3N - 6 (3N - 5 for linear mole- 
cules) normal modes of vibration. The macromole- 
cules of biology contain thousands of atoms and have 
far too many vibrational frequencies to be resolved, 
let alone assigned in a normal Raman or infrared 
spectrum. Fortunately these frequencies tend to 
group themselves into more-or-less discrete bands, 
which can be identified with certain classes of struc- 
ture. These bands can then be used to monitor 
changes in gross conformation, and this technique 
has been fruitfully applied to proteins, nucleic acids, 
and  lipid^.^,^ 

If one is interested in structural features of a spe- 
cific site of biological function within a macromole- 
cule, then the myriad vibrations of the whole mole- 
cule are a serious interference. What is needed is a 
selective technique that samples only the vibrations 
of the atoms in the vicinity of the site. This can be 
provided by resonance Raman spectroscopy, if the 
atoms in the site give rise to an isolated electronic 
absorption band. A normal Raman spectrum is ob- 
tained by illumination of the sample in a transparent 
region of its spectrum. In resonance Raman spectros- 
copy, the illumination is within an absorption band. 
Most of the Raman bands are attenuated by the ab- 
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