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The correlation between the carbon-proton and proton-

proton coupling constants have been studied in various

13
systems. Isocrotonic acid-carboxyl-3C, crotonic acid-

13 13
carboxyl-3C, and 5-norbornene-2-carboxylic acid-carboxyl-3C-

1,5,6,7,7-hexachloro were synthesized and their carbon-

proton coupling constants were analyzed.

Nmr studies showed the magnitudes of the carbon-proton

coupling constants to correlate well with analogous proton-

proton coupling constants, although the values of the couplings

were larger than expected. The geminal olefinic couplings

were considerably larger than all other couplings, but they

were self-consistent.

The signs of the carbon-proton coupling constants also

were in agreement without exception with the signs of analogous

proton-proton coupling constants.
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INTRODUCTION

The correlation of experimental nuclear magnetic reso-

nance (nmr) data in conjunction with excellent theoretical

calculations (28) has given the chemist a very powerful

instrumental technique. This tool is particularly useful

in structure elucidation of even very complex molecules,

product identification, and conformational analysis. Proton

nmr work has been very productive because of three factors:

(1) the abundance of protons in organic molecules, allowing

an almost unlimited number of compounds to study; (2) the

high natural abundance of the 1H nucleus (99.98%), which

with a nuclear spin of one-half gives sharp signals, allowing

high resolution work; and (3) the high sensitivity of the 1H

nucleus, which gives large, easily observed, signals.

The present study deals with the effects of 13C in a

proton nmr spectrum. Every organic molecule contains carbon

and 13C-H effects would be complementary to 1H-1H data.

Also, 13C data would be useful in compounds where protons are

not so abundant. However, the common isotope of carbon, 12C,

with a nuclear spin of zero is nmr-inactive. The isotope of

carbon, 13C (spin = 1/2), which is nmr-active exists in

nature only to the extent of 1.1%. With this low natural

abundance of 13C, only large carbon-proton splittings (i.e.,

greater than 15 hertz) may be observed because smaller
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splittings are not resolvable beneath the many signals of the

normal proton band. This problem can be overcome by enriching

the 13C using techniques discussed in the Experimental section.

Since carbon and proton are similar in that neither has

non-bonding electrons, it was thought that 13C- H and 1H-1H

couplings might differ only in magnitude. This difference

in magnitude is due to the gyromagnetic ratio of carbon being

one-fourth that of the proton. The gyromagnetic ratio of

a given nucleus is a proportionality constant which relates

the magnetic moment and the angular momentum for that par-

ticular nucleus. According to theory, the coupling constant

is proportional to the product of the gyromagnetic ratios of

the coupling nuclei: JAB mAB. This is clearly seen in

the following equations used to calculate the coupling con-

stants arising from the Fermi contact term (discussed below):

JHH' = const.(lYHYHIH(O) Hj(O) c nc - ][+2fJHH'
\E/ jl L2

JCH = const. _ H CH CH C1+f j(pCH)1
\AE ji 12n

where y is the gyromagnetic ratio of the nucleus indicated,

4(0) is the electron density of the respective nuclei, AE is

the mean excitation energy, and the summation and the terms

beyond represent the sum total of the overlap and coulomb

integrals for all canonical structures.
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As seen above, the coupling interaction is proportional

to the gyromagnetic ratio. It is also known that only s

electrons have density at the nucleus and it might be expected

that this s character of the carbon nucleus would be related

to the coupling constant. The s character varies as one

changes the hybridization of the electrons of the carbon atom

(the hybridization of the H nucleus remains constant) and one

would expect the coupling constant to change accordingly.

This change is discussed in the Results and Discussion section.

The Fermi contact term is the dipole-dipole contribution

to the coupling. This is a contact term and is believed to

be the dominant contribution to both carbon-proton and proton-

proton coupling (14, 15). There are two other contributions

to be considered, the orbital-dipole contribution (interaction

between the orbital angular momentum of the electron and the

dipole of the nucleus) and the spin-dipole contribution

(interaction between the spin of the electron and the dipole

of the nucleus). Both of the above-mentioned contributions

are non-contact terms, and it has been calculated for carbon

(25) that these two contributions are very small and are

perhaps too small to be routinely considered in carbon-proton

coupling.

After becoming aware of some of the major theoretical

differences between carbon-proton and proton-proton coupling,

one can examine carbon-proton coupling constants and determine

if carbon-proton coupling is analogous to proton-proton
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coupling. This analogy is tested in a study of the magnitudes

and of the signs (see page 7) of coupling constants. The

present study examines both the magnitudes and the signs of

carbon-proton coupling constants and compares the results

to analogous proton-proton coupling constants.
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EXPERIMENTAL PROCEDURES

All nuclear magnetic resonance (nmr) spectra described

in this study were recorded on a JEOL High Resolution NMR

spectrometer, JNM-PS-100, using internal lock, frequency

sweep mode. Crotonic acid-carboxyl-13C was dissolved in

carbon tetrachloride; isocrotonic acid-carboxyl-13C was

used as a neat sample; and 5-norbornene-2-carboxylic acid-

carboxyl-13C-1,5,6,7,7-hexachloro was dissolved in hexa-

deuteroacetone.

Vacuum line techniques used in the Organic Syntheses

section below had previously been worked-out for carbon-14

labeling (24) and were immediately adaptable to the carbon-13

systems.

Organic Syntheses

Isocrotonic acid-carboxyl-1 3 C. Magnesium turnings,

1.82 g, in dry tetrahydrofuran (THF) were treated with 8.5 g

1-bromo-l-propene, and the mixture was allowed to react until

the magnesium disappeared and no more heat was evolved. The

Grignard reaction product was then treated under vacuum with

2.0 g of 90% 13C-labeled carbon dioxide (measured on a pre-

calibrated manometer) (18). The carbonation product was

acidified with dilute hydrochloric acid (HCl) and was ex-

tracted with ether. The combined ethereal extracts were
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washed with aqueous sodium bicarbonate to form the salt of

the carboxylic acid. The aqueous layer was then reacidified

with dilute HCl, extracted with ether, dried over Drierite,

and concentrated by distillation to yield 2.7 g product (71%).

The product was a yellow, slightly viscous liquid. Nmr

analysis showed a product mixture of 85:15 isocrotonic acid:

crotonic acid.

13 13Crotonic acid-carboxyl-1C. Isocrotonic acid-carboxyl- C

was refluxed in a solution of benzene and one drop of sulfuric

acid for one hour. The isomerization product was decanted

away from the drop of sulfuric acid, filtered through cotton,

and concentrated to a viscous liquid by distillation. The

product (99%) was used without further purification.

Acrylic acid-carboxyl-1 3 C. Vinylmagnesium chloride,

4.3 g, in dry THF was treated with 2.0 g of 90% 13C-labeled

carbon dioxide under vacuum. The reaction product was acid-

ified with 6N HCl and a small amount (ca. 50 mg) of p-methoxy-

phenol was added as a stabilizer. The product was then

extracted with small portions of ether until the ether layer

was colorless. The ether layer was then dried over magnesium

sulfate,, suction filtered, and the ether was evaporated. The

Product was immediately vacuum distilled (5-10 torr) at

approximately 500 C to yield 0.097 g of colorless product (30%).

The product was used immediately.

It was discovered in the synthesis of acrylic acid that

the acrylic acid is not very stable and polymerizes easily.
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Without the addition of p-methoxyphenol, the acrylic acid

polymerizes easily to yield a black tar rather than the

expected product. The above synthesis must therefore be

followed carefully. The product should be used immediately

to avoid polymerization, even after the addition of the

p-methoxyphenol.

5-Norbornene-2-carboxylic acid-carboxyl-_ 3 C-1,5 ,6 ,7,7-

hexachloro. Acrylic acid-carboxyl- 1 3C, 0.097 g, was added

to 3.9 g of hexachlorocyclopentadiene. This solution was

heated to 1500 C, the heat was removed, and white crystals

of product appeared as the mixture cooled (99%). The product

was purified by vacuum sublimation (1000 C oil bath and

5 torr).

Sign Determination Procedure

The "signs" of a coupling constant refer to whether the

lower energy state of the two coupling nuclei has parallel

or antiparallel spins. The best procedure used to determine

the relative signs of 13C-H coupling constants in a tightly

coupled system is known as "spin tickling." The procedure

requires weak irradiation, hence "tickling," of a transition

(i.e., individual signal) in the spectrum and observation of

the perturbations in another portion of the spectrum. As

one transition is irradiated, any other transition related

to it by a common energy level (from an energy level diagram:

see below) may be perturbed. Analysis of the perturbations

yields the relative signs of the coupling constants.
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The procedure for analyzing these perturbations involves

five major steps enumerated below:

(1) One must first obtain initial nmr parameters,

namely chemical shifts and coupling constants, from

analysis of the actual nmr spectra.

(2) The parameters are then analyzed by a LAOCOON

III computer program (4), designed especially for nmr

analyses.

(3) A representation of an energy level diagram

(RED) (6) is then constructed from data generated by

the LAOCOON program.

(4) Data are now obtained in spin tickling ex-

periments.

(5) Finally, the RED is used to predict possible

effects of perturbations and to compare predictions with

actual events. This comparison allows one to eliminate

wrong sign combinations and to confirm correct ones.

(1) Nmr parameters. The nmr spectra were recorded on

a JEOL-PS-100 nmr spectrometer, using internal lock, frequency

sweep mode. Scans at 1080 hertz (Hz), 540 Hz, and 270 Hz

were recorded at a 250 second sweep rate. A frequency counter

was used to measure exact frequencies of each line in the

spectrum on a 10 second gate time (i.e., a 10 second sampling

time to allow precision of 0.1 Hz). The initial chemical

shift of each spectral region was taken as the midpoint of

that group of peaks. Initial coupling constants were
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obtained using the difference of the measured frequencies

of appropriate lines in the spectral region.

(2) LAOCOON analysis. The LAOCOON III computer program

uses the chemical shifts and coupling constants to calculate

the frequency of each possible line in the spectrum of any

given compound with no more than seven spins. (One must

keep in mind, however, that low intensity and/or combination

bands may not be observed; combination bands, arising from

the spin inversion of more than one nucleus, may be of low

intensity or may be far from the major signals.) The program

also assigns transition numbers (see below) to each of the

predicted spectral lines for any given combination of the

signs of the coupling constants. One then matches the pre-

dicted spectral lines with the experimentally-obtained lines,

thus assigning transition numbers to the experimental lines.

The program then iterates the calculated and observed lines

until the two sets are well-matched to give final values of

the chemical shifts and the coupling constants.

(3) Representation of an energy level diagram (RED).

An RED relates the transition numbers obtained from the

LAOCOON analysis above to the energy levels of an energy level

diagram, which is built on the numbers of Paschal's tri-

angle (6). Figure 1 shows the allowed energy transitions

for a three-spin system. Each allowed transition has been

given a number in sequence as one moves down and to the right

in the diagram. The circled numbers in Figure 1 are the
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transition numbers described above. The RED for this system

is built-up by arranging the transition numbers in a certain

sequence of boxes (see Figure 2) which indicate the regressive

or progressive relationship between any two transitions.

Progressive transitions have a common energy level between

the other levels involved in the transitions (such as 1 and 4);

when the common energy level is higher or lower than both

transitions involved, the pair of transitions is regressive

(such as 1 and 2). In the RED (see Figure 2), the numbers

in each box represent its transition on the energy level

diagram. Related transitions must lie along the same ver-

tical or horizontal line of the RED. Transition 8 is related

to transitions 2, 7, 9, 5, 11, and 14. Now, regressive

transitions are contained within the same major block of

the RED. For example, both are either in block A, block B,

or block C. In a progressive pair, both transitions involved

are in a different major block. Transition 8 is related in

a regressive manner to transitions 7, 9, 5, and 11 and is

related in a progressive manner to transitions 2 and 14.

After an RED is constructed, the experimental spectral

lines assigned transition numbers by the LAOCOON program are

placed in the appropriate boxes of the RED, and the RED is

then used to indicate related transitions. These transitions

are shown to be related in spin tickling studies when one

transition is irradiated and all other transitions related

to it (and only those related to it) should be perturbed.
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(4) Spin tickling experiments. Actual spin tickling

experiments are done on the nmr spectrometer. One places

the pen directly upon the peak to be irradiated and deter-

mines its frequency on the variable frequency oscillator (VF)

channel on the frequency counter. This frequency is then

dialed-in, reading the value on the spin decoupler (SD)

channel. The VF and SD channels must match on a 10 second

gate. The next step is to record the region to be observed

with no irradiation. The same region is then recorded as

the desired peak (the frequency of which was previously

dialed-in) is irradiated. On the JEOL-PS-100, channel

selector 5, coherent wave, and a decoupler setting of about

3(coarse) X l(fine) or perhaps 3 X 2 are used. Other

settings are a radio frequency (RF) power of 20 dB, high

gain, and analytical settings adequate to give desired peak

height. In observing the effects of the tickling, one looks

for peaks to collapse, either into a doublet for a regressive

pair or into a multiplet (or "muddling") for a progressive

pair. Figure 3 shows an example of a regressive collapse,

and Figure 4 shows a progressive collapse.

(5) Predicted perturbations. For each combination of

signs of coupling constants (with the exception of exactly

opposite combinations, i.e., +++ and ---) there is a unique

set of transition numbers for the spectral lines. For each

case, the frequencies of these transitions are placed in

the appropriate boxes of an RED. One then takes the results

12
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Progressive

(a)

Fig. 4--Proton nmr spectrum of the 581 Hz
olefin region of isocrotonic acid-carboxy- 1 3 C
(a) normal and (b) when transition 641.6 Hz is
irradiated.
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of the spin tickling study (i.e., which peaks collapse as

another is irradiated) and compares the results (peak collapse)

with perturbations predicted by the RED. It is a general

observation that all predicted collapses are not observed,

but if a collapse occurs experimentally, it must be predicted

by the RED. Various sign combinations are then eliminated

on the basis of experimental collapses which the respective

RED's of those sign combinations do not predict.
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RESULTS AND DISCUSSION

The literature suggests that an analogy exists between

vicinal and geminal carbon-proton coupling constants and

geometrically equivalent proton-proton coupling constants

in one specific system (29). The goal of this study is to

examine the carbon-proton coupling constants in various

systems and to determine if this analogy can be generalized

and to determine if it can be extended to longer-range

couplings.

Since carbon is like the proton in that carbon has no

non-bonding electrons, one might assume that carbon coupling

trends would be similar to those in proton coupling, perhaps

differing only in magnitude. The magnitude difference is due

to the fact that the gyromagnetic ratio of carbon is only

one-fourth that of the proton. Therefore, the magnitude of

the carbon-proton coupling (JCH) should be one-fourth the

magnitude of the proton-proton coupling (JHH ). However,

theoretical calculations indicate the JCH will be 20% larger

than expected due to the effect of mean excitation energies

and electron densities,(14 ).

In addition to examining the JCH magnitude, one also

wishes to correlate the signs of JCH and JHH in geometrically

equivalent systems. Are the signs the same? This question

is answered by spin tickling experiments.
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The first two systems studied were isocrotonic acid-

carboxyl-13C and crotonic acid-carboxyl-13C. The nmr spectra

of these two compounds differed considerable from the spectra

of the unlabeled cormpounds, indicating extensive coupling

with the addition of the 13C nuclei. An example of this

is shown in Figure 5. The nmr spectra (see Figures 6 and 7)

were analyzed by means of the LAOCOON III computer program

to obtain proton chemical shifts, proton-proton coupling

constants, carbon-proton coupling constants, and the

transition numbers for each peak in the spectrum. The

proton-proton couplings and chemical shifts for the labeled

crotonic acids are seen in Table I.

Table II shows the crotonic acids and their model com-

pounds (model compounds are those obtained by replacing the

carboxyl carbon by a proton), along with other compounds of

interest and their respective model compounds.

Magnitudes

Upon examination of the JCH (see Table III) one finds

that the magnitudes of the coupling constants are larger than

expected. Since the Fermi contact term is agreed to be the

dominant effect in JHH and JCH (14, 15), one would expect the

hybridization of the carbon atom to be very important. Con-

sidering only the Fermi contact mechanism it is predicted (14)

that JCH = 0.3 X JH1 (for sp3 hybridized 13C) , JCH = 0.4 X JHH

(for sp2 hybridized 13C), and JCH = 0.5 X JHH (for sp hybridized

13 C). Examination of the relationship between three-bonded
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(b)

(a)

Fig. 5--Proton nmr spectrum of crotonic a d

(a) natural abundance carbon and (b) carboxyl- C,
The illustrated region is located at 581 Hz.
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TABLE I

NMR PARAMETERS FOR CROTONIC AND ISOCROTONIC ACIDS

Proton-proton
Coupling

Compound Constants* (hertz) Chemical shifts** (ppm)

H13 H13
HO2 C* HCH3 H-H = +11.55 1 = 5.81

C C H3  H2 -H 3 = +7.29 2 = 6.43
H1  H2 =-l-H3 1743 = 2.12

HO 2 C* H2 JEHi-H 2 =+15.49 1 = 5.81
C C JH2 -H 3  +6.87 2 = 7.06

Hi C H3  JH-H 3 =-1.70 3 1.90
H3 H 3

*Literature values for unlabeled compounds are (26)
+11.46, +7.32, -1.65, +15.56, +6.96, -1.73, respectively.

**Literature values for unlabeled compounds are (26)
5.84, 6.45, 2.22, 5.88, 7.17, 1.84, respectively.
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TABLE II

COMPOUNDS STUDIED FOR THEIR CARBON-PROTON COUPLING CONSTANTS
AND THEIR MODEL COMPOUNDS

Compound Model Compound

HO 2C* =CH3

H C=C

1
'IV

HO 2 CC H

H CH3

2
f'V

H CH

H H

3
C*V

H H
H C=C

H CH3

3

HO2 C4 /H
C=C\

H' ~ H

4

*CO2 CH3

6
'V

Cl Cl

Cl Cl

H
S1Cl *O

8
'V)

Cl Cl

Cl Cl

Cl

9
AV

22

H /H
C=C

H~ H

5
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TABLE II -- Continued

Compound Model Compound

*CH 3 -*C=C-*CO 2C3

10

*Co2 H

12

HO2 C* H

14

Me
H

*CC1 2H
16

CH 3 -C~C-H

11

13

H H

15

H

H

17

23
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TABLE III

LONG-RANGE JC-H VALUES COMPARED WITH GEOMETRICALLY EQUIVALENT
JH- VALUES OF MODEL COMPOUNDS
H-H

Carbon-proton systems Proton-proton systems

Compound

lb

4d

8b

1oh

12ji

14ji

16ji

a
JCH

2J= +3.12
3j= +14.5
4J= -1.28

2J= +3.39
3 +6.78
4j= -0.85

2J = +4.1
3J c = +7.6

31trans = +14.1

3= +4.08
SJ= +1.1
5J= +0.48

2= -6.4

J cis= +4.68
Jtrns= +2.8

trans

4j = -1.48

2J= (-)6.17

2 = (-)4.61

2J = (-)6.89

Compound

3
c

fl

3c
'V,

7f

9g

'IV

13k

51

171
'v Av

a
JHH

2J= +2.17
3j= +16.98
4j= -1.77

2J= +2.17
3= +10.09
4J= -l.41

2= +2.5
3J .= +11.6
3C ns - +19.1trans
3J = +7.7
4 = +1.4
5J= +0.6

2= -12.4
cis= 9.1

jtrans = 3.7

4j = -2.93

2J= (-)12.6

J = -10.2

2J = -12.5

aIn hertz.
dReference 8.
hReference 19.
kReference 23.

b c
Present study Reference 30

eReference 2. Reference 11. Reference 21.
Reference 10. ]Reference 22.
Reference 20.
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JCH and three-bonded JHH shows the predicted value of the JCH

to be considerably larger than expected. For isocrotonic

acid, the analogous JHH in propene is 16.98 Hz (29). The

above equation would predict a JCH of 6.79 Hz since the 13C

is sp2 hybridized. The value of this coupling is actually

14.5 Hz. This gives a ratio (JCH1 HH) of 0.85 rather than

of 0.4. This deviation from the expected value is also seen

in other systems. Comparing crotonic acid with its propene

model, the ratio of 0.67 is again quite large. This effect

is also seen in comparing acrylic acid (7) with ethylene (2),

where the ratio is 0.66 for the three-bonded cis coupling

and 0.74 for the three-bonded trans coupling. The large

JCH 'HH ratio of the carboxylic acids may well be due in part

to the electronegative substituent (-OH) on the carboxyl

group, but the ratio is found to be large (0.6) even in

ketones, such as diethyl ketone (12), and in hydrocarbons,

such as neopentane (16).

Methyl benzoate has also been analyzed for its carbon-

proton coupling constants (11). The ratio of its JCH to the

JHH in benzene is 0.5 for the three-bonded coupling. This

value is not quite as large as previously found, but it is

still larger than predicted by the Fermi contact term alone.

These correlations of JCH to JHH can also be extended to

four- and five-bonded couplings and to couplings in other

systems. The ratios of these and other compounds with

25



their respective geometrically equivalent systems are

seen in Table IV.

As seen in Table IV, the olefinic geminal coupling

constant ratios do not correlate well with other ratios.

The J values are much too large, with a JCH HH equal to

approximately 1.5, almost three times larger than predicted

by the Fermi contact mechanism. As indicated by the fact

that the three-, four-, and five-bonded couplings are only

somewhat larger than expected from the Fermi contact term,

there must be other factors involved in the coupling mech-

anism. 'There is some speculation (27) that carbon non-

contact mechanisms may be at work, but calculations (25)

indicate that these non-contact contributions of carbon

are quite small and are not sufficient to explain the extra-

ordinarily large values. An additional explanation in this

case may be indirect coupling via the carbonyl oxygen (8).

The explanation could also lie in the angle between the 13C

and the geminal proton. However, all these explanations

are speculative because of the lack of theoretical under-

standing of geminal coupling constants.

The first step in investigating the problem of the

geminal coupling constants is to observe the coupling in a

different system. The system chosen was a bicyclic aliphatic

carboxylic acid, 5-norbornene-2-carboxylic acid-carboxyl-13C-

1,5,6,7,7-hexachloro. The norbornene system is rigid, so one
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TABLE IV

RATIO OF CARBON-PROTON COUPLING CONSTANTS TO
PROTON-PROTON COUPLING CONSTANTS

Ratio (JCH/JHH)

Compounds compared 213 4 5

1 & 3 1.44 0.85 0.72

2 & 3 1.56 0.67 0.60

4 & 5 1.64 0.66 0.74

6 & 7 0.53 0.79 0.80
(V AU

8 & 9 0.51(cis)
(Vj f\.#0.76(trans)

10 & 11 0.51

12 & 13 0.49

14 & 15 0.45

16 & 17 0.55
AU(V (Vlb
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does not encounter the problem of motion disturbing the

system or varying the coupling constants from one angle to

another. This system is also different in that the hybrid-

ization of the carbons involved in the coupling pathway is

different for each carbon: the carbonyl carbon is sp2

hybridized, while the C-2 ring carbon is sp3 hybridized.

Examination of the values for coupling constants in the

norbornene system are 6.4 Hz (two-bonded), 4.6 Hz (cis

three-bonded), and 2.8 Hz (trans three-bonded), giving ratios

of 0.5, 0.5, and 0.7, respectively. The comparison of an

olefinic system to an aliphatic system indicates that perhaps

the geminal coupling in the olefin system is due to some

different mechanistic or geometric factor in the olefin, for

the problem does not carry over to the aliphatic case. The

major difference between the two systems is the difference

in hybridization of the internal carbon of the geminal

coupling; however, the angle between the 13C and the geminal

H does change from one system to the other: 1190 for the

olefin and 1090 for the aliphatic. This could conceivably

allow for the difference. The carbonyl oxygen coupling

pathway might be eliminated due to the fact that both systems

are carboxylic acids, but the orientation of the carbonyl

oxygen may differ in each case, and thus one case might afford

a better pathway than the other.

From the above studies, it appears that aliphatic and most

olefinic couplings nicely follow the experimentally found
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JCH 'HH ratio of 0.5 to 0.8, while the olefinic geminal

couplings are abnormally large. The geminal couplings do

however follow a trend among themselves. If one uses the

geminal couplings as a tool to exact structure analyses,

one should be aware of the separate trend followed by the

geminal olefinic couplings.

Signs

A second way to compare JCH and JHH is through the signs

of the coupling constants. (A negative coupling constant

implies that the lower energy state is the one where spins

are parallel). The signs of coupling constants are based on

the assumption that directly bonded carbon-proton coupling

constants are positive (5). The signs of carbon-proton

coupling constants are then assigned relative to the signs

of known proton-proton coupling constants.

The experimental procedure used to determine relative

signs of coupling constants, spin tickling, is described

in the Experimental section.

Experimental results show the geminal coupling in the

olefinic acids to be positive (+), three-bonded couplings

are also positive, and the four-bonded couplings are neg-

ative (-). Spin tickling results are shown in Table V.

The spin tickling results are not completely unambiguous

due to the fact that one cannot distinguish between the

++- case and the -- + case. However, a study has been done
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TABLE V

SPIN TICKLING EXAMPLES DECISIVE IN SIGN DETERMINATION

Sign
Peak Peak Combinations

Compound Irradiated Collapses Eliminated

1 575.7 619.8, 653.0 +-+, -++,.+--, -+-

206.7 576.9 +++,-
660.3 +++

209.6 570.7 +++, ---
619.8, 627.2

213.8 588.6
653.0, 660.3

2 572.3 691.7, 707.2 +-+, -++, +--, - -
587.8 691.7

8 242.9 381.0
5255.5 367.7
273.4 381.1 +++
288.2 369.6 +++
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to show that the geminal coupling is positive in the case

of acrylic acid (7), and this datum eliminates the possi-

bility of the -- + case.

The results of sign determinations agree well with those

for the determination of signs of analogous proton-proton

coupling constants. In the olefinic JHH' three-bonded

couplings are always positive, four-bonded couplings are

negative, and geminal couplings are found to be both pos-

itive and negative. Thus, the signs of the carbon-proton

couplings in the crotonic acid systems correlate well with

the signs of the analogous proton-proton couplings.

To further test the correlation between signs of

coupling constants, the norbornene system was also analyzed

for the signs of the carbon-proton coupling constants. In

this case, the geminal JCH was found to be negative, and

both of the three-bonded couplings were positive. Numerous

ticklings clearly showed the -++ case to be true rather than

the +++ case. (See Table V for spin tickling trials.)

The signs of the carbon-proton couplings in the nor-

bornene system also agree with analogous proton-proton

couplings, where aliphatic geminal couplings are always

negative, and again, three-bonded couplings are positive.

After investigating the signs and magnitudes of carbon-

proton coupling constants, a plot serves to illustrate the

reasonable correlation of carbon-proton and proton-proton

coupling constants. (See Figure 8.) (Remember that the
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geminal olefinic couplings are an exception.) The slope

of the plot is about 0.7, the average of the ratios of JCH

and JHH. The reasons why the plot is not strictly linear

may lie in the fact that the geometries of the systems

studied are not exactly the same as the geometries of the

model compounds. These geometries are shown in Table VI.

The three-bonded cis coupling in crotonic acid involves

internal angles of 123.80 and 121.50, while the internal

angles of the model compound, propene, are 121.50 and 1190.

It is known that as the sum of the internal angles increases,

the coupling should decrease (7). Since the sum of the

internal angles of crotonic acid is larger than the sum of

the internal angles in the model compound, the coupling

should perhaps be larger. If the sum of the angles was

exactly the same as the sum for the model compound, the

ratio might be larger, and after adjustment of the data point,

the plot would be more nearly linear. In the case of acrylic

acid, an adjustment similar to the one for crotonic acid

would be made, and again the linearity of the plot might

improve.
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CONCLUS IONS

The goal of this study was to examine the correlation

between carbon-proton and proton-proton coupling constants.

Examination of the magnitudes of the carbon-proton couplings

showed then to correlate well with analogous proton-proton

couplings. The JCH HH ratios are somewhat larger than

predicted by the Fermi contact mechanism, ranging from 0.5

to -.8 (excepting the olefinic geminal couplings), but the

ratios are fairly constant, as seen in the plot of Figure 8.

The geminal olefinic couplings are much larger than predicted,

but the ratios of these couplings with analogous proton-

proton couplings are self-consistent.

The signs of the carbon-proton and proton-proton coupling

constants also agree very well. In this study, there was no

exception in this agreement of signs of the coupling constants.

Figure 8 summarizes the relationship between carbon-proton

and proton-proton coupling constants. This correlation is

quite good, and it appears that carbon-proton coupling constants

areaa reasonable tool for structure analysis. One must re-

member, however, that the trends of the olefinic geminal

coupling constants differ from other carbon-proton coupling

constants.

As indicated by the good correlation between carbon-proton

and proton-proton coupling constants, it seems that the
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mechanism of these couplings operate in a similar manner.

The larger than expected carbon-proton coupling constants

are perhaps due to additional coupling mechanisms or to

increased mean excitation energies and electron densities.
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