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Introduction
The research activity of the NMR-group of the Organic Chemistry Laboratory of
Utrecht University is focussed on the use of Carbon-13 Nuclear Magnetic Resonance
13
1
(
C - NMR ) in structural and conformational analysis. For instance, the various
13
13 1
C chemical shifts and C - H one-bond coupling constants in heterosubstituted
2
"i
acetylenes
and several organolithium compounds
have been investigated in order
to obtain a detailed picture of the structure of these compounds in solution.
A study has also been made of the effects of substituents on the C chemical
shifts and C - H coupling constants of allenes, ethenes and butatrienes.
The object of the investigation described in this thesis is twofold. First we
13
1
want to collect a reliable set of data on long range C - H coupling constants
in aliphatic compounds. Secondly we want to develop the use of long range C - H
coupling constants as a tool in the conformational analysis of aliphatic compounds.
Long range C - H coupling constants could be useful in conformational
analysis, particularly in those cases where there are no suitable H - H coupling
constants. In the future, long range C - H coupling constants could become even
more accessible and useful for the following reasons. In complicated ( for instance
biochemical ) compounds even at high frequencies the H - H coupling constant cannot always be detected due to overlap. However, the analysis of single resonance
C NMR spectra for the long range C - H couplings becomes fairly easy at high
13
fields mainly because the chemical shift range of C is approximately five times
the one for H . Techniques such as selective H - irradiation and the development
fi
13
1
of two-dimensional NMR spectroscopy will make long range C - H coupling constants easier to obtain.
The few studies available of vicinal ( three-bond ) C - H coupling constants
in aliphatic systems * indicate that these constants are sensitive to the following parameters :
1) torsion angle ( 0 ) around the centre bond in the C-C-C- H coupling pathway,

2) electronegativity of substituents attached to the atoms in the coupling pathway,
3) position of the substituents,

H

13 a

C

4) orientation of these substituents ( X ) with respect to the coupled nuclef,

13

X antiperiplanar
with respect to H

5) hetero-atoms in the coupling pathway,
6) bond angles ( i> ) and bond lengths ( r ) ,

X synclinal
with respect to H

The work reported in this thesis is restricted to the influence of the parameters 1) to 4) .
The torsion angle dependence of the Fermi contact contribution, which is generally assumed to dominate the vicinal
C - H coupling constant , is derived from
MO ( Molecular Orbital ) calculations at the INDO ( Intermediate Neglect of DifferQ

ential Overlap ) level in the case of propane
, This torsion angle dependence is
1 1
9
similar to that of the vicinal H - H coupling constant in ethane
. Chapter I
describes an empirical determination of the torsion angle dependence of the vicinal
C - H coupling constant for model compounds.
13
1
The dependence of long range C - H coupling constants on the electronegativity
of substituents attached to the coupling pathway is reported for the monohalogen
substituted ethanes and propanes in chapter II . The observed differences in the
vicinal as well as geminal ( two-bond ) couplings of the C atoms in various positions with respect to the substituent a^e described in terms of differences in the
electronegativity of the substituents, the conformation and the bond polarization.
The dependence of NMR parameters on the electronegativity of substituents is in
most cases well established only for substituents which are elements from the first
row of the periodic table, because other effects ( caused by the presence of occu2 10
pied d-orbitals for instance; see chapter II ) tend to obscure this dependence ' .
Therefore the electronegativity dependence of the vicinal
C - H coupling was
studied in monosubstituted propanes whose substituents are elements from the first
row of the periodic table only . The results, which are qualitatively discussed in
terms of MO theory, are described in chapter III .
In chapter IV it is shown that the vicinal
C - H coupling constant in
aliphatic systems is a constitutive property. The additivity relation which is found
for the substituent effects on this coupling enhances the usefulness of this coupling in conformational analysis.
1O

The geminal

I

C - H coupling constants in ethyl, isopropyl and tert-butyl

10
compounds, which have been substituted by an element of the first row of the
periodic table or a haline atom, are reported in chapter V . No simple additivity
relation is found for these couplings. This is not unexpected because these couplings are the results of positive and negative contributions which are of the
same order of magnitude and are both sensitive to variations in the coupling
pathway
.
The investigations reported in chapters II to IV are predominantly concerned
13
1
with the " average
"
vicinal
C
H coupling constants in saturated systems.
These " average • 13 C . H couplings are the weighted average of the couplings in
13
1
the different rotamers of the C-C-C- H fragment :

H

ur

The vicinal
C - H coupling constants in the individual rotamers are, however,
of much more importance in conformational analysis. The influence of electronegative
substituents on the vicinal
C - H coupling constants in the individual
13
rotamers of CH 3 - C ( X ) H - C ( Y ) H - 1 H fragments is discussed in chapter
VI.
1O

1

The application of long range C - H coupling constants to the conformational
analysis of CMP-N-Acetylneuraminic acid and 2,6-dichloro-l,4-oxathiane,described
in chapter ;il and VIII,demonstrates the way in which these coupling constants can
be used as a tool in conformational analysis.

11
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Empirical determination of the torsion angle dependence of the vicinal 1 3 C - H
coupling constant in a " C H a - Q R ^ O H - C C R ^ H - ' H fragment of model
compounds

I

(Preliminary communication)
T. Spoormaker* and M. J. A. do Bie

Laboratory of Organic Chemistry of the University, Croesestraat 79. Utrecht, The Netherlands
(Received December 8th, 1977)'
The measurement of vicinal I 3 C-H coupling constants may
lead to useful information on the conformational preference
of molecules. The torsion angle dependence of the Fermi
contact contribution to V(C-H) in propane was recently
calculated by Wasylishen and Schaefer1. The empirical
determination of the torsion angle dependence of V(C-H)
is difficult2"4 because of the sensitivity of V(C-H) to other
parameters (electronegativity of substituents, hetero-atoms
in the coupling path, hybridization of the intervening atoms,
etc.). However, it is possible to avoid these other effects in the
study of the torsion angle dependence of 3 7(C-H) by a careful selection of the model compounds. We measured the
1J
C-H coupling constants in the fragment 1 3 CH 3 -C(R')OH-C(R 2 )H-*H. in which R1 and R2 are part of
an alicyclic system. In 2-<w/»-metiiyl-2-bornanol (I) and
M-f«7-bulyl-l-methylcyclohexan-r-l-ol (II) this fragment
has a fixed geometry and coupling constants at four different
torsion angles can be measured.

Results

The assignment of the 13C signals-of the ring carbon atoms
C . C2. C\ C* and C7 of I is accomplished on the basis of the
chemical shifts calculated for both isomers from the I3 C data
of isoborneol and borneol and the increments for, respectively, a 2-t'«rfo-CH3 and a 2-i'.vo-CH3 given by Lippmaa
et al.5. C5 and C could be assigned by a selective 'H decoupling of the 10-methyl protons. Removal of V(C 6 -H'°)
by the irradiation simplified the C6 pattern. The molecular
configuration cannot be ascertained on the basis of the calculated shifts of the ring carbon atoms (Table I). However,
as is inc'ic.i'ed by the chemical shifts of C l ' in 2-ew/o-methyl2-noibornanol (26.3 ppm) and 2-<>.vo-methyl-2-norbornanol
(31.1 ppm), the shift of C " is different for the endo- and exoposition. The observed chemical shift for C " is 27.1 ppm,
indicating that the 11-methyl group is in the e/irfo-position.
1
2
3
4
5
11

R. Wasylishen and T. Schaefer. Can. J. Chem. 50. 2710 (1972).
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50.773(1972).
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Chem. Soc. 95. 7866(1973).
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Org. Magn. Resonance 2. 581 (1970).
J. Brians. F. A. Hart. G. P. Moss and E. W. Randall. Chem.
Comm. 1971, 364.

Table I ' 3 C chemical shifts' of the isomers of 2-niethyl-2-bomanol and 4-lcrl-butyl-lnH'tliylcyclohexanofi.

Compound
2-e.vo-methyl-2-bornanol
2-t'M(/o-methyI-2-bornanol

(calc)
(calc)
(obs)b
(obs)<

/-4-/w/-butyl-1 -methyl-cyclohexan-r- i -ol (obs)h
i'-4-/CT7-butyl-l-methyl-cyclohexan-r-l-ol (obs)b

C3

c

C5

C6

C7

C8

C

C 10

C"

81.8

50.2

46.6

29.1

82.7
79.31
78.20

49.8
47.65
48.37

28.0
27.9
31.51
31.51

45.6
48.9
49.10
49.26

21.66
22.05

21.29
21.48

10.06
10.62

27.11
27.31

70.83
68.84

40.82
39.38

46.6
28.3
45.77 27.11
45.98 27.31
25.00 47.83
22.71 47.83

25.00
22.71

32.39
32.39

27.68
27.68

27.68
27.68

27.68
27.68

25.26
31.46

C

C2

55.6
55.7
52.01
52.16
40.82
39.38

* Chemical shifts in ppm relative to TMS.
" 2 M solution in CDC13.
' 2M solution in pyridine-rf5.
d
The carbon numbering in 4-rirr-butyl-l-methylcyclohexano), which is made similar to that used in 2-melhyl-2-bornanol, is not in agreement
with the IUPAC rules.
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In addition, due to the c.vo-position of the hydroxyl group, C8
is prone to a larger pyridine induced shift than C*. For a
hydroxyl group in the fm/u-position C8 is expected to shift
less6. The I3 C chemical shifts for both isomers of 4,-tertbutyl-1-methylcyclohexanol are also listed in Table I.
Vicinal coupling constants at torsion angles of 0° and 120°
were determined by a first order analysis of the single
resonance 13C spectra of I in CDC13 as well as in pyridine-</5.
No solvent effect on 3 J(C-H) larger than the experimental
error (0.1 Hz) was found (Table II).
The torsion angles (0 a a , 0 a e ) in II are not exactly 180° and
60°. Flattening of the chair results in a decrease of both
angles. In our study we use the torsion angles (167° and
49°) calculated by Jefford et al.7 for /-4-W/-butylcyclohexanol, Determination of V(C-H) in natural abundance
single resonance 13C-spectra was impossible, because of the
overlap of the C ' signal and the methyl resonances of the
tert-b\Ay\ group. ' 3C enrichment of the methyl group was
necessary. The line widths in the proton decoupled I3 C
spectra were less then 0.3 Hz. but the multiplet hyperfine
splitting due to V(C-H) was not completely resolved
because of long range 1 3 C-H couplings [V(C-H)].
Resolution enhancement techniques had to be used to obtain
the V(C-H). In addition to 3 7(C-H) the values of geometrically equivalent V(H-H) in the *H-C(R 1 )OH-C(R 2 )H-*H fragment of isoborneol and <-4-/«7-butylcyclohexanol are listed in the right hand part of Table II.

Discussion
In Fig. 1 V(C-H) in the 13 CH 3 -C(R')OH-C(R 2 )H-*H
fragment is plotted against the torsion angle (0). The
equation of the curve is determined by a computer program
in which the constants of the Karplus like relation: V(C-H)
= A + B cos ( 0 + 0) + C cos 2 ( 0 + 0) are optimised.
The equation which has the best fit with the observed
coupling constants is:
3

7(C-H)= 3.09 - 0.38 cos ( 0 - 5.53) +
+ 2.57 cos 2 ( 0 - 5.53)

For a torsion angle of 79° 3 ,/(C-H) is calculated to be
0.8 Hz. This value is in agreement with the small experimental 3./(C10-H2nc,,,) of 0.6 ± 0.2 Hz in isoborncol (III)

H

Fig.
I. Torsion angle dependence of 3i(C—H)
xi
CH3-C(R1)OH-C(R2)H-*H
fragment.

7
8
9
10

x

endo

at a torsion angle of ~ 79°. The phase shift (0) is a result of
the orientation of the hydroxyl group with respect to the
C-*H bond. Theoretically Pachler9 and Wasyiishen and
Schaefer10 found similar effects in their MO calculations of
respectively 3 J(H-H) in ethane and ethyl fluoride and
3
J(C-H) in propane and isopropyl fluoride. The occurrence
of this effect results in very small calculated substituent
effects at torsion angles of 30-60°. They suggested that tnis
small substituent effect is caused by the almost perpendicular
position of the C-X bond (X = substituent) with respect to
the C-*H bond. We observed a similar effect experimentally
in borneol and bornylamine (IV). In both compounds
V ( C I 0 - H j n J is not observable due to the small V(C-H)
at torsion angles of ~79°. For the remaining 3J(C10—
-H2.xo) and 3J{CIO-H*XII), which have geometrically equivalent coupling pathways, the electronegative substituent at
the intervening C2 atom should lead to different coupling
constants. The corresponding coupling constants in npropanol, as well as in n-propylamine are indeed ~ 1.5 Hz
smaller than in propane. However. 3J(C10— H2.vo) and
V(C 1 0 - H^Jare identical in borneol (2.8 ± 0.1 Hz) as well
as in bornylamine (2.7 ± 0.1 Hz). This may be due to the
perpendicular position of the C—X bond with respect to the
C ' - C 1 0 bond (IV). The shape of the curve in Fig. 1 is
similar to the one calculated for isopropyl fluoride10.

the

C. W. Jefford. A. Baretla. J. Fournier and B. Waegell. Helv.
Chim. Acta 53. 1180 (1970).
T. J. Flaw and W. F. Erman. J. Amer. Chem. Soc. 85, 3212
(1962).
K. G. R. Pachler, Tetrahedron 27, 187 (1971).
R. Wasyiishen and T. Schaefer. Can. J. Chem. 51. 961 (1973).

Table II Values' ofii(C-H)
*P-C(R' )OH-C(R1)H-*H

[1]

in the i3CH3-CfRl)OH-C(R2)H-*H
fragment of the compounds studied.

fragment and the geometrically equivalent ^(H-H)

V(C-H)

Compound

V(C-H)

0

2-«Kfo-methyl-2-bornanoI

5.25 (5.26)
1.63 (1.68)

0°
120°

0.72
0.42

/-4-/«7-butyl-1 -methykyclohexan-r-1 -ol

2.90
5.50

49°
167°

0.67
0.49

V(H-H)

3

y(H-H)

compound

7.33b (7.48)
3.85" (3.60)

isoborneol

4.3 l c
ll.07 c

values in the

r-4-/«7-butylcyclohexanoI

' Coupling constants in Hz measured from 2 M solutions in CDC13 or pyridine-rf5 (shown in parentheses).
b
These couplings could only be obtained at 360 MHz, for at 90 MHz the 10 methyl signal is deceptively simple due to the very small shift difference of the protons in the 3-position*.
c
Ref. 15.
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Application in flexible systems

°

With equation [I] it is possible to calculate the coupling
constants in flexible systems having the same l3CH3—
-C(R')OH-C(R 2 )H-H fragment. Such a system is found
in 2-methyl-2-butanol. in which R'=R 2 =CH 3 . The observable vicinal coupling constants are weighted averages of the
couplings at 0 = 60°, 180° and 300° in the three rotamers:

H

"CH3

"CH3

H

S6r "
CH3

[2]

gp, + P,,
3

n

< J(C'-H )> = /

[3]
A

B

Due to the identical chemical shift of H and H , only the
average coupling (< 3 y(C'-H)>) of <V(C'-H A )> and
< 3 /(C'-H B )> will be observed in the spectrum. The
magnitude of < 3 y(C'-H)> depends on the rotamer populations Pr From a sterical point of view we expect Pm to be
smaller than P, ( = Pn) and therefore we calculated
< 3 y(C ] -H)> from equations [1], [2] and [3] for the two
extremes; Pm ( = />„ = />,)=0.33 and PIU = 0. For Pm = PH = Pt
the computed coupling is 3.1 Hz; for Pm = 0 and P,=Pu = 0.5
the computed value is 2.6 Hz. The experimental coupling,
observed by Karabatsos1'. is 3.0 + 0.2 Hz. indicating that
Pw is indeed smaller than P, (= P,,).

11
12
13
14
15

G.J. Karabatsos. J. D. Graham and F. M. Vane, J. Amer. Chem.
Soc. 84. 37 (1962).
T. Spoormaker and M. J. A. de Bie. Reel. Trav. Chim. Pays-Bas.
in press.
P. Malkonen. Ann. Acad. Sci. Fennicae Ser. A II 128. 61 (1964).
W. J. Houlihan. J. Org. Chem, 27. 3860 (1962).
F. A. L. Anet. J. Amer. Chem. Soc. 84. 1053 (1962).

Fly. 2. *J(C-H) in the ^CHj-CfR1
)0H-C(R1)H-*H
fragment aaainst the geometrically equivalent ii(H-H) in the
*H-C(Rl)OH-C(R2)H-*H
fragment (*). The straight
line is determined by the *)(C-H) and ii(H-H) values in
propane (cis O, trans %) in propane (O) and in isoprvpyl
halides (.)u.
The correlation of V(C-H) and 3 /(H-H)
In an earlier study12 we demonstrated the linear dependence
between V(C-H)and 3 ,/(H-H) for geometrically equivalent
couplings within one molecule. Here we compare 3 y(C-H)
in the fragment 13 CH 3 -C(R')OH-C(R 2 )H-*H with the
corresponding V(H-H) in the *H-C(R')OH-C(R 2 )H-*H
fragment, in another, homologous compound. In Table II
the 3 y(C-H)/ 3 7(H-H) ratio is listed. These ratio's range
from 0.72 to 0.42. In Fig. 2 3 J(C-H) is plotted against the
corresponding V(H-H). The correlation between these
couplings in the compounds compared is not so impressive
as the li near relation we found earlier by comparing 37(C— H)
and 3 /(H-II) within the same molecule.
Experimental
2-enrfo-Methyl-2-bornanol. 4-ferr-butyl-l-methyIcyclohexanol and
4-rc/Y-butyl-l-[13C]-methylcyclohexanol were synthesized according to literature procedures' 314 . 13C FT and 'H spectra were
recorded on a Varian XL-100-i5 FT and an EM 390 spectrometer,
respectively.
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Long-range carbon-proton spin-spin coupling constants.
A 13 C NMR study of monohalogen substituted ethanes and propanes
Tom Spoormaker and Marius J. A. de Bie*
Laboratory of Organic Chemistrv, University of Utrecht, Croeseslraat 79, Utrecht, The Netherlands
(Received May 31st, 1977)
Abstract. The analysis of single resonance 13C FT NMR spectra has provided all long range 1 3 C - ' H
coupling constants in the monohalogeno-ethanes and -propanes. In addition, all directly bonded
13
C-'H coupling constants, l3C-chemical shifts as well as 'H-NMR data are reported (together with
literature values). Substituent effects on the geminal and vicinal 1 3 C-'H coupling constants are discussed in terms of electronegativity, conformation and bond polarization.

Introduction

For a few years long range carbon-proton coupling constants
could be measured only in carbon-13 enriched compounds.
Since the introduction of FT NMR the measurement of
these coupling constants in natural abundance 13C NMR
spectra is quite common.
Vicinal 1 3 C - ' H couplings in saturated systems are interesting because they might be a tool for use in conformational
studies. We refer to studies by Lemieux et al.', on uridine and
related compounds, by Schwarcz and Perlin2 on a variety of
13
C-labelled carbohydrates and by Wasylishen et al.3 who
applied INDO MO calculations. These authors showed that
the torsional angle dependence of the vicinal 13C— 'H
coupling might be quite similar to the one for the vicinal
'H—'H coupling.
However, the coupling constant is not only dependent on the
torsional angle but also on the substituents, the intervening
atoms and the hybridisation of the coupled 13C atoms. As
these dependences have not been studied systematically, we
started an extensive study on the influence of the substituent
electronegativity on long-range 13C—'H coupling constants
in substituted alkanes.
In this paper we report the results of a comparative study of
the long-range I3C— 'H couplings in halogen substituted
ethanes and propanes. The observed differences in the
vicinal as well as geminal couplings of the 13C atoms in a-,
P- and y-position with respect to the substituent, will be
discussed in terms of differences in electronegativity, conformation and bond polarization for the following systems:

T

-C-C

x

C- 13 C-C

- 1 3 C-C

13

C-C-C
X

P-position

a-position
13

C-C-C

X
Y-position
Results
In Table I, II and HI the 'H and 13C NMR data are compiled for the ethyl halides (and ethane), the isopropyl
halides (and propane) and the n-propyl halides, respectively,
together with literature values. The l H - " F coupling
constants of the fluorides are summarized in Table IV.
The signs of the geminal 13C—'H coupling constants in our
alkyl halides were inferred to be negative (see below) and the
signs of the vicinal coupling constants positive. The geminal
la

R. V. Lemieux, T. L. Nagabhusban and B. Paul, Can. J. Chem.
50, 773 (1972).
L. T. J. Delbaere, M. N. G. James and R. V. Lemieux, J. Amer.
Chem. Soc. 95, 7866 (1973).
J. A. Schwarcz and A. S. Perlin, Can. J. Chem. 59, 3667 (1972).
R. Wasylishen and 7". Schaefer, Can. J. Chem. 50, 2710 (1972).

b
2
3
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' H and C NMR data* of ethyl Iwlide.s; -C*Hl-CHx

Table /
X

S(H')

o(H J )

V(H'H2)

X, and ethane.

S(C')

5(C»)

l

J(C'H)

'./(CH)

V(C'H)

•MCH)

F

4.538
4.497"

1.368
1.348"

7.00(0.01)
7.10±0.01a

83.69
78.5"

16,42
14.1"

150.31 (0.08)
149.97 + 0.12'

126.26(0.07)
126.35 ±0.1 \'

-4.58(0.09)
-4.538±0.O15"

-1.86(0.05)
-1.66 ±0.44"

Cl

3.576
3.505'

1.482
1.488'

7.20
7.232 ±0.04'

40.36
39.6"

19.15
18.8"

150.00(0.11)

127.94(0.09)

-4.48(0.07)
4.2 ±0.5"

-2.85(0.15)
2.6 ± 0 . 5 '

Br

3.516
3.366'

1.554
1.677'

7.34
7.327 + 0.049'

27.55
27.7"

19.55
19.7"

151.56(0.01)

128.09 (0.02)

-4.60(0.07)
4.0 ±0.5'

-2.65(0.07)
2.1 ±0.5'

1

3.150 (s)
3.155'

1.785 (s)
1.859'

7.4+0.1 (s)
7.446 ±0.034'

-1.2
0.3 b

20.6
22.0"

150.7 + 0.1 (s)

128.3 ±0.1 (s)

-4.8'±0.1 (s)
-5.0±0.5 J

-2.8±0.1(s)

H

0.86

Table II

x

HunduC

Cl

Br

1

1.291

H

-4.8"

NMR data* of isopropyl lialidcs. - C f / ' - C ' / W - C W - . and propane.
V(H'H2)

«(C)

ii(C")

4.789

6.18(0.07)

87.75

23.01

150.77(0.08)
150.30(0.08)

1.433

4.108

6.46 (0.04)

53.47

27.44

1.448J

4.116'

6.48 ±0,015'

60.6"

28.0 b

1.642

4.242

6.60 (0.05)

44.47

28.59

1.637j

4.216'

6.58 ±0,015'

45.5"

29.6"

1.818

4.273

6.74 (0.05)

20.16

31.09

6.76 + 0.015'

22.2

b

33.4"

1.840'

125.0«h

8(H:)

X 8 ( H ' . U>)
F

5.91

8.0*

.4.272

J

V(C'H)

:

V(C"H)

./(C»H)

V(CHJ

125.84(0.08)

-4.36(0.09)

0.0 ±0.3

4.59 (0.08)

127.55(0.05)

-4.29(0.03)

-1.88(0.05)

4.73 (0.05)

127.64 + 0.15'
127.73(0.11)

152.16(0.05)

4.4 + 0*15'
-4.38(0.05)

-1.74(0.13)

127.73+ 0.15'
151.06(0.09)

4.82 (0.08)
4.5 + 0.15'

127.76(0.14)

-4.64(0.07)

-2.05(0.08)

127.83 ±0.15'

5.01 (0.09)
4.7±0.15'

0.901

1.329

7.4+0.1

16.98

16.82

125.3±0.1(s)

124.3 ±0.1 (s)

-4.4 ±0.1 (s)

-4.3±0.1 (s)

5.8 ±0.1 (s)

0.9 l r

1.35'

7.37+0.04k

17.81

17.41

125.35 ±0.15"

124.35 + 0.015"

-4.39±0.04 k

- 4 . 2 5 ±0.07"

5.80±0.15k

Table IV

' H-l9Fand

l

*C-l9F

coupling constants* of the alkylfluorides.
V(HF)

CH 3 CH 2 F

lit. 4

CHjCHFCH,,
CH 3 CH,CH,F
lit.

1

+47.0
+ 46.86

(0.01)
+0.03

V(HF)
+ 26.7
+ 26.32

(0.01)
±0.04
(O.I)
±0.2 (s)
±0.05

+48.4

(0.12)

+ 23.3

+48.0
+47.35

tO. Us)
i0.2

+ 25.2
+ 23.55

V(C'F)

V(HF)
-160.1
-161.36

-

(0.07)
±0.6

+ 21.1
-11.51

(0.05)
±0.3

-

-

-162.1

(0.08)

+ 22.4

(0.09)

-

0.5 ±0.5
+ 0.38 ±0.04

-163.3

±0.1 (s)

+ 19.5

+ 0.1 (s)

+ 6.7 + 0.1 (s)

* Chemical shifts in ppm relative to TMS: coupling constants in Hz.
** Numbers in parentheses arc standard deviations. The data determined by simulation are marked by (s).
*** Assigned by us.
Rcf. 4;

b

Ref. 5;

' Ref. 6;

d

Ref. 7;

Ref. 8;

Ref. 9;

and vicinal 1 3 C - 1 9 F coupling constants in ethyl and isopropyl fluoride were assumed to be positive, in view of the
similarity of the magnitude of these coupling constants and
the corresponding ones in n-propyl fluoride, which, by calculation of the spectra, were proved to be positive.
The accuracy reported for the coupling constants obtained
after spectrum simulation [in the Tables indicated by (s)] is
based on the range of coupling constants which gave a good
fit between computed and observed spectra. For the remaining coupling constants, determined by first-order
analysis, the standard deviation of the measured line
separations, caused by the coupling, is given.
The solvent effect of the locking agent is negligible, because
spectra of the ethyl and isopropyl chlorides, bromides and
iodides run with 10 vol. % C 6 D 6 or 25 vol. % CDCI3 and,
moreover, because spectra of isopropyl bromide run with
deuterium containing locking agents, with dielectric constants ranging from 2.3 for C 6 D 6 to 37.5 for CD3CN, gave,
within the experimental error (0.1 Hz), the same set of
coupling constants in each solution.

« Ref. 10; " Ref. 11;

4

' Rcf. 12: > Ref. 13;

k

Rcf. 14; ' Ref. 15.
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1.2 Geminai ' 3 C - ' H coupling constants in isopropyl halides
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The two-bond ' 3 C - ' H coupling constants in ethyl monohalides (Fig. 1) have been determined from proton-13Csatellite spectra7 and continuous wave l3C-spectra8, but the
limited accuracy of the reported values prompted us to
remeasure them by 13C FT NMR spectroscopy. The
magnitudes of these geminai ^ C - ' H coupling constants
could be determined by first-order analysis, except those for
ethyl iodide. The spectra of ethyl iodide recorded at 20.0 and
25.2 MHz, were analysed by simulation of the 13C spectra.
The signs of the geminai l 3 C - l H couplings in ethyl iodide
were concluded to be negative and consequently, the signs of
the corresponding coupling constants in the other ethyl
halides were assumed to be negative too.
V(C"-H) ranges from -4.9 Hz for ethyl iodide to -4.5 Hz
for ethyl chloride (Table I). 2y(C*-H) for ethyl fluoride is
smaller than for ethyl chloride. As for ethane -4.8 Hz is
found10'11, a halogen atom directly bonded to the coupled
l3
C atom does not affect 27(C*-H) to any marked extent16.
Previous studies4-8'16-17 have indicated that electron withdrawal by a substituent at the intervening C atom algebraically increases 2 7(C P -H). Indeed we found that VfC^-H) is
less negative than 27(C!I-H) and ranges from —2.8 Hz for
ethyl iodide to - 1.9 Hz for ethyl fluoride.
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Isopropyl halides have also two different geminal I 3 C - ' H
couplings: V ( C - H ) and 2 y(C-H)(Fig. 2, Table II).
In Table V the difference [A2./(C"-H)] between 2J(C-H)
in the isopropyl halides and the corresponding 2/(C—H) in
the ethyl halides are listed.

in the ethyl and isopropyl halides (Tables 1 and II). Consequently, the observed increments in both geminal I 3 C - ' H
coupling constants for the isopropyl halides with respect to
the ethyl halides are a result of a (constant) change in one or
more resonance integrals of y('3CCH), caused by the methyl
group substitution.

Table I' Differences fin Hz) between the corresponding gemma!
"C—'/Z coupling constants in propvl and ethyl halides.

rr

f f -H

relative to H - C - C ' - H

H X
X

R1

I"
Cl
Br
I

CH,

CH.,
CH,

CH.,
II
H
H
H

I'
Cl
lir
1
3

H H

H X
2

R

2

A /(C-H)

AJ./(C|l-Hl
+ 1.6 +2.2

H
H
H
H

+ 0.22
+ 0.19
+ 0.22
+ 0.21

+ 0.97
+ 0.91
+0.75

CH,
CH,

-0.22
+ 0.28
+ 0.30
+ 0.75

+ 0.16
+ 0.05
+ 0.05
+ 0.15

CH,CH,

2

H H
l

1 1t

e-C-c

relative to H-C-C-H
X

H1 1
X

X

A-./fC-H')

F
Cl
Br
1

-0.1
0.0
0.0

+ 0.2

A2AC'-H-)
-0.3
-0.05
0.0
+ 0.5

In all halides the additional methyl group increases 2 7 ( O - H)
by 0.2 Hz. This small increase of 2J(C—H) for the isopropyl
halides as compared with the ethyl halides, is contrary to the
generally observed behaviour for a more electron withdrawing subslituent than a hydrogen atom. A similar effect
is observed between propane and ethane and also in the
n-propyl halides (section 1.3).
The observed increase in 2 y(C-H) for the isopropyl halides
as compared with the ethyl halides is 0.8-1.0 Hz in the case
of the iodide, bromide and chloride compounds (Table V).
For propane relative to ethane the corresponding increase
is 0.7 Hz. The increment for isopropyl fluoride could range
from 1.6 to 2.2 Hz, because in this case 27(C|1—H) is not
observable in the spectra.
By assuming that the Fermi contact contribution is dominant for the transfer of spin information between the coupled
atoms, an assumption that is supported by earlier work of
Karabatsos et al.20, Jameson and Damasco11 could explain
the electronegativity dependence of2J{C- H) and 2J(C-H)
They expressed the Fermi contact contribution to the
reduced coupling constant as:
2

K( 13 CCH) = i

[1]
-4(13C) is the interaction corresponding to the transfer of
spin information from the 13C nucleus to the 13C bonding
orbital in the 13C—C bond. A(H) is the interaction corresponding to the transfer of spin information from the H
bonding orbital in the C—H bond to the H nucleus. 3 A£ is
the mean triplet excitation energy. y(I3CCH), a weighted
summation of resonance integrals, represents the transfer of
electron spin information from the I3 C bonding orbital in
the ' 3 C - C bond to the H bonding orbital in the C-H bond.
The changes in 2J(C—H) are mainly a result of changes in
y(13CCH). The other terms do not change much, as can be
concluded from the similarity of ' / ( C - H ) and '•/(C-H)

-5.0

Fig. 3. The geminal'3 C—' H coupling constants of ethyl and
isopropyl halkles vs. the Pauling electronegativitv of the
halogen substitiienis. The curves are drawn in order to present
a suggestive picture.
2
7(C--H) in the ethyl and isopropyl halides algebraically
increases, as expected, with the increasing Pauling electronegativity of the substituent at the intervening C atom, when
we go from the chloride to the fluoride and from the iodide
to the bromide (Fig. 3). However, there is a discontinuity in
the curve between the chlorides and bromides. Similar irregularities have been found in other NMR studies of series
of compounds where one atom was varied within a group of
the Periodic System1819.
2
y(C"-H) shows the expected slight decrease with the
electronegativity of the substituent attached to the coupled
I3
C-atom for chloride and fluoride compounds. The values
for the bromides and iodides are much smaller than expected
from extrapolation.
This deviation in V(C-H) for the iodide and bromide is
probably a result of the participation of occupied rf-orbitals
in the spin information transfer. Qualitatively we can explain
this by using a rf-orbital extension of the hybrid basis set,
used by Jameson and Damasco to describe y(I3CCH). In this
way extra off-diagonal hamiltonian matrix elements are
created as in Fig. 4.

18
19
20

M.J. A. de Bie, unpublished results.
A. W. Douglas, J. Chcm. Phys. 45, 3465 (1966).
G. J. Karabatsos, J. D. Graham and F. Vane. J. Phys. Chem. 65.
1657 (1961).
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/>HX

o

Fig. 4. Additional, off-diagonal Hamiltonian matrix elements arising from the participation of occupied d-orbita/s in
the spin information transfer for the larger halogen atoms.
• 13

y

H

a) a positive contribution to 2}(CI>-H) in ~,C-C~^

/i

h) a myatite contribution to2} (C—HJ in pC—"C^
H
X
(For simplicity only two lobes of one of the d-orhita/s are
drawn.)
In a qualitative way21 it can be demonstrated that the resonance integrals P(CX). P(XX) and P(HX) correspond to an
additional positive contribution to y( u C"CH) and P(CX)*
and P(HX)* correspond to an additional negative contribution to 7(13C'CH), giving rise to an extra algebraic
increase, respectively decrease of Jy(C— H) and ZJ(C— H).
As the iodine van der Waals radius is larger than that of
bromine, we expect that this effect is larger for the iodide than
for the bromide, as is indeed observed.

In H-propyl halides there are four different geminal ' 3 C - ' H
coupling constants: 2y(C*-H2), 2 J(C |] -H'), V f C - H 3 ) and
2
J(O-H2). (Fig. 5; Table III.)
The 13C|i- and I 3 C - spectra are complex higher-order
spectra because of the small effective shift difference
between H2 and H3 in the isotopomcrs studied. In Figure 6A
the observed l3C'i-spectrum of H-propyl fluoride is given.
This spectrum was analysed as an A\B-,C 3 MX system,
where X= 13 C and M= 19 F (Fig. 6B).
Assuming positive signs for the vicinal 'H—'H. the geminal
and vicinal ' H - " F 2 2 and the one bond 1 3 C-'H coupling
constants, as is generally accepted. Ihc signs of the geminal
and vicinal 1 3 C-'H couplings, as well as of the I 3 C - ' " F
couplings could be determined in the analysis of the 13C
spectra of H-propyl fluoride. The negative sign for 2 y(C''-F)
in ethyl fluoride found by Jensen and Schaumhufu* is nol in
agreement with the positive sign we found for H-propyl
fluoride (Table IV;. As is shown in Fig. 6C a negative sign
for the latter coupling destroys the good fit between the
observed and the simulated spectrum. We conclude that the
value reported by Jensen and Schaumhurg is wrong.
In Table V the differences between corresponding g'"minal
I3
C—'H coupling constants in the H-propyl halides anil
ethyl halides are listed. As a CH2X substituent is less
electronegative as an X substitucnt we would expect
2
y(C"-H 3 ) and 2J(C'-H2) to be less dependent on the
electronegativity of the halogen atom than V(C*-H) and
2
./(C|!-H) in the ethyl halides. The observed A2/(C"~H3)
and &2J{O— H2) are small, but show the expected trend.
Because of the position of the methyl group next to the
coupling pathway we expect A2J(C|i—H1) in the H-propyl
halides and A2J(C—H) in the isopropyl halides to be the
same. This is indeed observed. For the same reason
A 2 i(C'-H 2 ) in. the H-propyl halides and A2J(C"-H) in
the isopropyl halides were expected to be the same. This is
only observed for /i-propyl iodide. For the bromide, chloride
and fluoride A2J{C%— H2) becomes increasingly smaller.
2
J(C%— H2) in propyl fluoride is even more negative than the
corresponding coupling constant in ethyl fluoride. This is a
conformation effect. Bond length and bond angle dependence of 2J(C—H) may be neglected for this series of closely
related halides. In the ethyl and isopropyl halides the torsional angle dependence is averaged out as a result of the
free rotation of the methyl group. In Fig. 7 the Newman
projections of the H-propyl halides are given.
.C

1.3 Gominal ' ' C - ' H coupling constants in n-propyl halidcs

IE
(synclinal)

V-H 2

( synclinal)

(antiperiplanar)

Fig. 7. Conformations of the three rotational isonwrs of
n-propyl halides.
The observed 2 7(C-H 2 ) is a weighted average of the coupling constants in the three rotamers:
2

/ • /

/ • •

V-H 3
Fig. 5. Geminal
halides.

13

-/(e-H 2 ) ohsl:rvcd =. /;,. V' S0 (C-H) +
+ pu.2J-<">(C-H) + pm.2J+60(C-H),

"

K. F. Purcell and R. L. Martin. J. Amer. Chem. Soc. 95. 7956

^ (1973).
22

C—'// coupling constants in n-propyl

[2]

K. Jones and "£. F. Mmmey, Annual Reports on NMR Speclroscopy. Vol. 3, E. F. Mmmev. Academic Press, London. 1970.
261.
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100 Hi

Fig. 6. ' 3 C spectra of the C8 carbon of n-propylfluorideat 25.2 MHz.
A) Observed spectrum; apart of the C< resonances is visible (* = olejinic impurity).
B) Calculated spectrum with a positive sign for 2J(Cti-F).
C) Calculated spectrum with a negative sign for

where px, pa and pm are the mole fractions of each rotamer of
themoleculeand2y180(C-H), V~ 60 (C-H) and 2 ./ +60 (C-H)
the geminal I 3 C - l H coupling constants in rotamer 1, II and
III, respectively. Calculations by Schwarcz et al. 23 of
2
J ( C - H ) in ethanol show that the geminal 1 3 C-'H couplings in the different rotamers may be quite different. Hence
2
/(C"-H 2 ), 2 y ( C - H ' ) and V(C r -H 2 ) in the n-propyl
halides will be dependent on the mole fractions of the different rotamers.
Although rotamer HI should be favoured on account of

i

i((?-F).

sterical factors, it has been suggested24-25 that attraction
between the CH 3 -CH, and CH 2 -X dipoles stabilizes
rotamers I and II.
23

J. A . Schwarcz, N. Cvr and A . S. Perlin, Can. J. Chem. 53, 1872
(1975).
C. J. Szasz, N. Sheppard and D. H. Rank, J. Chem. Phys. 16,
704 (1948).
" J. B. Anderson, C. W. Doecke and H. Pearson, J. Chem. Soc.
Perkin II 1976, 336.
24
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Table VI Conformalional data of n-propyl halides in four states.
The roiamer most stable at room temperature is indicated.
The stability of the synclinal rotamer with respect to the antiperiplanar roiamer (in kJjmole) or its abundance (in per cents) is given
hi parentheses.
Mosl stable rotamer of CH3CH2-CH2X in
X

Vapour

Liquid
1

Solid

Annealed solid

F

synclinal (2.0+1 3)-

synclinal (0.9+0.2)"

synclinal (100%)'

a

synclinal (0.0±2.1)d
(0.2 + 0.6)"
(0.2 + 0.3)"
(1.3 ±0.8)"

synclinal" (1.3 + 0.6)
(1.3 ±0.6)
antiperiplanar (— 0.2 + 0.3)"

antiperiplanar (100%)'

Br

synclinal* (~0
)
(0.4 + 0.8)
(1.2 + 0.4)

synclinal" (2.1 +0.4)
(1.8+0.4)
(-0
)

antiperiplanar (100%)'

antiperiplanar (IOO%)'-»

antiperiplanar (100%)'
antipcriplanar1

1
Ref. 26;

Ref. 15;

Ref. 27;

d

Ref. 28;

Ref. 29;

In Table VI the results of several conformational studies of
w-prupyl halides are summarized. As a result of sterical
factors the stability of the gauche rotamer should decrease
in the order F > Cl > Br > I. The larger stability of the
synclinal rotamers (I and II) in «-propyl fluoride as compared with n-propyl chloride is clearly demonstrated for the
annealed solid.
Schwarc: et al. 23 calculated for ethanol negative and positive contributions to the geminal coupling for the proton in
synclinal or antiperiplanar position, respectively, to the
hydroxyl group. Applying these calculations to the n-propyl
halides we would expect V(C*-H 2 ) to increase from I to F.
However, assuming that the C H 3 - C H 2 bond has a larger
group dipole moment, with the CH 2 group negative, in the
two synclinal rotamers I and II, than in the antiperiplanar
rotamer III, the increased electron donation to the intervening C-atom, may lead to a decrease of 2 J(C—H 2 ). Consequently 2 7(C'-H 2 ) decreases with the stability of the
synclinal rolamers in the order I > Br > Cl > F and
indeed a roughly linear dependence between the difference
A 2 y(C Y -H 2 ) and the van der Waals-radius of the halogen
atoms can be observed.
The polarization assumed for the CH2—CH3 bond does not
seem to change the .y-character of the C" and C atoms in
their C - H bonds to a large extent, as can be concluded from
the nearly equal one-bond I3 C—'H coupling constants
[ ' A C - H ) and V(C"-H); Table III].

Rcf. 30;

» Ref. 31;

Ref. 32;

Rel". 34.

Ref. 33;

The difference in polarisibilily between the i3C-C' and
' H - O bond may be neglected as is demonstrated by the
correlation between V(C"-H) in compounds of the type
XYZ' 3 CH and V(C"-C) in compounds of the type
X Y Z 1 3 C - 1 3 C H 3 found by Weigert and Roberts**.
The other terms in equation [1] may be different for the
13
C - ' H and ' H - ' H coupling, but are expected to be
constant in the series of isopropyl halides. The equation for
the straight line in Fig. 8 is:
3

/ ( C - H ) = 0.71 3 7 ( H - H ) + 0.16

[3]

13

This behaviour of the vicinal C— ' H a n d 'H—H coupling
constants suggests that the Fermi contact term is dominant.

5.0-

\H/HZ

4,6-

2. Vicinal' 3 C—' H coupling constants
6.5

2.1 Vicinal 1 3 C-'H coupling constants in isopropyl halides
In the isopropyl halides the value of 3J(Cf—H) was determined by first-order analysis. It ranges from +4.6 Hz for
isopropyl fluoride to + 5.0 Hz for isopropyl iodide (Table II).
Because of the freely rotating methyl groups no conformational dependence will be observed. Increasing electron
withdrawal by a more electronegative substituent at an
intervening C atom decreases the coupling constant. This
effect is in the same direction as the one for the vicinal
' H - ' H coupling constants in the isopropyl halides (Fig. 8).
Changes in the transfer term for both 1 3 C - ' H and ' H - ' H
coupling constants will be nearly the same for each halide,
for the coupling pathway of both couplings is very similar:

X—C

:—H
i

'H

Fig. 8.
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3(C-HJ

vs. 2i(H-H)

3
J
H,H

6.8

in isopropyl halides.
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A V(C-H)/V(H-H) ratio of about 0.7 was found by
Karabatsos for isobulyl derivatives36 and by Marshall for
olefinic37 and some aliphatic38 carboxylic acids.
Strictly speaking Karabatsos did not compare the proper
coupling constants. He studied the geometrically equivalent
' H - ' H and ' 3 C - ' H couplings in isobutyl compounds:

and that these couplings are determined practically completely by the Fermi contact contribution. The ratio of the
coupling constants is then given by:
Y('3C)./4(I3C).7(13CCCH).V4(H).3AE-'

V(H-H)
H

H

?

~V"(HM<H).y(HCCHM(H).3A'£-'

LJ

were y(' 3C) and y(H) are the magnetogyric ratio's of' 3C and
H and 3A'£ is the mean triplet excitation energy for the
H - C - C - H coupling pathway. The transfer terms
y('3CCCH) and y(HCCH) as well as the mean triplet
excitation energies 3 A£ and 3A'E are expected to be equal
for each halide and expression 5 becomes:

I

—C 1 3 —X

These vicinal coupling
pg constants are not comparable, since
in
/ ( C H ) the
the substituent
substituent is
is directly
directly bonded
bonded to
to the
the coupled
coupled
in \\/(C-H)
I3
C atom and in 3 J(H-H) indirectly to an intervening
C atom.
The comparison by Marshall of V(C-H) with 3 7(H-H) in
geometrically equivalent carbon-proton and proton-proton
systems is not ideal, since the systems studied are electronically quite different.
15.0

-V(C-H)
3

./(H-H)

y(HM(H)

[6]

On the basis of the definition of the /i( l3 C) and A(H) terms,
given by Jameson and Damascon and values of the valence
.v-orbital densities at the nucleus, given by Pople, Mclver
and Ostlund*9, a value of 0.68 is estimated for the3 ./(C-H)/
•V(H-H) ratio for jy>3-hybridized ' 3C, in agreement with the
experimental result (equation [4]).
2.2 Vicinal " C - ' H coupling constants in n-propyl halides

The two vicinal 1 3 C-'H coupling constants in n-propyl
halides are quite different. One, 3 ./(C-H), involves a 13C
atom to which a halogen atom is directly attached. The other,
3
J(C T -H), should be comparable with 3 J(C P -H) in the
isopropyl halides.
3

J{C'-H)

in n-propyl halides

The Fermi contact contribution to 37(C"-H) can be expressed as:
3

Ar(13CCCH) x ^( 13 C).y( 13 CCCH).^(H). 3 A£-'

Fig. 9. ii(C-H) vs. the geometrically equivalent 3)(H-H)
in propene, with the coupled atoms in cis (O) and trans ( • )
position, in propane (Q) and in the isopropyl halides (•).
Our way of comparing geometrically equivalent 1 3 C - ' H
and ' H - ' H coupling constants is more logical. This is
particularly true for olefinic compounds:
»CH,

M

:c=c
H
We measured the cis and trans vicinal 13C—'H coupling
constants in propene to be 7.5 and 12.5 Hz, respectively.
In Fig. 9 the l 3 C-*H coupling constants of the isopropyl
halides as well as of propane and the propenes are plotted
against the corresponding ' H - ' H coupling constants. The
equation for the straight line in Fig. 9 is:
V(C-H) = 0.73 V(H-H) + 0.10

[4]

36
37

38

The correlation coefficient of this plot is 0.9996. Equation
[4] is very similar to equation [3], obtained for the isopropyl
halides separately. This indicates that the behaviour of the
couplings in the isopropyl halides is the same as that for the
vicinal ' H - ' H and l 3 C - ' H coupling constants in general

[7]

In this case y(13CCCH) is the interaction corresponding to
the transfer of spin information from the 13C* bonding
orbital in the C " - C bond to the H bonding orbital in C ' - H
bond.
Substitution on C should primarily affect -4('3C) and not
the other terms. We assume that the increasing s-character of
the 13C* bonding orbital in the 1 3 O - H bond, which is
evident from the increase in lJ(C—H), is similar to the
increase in .s-character of the 1 3 C bonding orbital in the
13
C—& bond. This increase should lead to a larger
3
J(C—H), which is indeed observed. 3J(C— H) in propane is
+ 5.8 Hz and in the «-propyl halides it ranges from +6.2 Hz
for n-propyl fluoride to +7.3 Hz for n-propyl iodide
(Table III). For the corresponding halogenoneopentanes
studied by Karabatso.i*0, the same trend is found.
Within the group of halides 'J(C- H) is practically constant,
hence the j-character of the 13C* bonding orbital in the
C—C^ bond is the same in all n-propyl halides. Consequently
V(C—H) should be equal for all propyl halides. This is not

39

40
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observed (Fig. 10). Therefore, an additional spin information
transfer pathway must be present. Such a pathway could
be due to the participation of halogen rf-orbitals.

7.5

In H-propyl iodide and bromide -V(C'-H) is 0.3 Hz smaller
than 3y(Cp—H) in the corresponding isopropyl halides.
However for n-propyl and isopropyl chlorides the difference
decreases to 0.2 Hz and 3J(C'—H) for n-propyl fluoride is the
same as V(CP—H) in isopropyl fluoride.
This effect is caused by the change in conformation mentioned in section 1.1.

J
/Hz
/
C,H
7.0F'
H"

n
6.5 <

Fig. II,

6.0-

5.0-

+
13

1

1
"~"-~-—.
H

H

in
I ontipenplanar J

The three rotational isomers of n-propyl fluoride,

The higher stability in the synclinal rotamers in n-propyl
fluoride (Fig. 11) results in a large contribution of
V18O(CV-H) to the time averaged, observed V(C V -H):

H
I

C-C-C

4.5-

(synclinal)

(synclinal )

•
H"

=

(A,

[8]

'-

As 3 y 18O (C'-H) is larger than 3f°(C<-H) an increasing
contribution
of the synclinal conformer will cause an algeI1 *
braic increase in the observed 3 /(C'-H). The stability of the
X
I
Br CL
F
synclinal rotamer is expected to decrease in the order
4.0h
1
h—— t —
F > Cl > Br > 1, hence the population of the synclinal
3.5
2.5
3.0
4.0
rotamers and consequently the contribution of 3./l80(C—H)
will decrease in this order. For H-propyl iodide and bromide
Fig. 10. The vicinal13C—'H coupling constants in isopropyl no conformational effect is observed, probably because of
and n-propyl halides vs. the Pauling electronegativity.
the small differences between synclinal and antiperiplanar
populations. If all H-propyl halides should have the same
rotamer population, their values of 3 /(C'-H) can be found
V(C'-H) in a-propy! halides
by extrapolation (broken line in Fig. 10). The difference
between experimental and extrapolated 3 /(C'-H) for
3
3
In Fig. 10 J ( O - H ) in the n-propyl halides and y(C"-H) in
n-propyl chloride is 0.1 Hz and for n-propyl fluoride 0.3 Hz.
the isopropyl halides, are plotted as a function of the
This difference reflects the difference in population of corPauling electronegativity of the halogen atoms. In both cases
responding rotamers. This opens up the possibility of using
the halogen is attached to intervening C atoms. Consequently
vicinal 1 3 C-'H coupling constants as a tool for use in con13
3
the A{ C), A(H) and AE terms in equation [5] are expected
formational studies in aliphatic systems. For a reasonable
to be the same for both couplings in all halides and in
calculation of the rotamer populations a good choice of the
l3
propane. For A( C) this is demonstrated by the similarity
values V f O - H ) and 3 7 180 (C T -H) (equation [8]) is
of './(C'-H) in the n-propyl halides, 'y(C p -H) in the isoindispensable.
propyl halides and V ( C - H ) in propane. The electroIn order to get an estimate of these values we have calculated
negativity of the halogen atoms at C in the n-propyl halides
the rotamer populations in n-r)ropyl fluoride from the vicinal
does not affect the A(ti) term. The difference between
'H—19F coupling constants. For 3/(H2—F) an equation
'./(C'-H) and '•/(C-H) in the n-propyl and isopropyl
similar to equation [6] can be used. Values of 3 y 6O (H 2 -F)
halides, respectively, is caused only by changes in the
and V 18O (H 2 -F) of 6.0 and 52.0 Hz, respectively, were
5-character of C. The y(' 3CCCH) terms of 3J(O- H) in the
calculated
from the data of Ihrig and Smith4' for the
n-propyl halides and 3 J(C |1 -H) in the isopropyl halides
H—C—C—F fragment. This resulted in populations of 0.17
are dependent on the electronegativity of the substituents. In
and 0.42 for the antiperiplanar and synclinal conformations.
the n-propyl and isopropyl halides the coupling pathways
Assuming that the extrapolated 3 J(O-H) for n-propyl
of both couplings studied are very similar. This is demonfluoride concerns a systems with equal populations of the
strated by the similarity of the one-bond I3C—'H coupling
three rotamers, values of 3.2 and 6.5 Hz can be calculated
constants of the intervening C atoms between the coupled
for V ^ O - H ) and 3 7 1 8 0 (C-H), respectively.
atoms. In the n-propyl halides ^ ( C ' - H ) is 150.0 ± .8 and
However, more values for the synclinal and antiperiplanar
•y(C p -H) is 127.3 ± 1.0 Hz. In the isopropyl halides
vicinal 13C—'H coupling constants are necessary before the
•y(C*-H) is 151.2 ± 1.0 and ' / ( C - H ) is 126.8 ± 1.1 Hz.
vicinal I3C—'H coupling can be used optimally in conforIn view of the data given above, we assume that the contribumational studies in aliphatic systems.
tion to y(13CCCH) of an electronegative substituent at an
intervening C atom in propane can be split in two. One
contribution depends on the electronegativity of the substituent and the other depends on the position of substitution
41
and results in a constant difference between 3 7(C y -H) and
A. M. Ihrig and S. L. Smith, i. Amcr. Chem. Soc. 92. 759
c-c- 13 c

3

J(Cf-H).

~~~ — __

(1970).
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Experimental
Materiol:.
Mo'.i ethyl, isopropyl and /i-propyl halidcs were obtained from
commercial sources. The fluorides were prepared from the corresponding /Moluenesulfonates by reaction with potassium fluoride
according to literature procedures42. Small amounts of low boiling
impurities (olefins) were removed by distillation. The alkyl ptoluenesulfonates were synthesized from the corresponding alcohols by reaction with /Moluenesulfonyl chloride in ether in the
presence of potassium hydroxide at 5°C*3.
Spectra
The spectra were recorded from the pure compounds to which
10 vol. "/„ of CflD_ was added for internal 2H lock. In the case of the
low-boiling fluorides 25% of CDC1., was added insteud of C,,D,,.
Tlie spectra of the isopropyl and ethyl halidcs (except the fluorides)
were recorded with 10 vol. % of added C,,D,, as well us wilh 25 vol.
\ of added CDCIj. A series of spectra of isopropyl bromide was
recorded from samples containing 25 vol. '!„ of acetonilrile. 25 vol.
"„ of metbanol-(/4.25 vol. % of acetone-j/,, and 8 vol. "/„ of CDCI,,.
respectively.
In all cases the 'H and ''Cspectra were run from the same solution.
In order to determine the exact ! H and K1C shifts from TMS,
spectra were run from the samples used for the single resonance ' 3C
spectra after adding TMS. Most measurements were carried out at
ambient probe temperature (3O-35°C). «-Propyl fluoride (b.p.
-2.3°C). isopropyl fluoride (b.p. - I0.0°C), ethyl fluoride (b.p.
-37.7°C) and ethyl chloride (b.p. 12.3°Q were measured at
respectively -S5°C. -55°C. -65°C and 3°C.

The 'H spectra were recorded on a Varian XL-100-15 100 MHz or a
Varian EM-390 90 MHz NMR spectrometer in the CW mode in
5 mm outer diameter lubes. The " C FT NMR spectra were run at
25.2 MHz on a Varian XL-100-15 and/or at 20.0 MHz on a Varian
CFT-20. Sample tubes with an outer diameter of 12 and 10 mm
respectively were used. The " C single resonance spectra were
obtained by gated decoupling techniques (4000 transients and flip
angle 60°). By choosing the spectrum width as small as possible,
even using the fold over of peaks to advantage, and utilising the
complete 8 K data table, the maximum numbers of data poinu. per
hertz was achieved.
Spectral unaly.ilx

Whenever possible the spectra were analysed by a first-order
treatment. About half of the single resonance ''C spectra of the
alkyl halidcs studied arc of higher order, due io the small effective
chemical shift differences between some of the protons in the
isotopomers concerned. The long range I 3 C - ' H couplings in these
higher order' JC spectra were analysed using our nonitcrative NMR
simulation program SIMEQ II on the Varian 620 i 24 K computer
connected with the Varian X1--IO0 spectrometer.
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Vicinal carbon-proton spin-spin coupling constants in monosubstituted propanes
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Abstract. Analysis of single resonance " C - F T NMR spectra has yielded the vicinal 1 3 C-'H
coupling constants in monosubstituted propanes for substitucnts from the first row of the Periodic
Table. Directly bonded I 3 C - ' H , vicinal ' H - ' H and some directly bonded 1 3 C- 1 3 C coupling
constants are also reported. The influence that the substiluent electronegalivity of the elements from
the first row of the Periodic Table exerts on the vicinal' J C - ' H coupling constant is discussed qualitatively in terms of molecular orbital theory. The effects of substituents from the first row are compared
with the effects of halogen substituents.

'•'C'-C-C-'H

'•'C"-C-C-'H
X

X

3

x
p

V(C'-H)

y(C -H)

Introduction

These eleclronegativity dependences are compared with
those we have determined for vicinal coupling!) in propanes
having halogens as substituents10

The measurement of vicinal 1 3 C-'H coupling constants in
saturated systems could be of considerable importance in
conformational analysis because of their torsion angle
dependence1"9. However, the vicinal 1 3 C-'H coupling
constants are also affected by other parameters such as the
electronegativity of substituents, the position of substitution,
hetero-atoms in the coupling path, hybridization of the
intervening and coupled atoms, as well as bond lengths and
angles.
In this study we report on the substituent electronegativity
depence of these vicinal 1 3 C-'H couplings in propanes
carrying as substituents elements from the first row of the
Periodic Table in the various positions with respect to the
coupled I3 C atoms:

Results
In Table I various one-bond and vicinal coupling constants
in propanes are listed as well as the ratio of V(C |I -H) to
3
7(H-H) in the isopropyl compounds. The line broadening
of the ' 3C* signal in tri-w-propylborane, which is caused by
the interaction of the 13C nucleus with the quadrupolar
nucleus " B and by the I J C - B - C - H couplings, prevented
the determination of -V(C*-H) in this compound.

Table I One-bond carbon-proton, vicinal proton-proton and vicinal carbon-proton coupling constants* in monosubstituted propanes.
1

1

X
X

Ex'

Li

0.98

'J(C'-H)

V(C'-H)

V(HJ-HJ)

(s)

(s)

(s)

98.0
97 98"

4.0

B'»

2.04

1I5.5±2.O

CH3

2.55

I24.6'**
124.9""

NHj

3.04

132.2

OH

3.44

140.4

6.9
-

V(C'-H)

•J(C'-H)
120.4

100"
-

h

71

'-?•

X
V(C» H)

7.5

V(H-H)
7.85

0.96

V(C'-H)

X
>AC-»)

<«)

(s)

124.4

5.3

-

-

124.0

5.1

125.6 ±0.2 (s)

124.0 (s)

5.25 <s)

6.7 (s)

0.79

124.3

4.0

5.3«"

S-7

7.4

132.9
132.92 ±0.15 c

124.3
124.28 + O.151

5.0
5.01 ± 0 . I 5 c

6.3

.0.80

124.6

4.3

6.0
6.4 ±0.2'

7.4
7.43"

140.5
140.47 + 0.10 l

124.8
124.90±0.10 c

4.8
4.70 ±0.2C

6.2
6.16

0.78

125.4

4.4

7.2

-

V(C-H)
V(H-H)

7.3"*
7.3*">

.54...

-

T

P

3.98

I49.6±O.2

6.2

7.4

150.8

125.8

4.6

6.2

0.74

126.0

4.6

cr

3.16

149.4±0.2

6.7

7.3

150.3

127.6

4.7

6.5

0.73

126.5+0.2

4.5

Br1

2.96

150.6±0.2

7.0

7.2

152.2

127.7

4.8

6.6

0.73

126.0±0.2

4.5

2.66

150.0 + 0.2

7.3

7.0

151.1

127.8

5.0

6.7

0.74

125.6+0.2

4.7+0.2

* Coupling constants in Hz + 0.1 Hz. unless otherwise stated: data determined by simulation of spectra are marked by (s).
•• X = B(CH,CH,CH,);: V(C'-H) could not be determined intri-n-propylborane(seelext); triisopropylborane was not available.
•*• Determined in bulanc-1,1,1,2.2-1/,.
• • • • X = CHJCHJ.

Rcf. 11

" Ret. 12

c

Ref. 13

' Ref. 14

Ref. 15

Ret 10.
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Discussion

3

We shall discuss the electronegatively dependence of our
vicinal ' C - ' H coupling constants on the basis of the
equation worked out by Jameson and Damasco*" for the
Fermi contact contribution to the reduced coupling constant
which we adapted for vicinal coupling constants (eqn. [ 1 ]):
•'A(C-H) =

J(Cf—H) in the isopropyl compounds
In these compounds the free rotation of the methyl group
cancels the torsion angle dependence of 3 y(C''-H). Only the
substituent electronegalivity dependence remains as a
major factor.
This vicinal 1 3 C-'H coupling constant ranges from 7.5 Hz
in isopropyllithium to 4.6 in isopropyl fluoride (Table I).

•V(C-H)-2n

V= .4(UC) • y('-'CCCH)- A(l\) •3A£
In eqn. [ 1] yv and Vu are the magnetogyric ratios of ' 3C and
H, respectively. A[liC) is the interaction representing the
transfer of spin information from the 13C nucleus to the U C
bonding orbital in the 1!lC-C bond. A(H) refers to a similar
transfer of spin information from the H nucleus.
According to the model of Jameson and Danmstv the A(' JC)
and A(H) terms are given by cqns. [2] and [3]:
<4('•'(.•) = <8n-u B /3)V(C-.C) •

[2]

•4(H)

[3]

= ( 8 u u l t ' 3 ) •*••((»

In these equations uB is the Bohr magneton, u*(C-»C) is the
fraction of the 2v atomic orbital of 13C in the 1 3 C-C bond
and .»t-(0) and .v,2,{0) are the valence atomic orbital densities at
the l3 Cand 'H nucleus, respectively. The term y(13CCCH)
represents the transfer of spin information from the I3 C
bonding orbital in the 1 3 C-C bond to the H bonding
orbital in the C-H bond: 3AE is the mean triplet excitation
energy.
In their molecular orbital theory Pople and Sanity17 have
applied eqn. [4] to y(HCCH) •3 A £ ' in the vicinal ' H - ' H
coupling constant in ethane:
Y(HCCH)- 3 A£' = Sp«2-(8p')

[4]

In eqn. [4] $'£ is the off-diagonal Hamiltonian matrix clement between the orbitals of the intervening C atoms
directed towards the coupled atoms and (3 is the mean of the
elements for the direct bonding interaction of the type p n ,
and Pco (See Fig. I).

40

Fig. 2. The vicinal ''C-'H coupling constants in isopropyl
compounds versus the Pauling electronegativitv of the
substituents C7/3, NH2, OH and F.
In the group of first row substituents, V(C |I -H) decreases
practically linearly with the Pauling electronegativily, E%, of
the electronegative substituents C, N, O and F (Fig. 2). The
least squares line in Fig. 2 is given by eqn. [5]:
3

y(C p -H) = -0.46 E, + 6.40 (r = 0.997)

[5]

10

In an earlier publication we reported for isopropyl halides.
propane and propene a practically constant ratio between
V(C P -H) and V(H-H) provided these couplings are
geometrically equivalent and within one molecule. The
corresponding straight line is given by eqn. [6] (see Fig. 3):
^ C - H ) = 0.73 • V(H-H) + 0.1

[6]

The present data for the first row substituents C. N, O and F
are close to this straight line.

Fig. 1. The off-diagonal Hamiltonian matrix elements which
determine the vicinal ' / / - ' / / coupling constant.
We assume that the expression for y(13CCCH) will be
similar to that for y(HCCH). The Fermi contact contribution
to the l 3 C - ' H coupling constant of directly bonded nuclei
can be expressed by an equation similar to eqn. [1], but the
y(13CH) term is now equal to unity.
The theory outlined above will be.used as a basis for a discussion of various factors which affect the vicinal coupling
constants. First, however, we wish to prove that for the
vicinal l 3 C - l H coupling constants in these aliphatic systems the Fermi contact contribution is dominant over other
mechanisms (in contrast to refs. 14, 18-20). Since this proof
can be given for isopropyl compounds we shall first discuss
V(C»-H) in this series.

Fig. 3. }}(Cfl-H)
versus the geometrically equivalent
3
i(H~H) in propene (O, cis;, propane (|J) and isopropyl
compounds (*, first row: # . halogen substituents).
According to the theory of Jameson and Damasco we have
for 3 K(H-H) eqn. [7]:
/4(H)y(HCCH)

[7]
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Now we compare eqn. [7] with eqn. [I] for V(C-H)- The
<4(I3C) and /T(H) terms are expected to be practically
constant, while both transfer terms will vary to the same
extent or may evert be equal. Since -V(H-H) is completely
determined by the; Fermi contact term2', and since we
observed an approximately constant ratio between
V f C - H ) and V ( H - H ) (Table I) the Fermi contact term
will also be dominant in the vicinal I 3 C - ' H coupling
constants in aliphatic hydrocarbons.
The electronegativity dependence of V(C''-H) is. within the
experimental error, the same for both the first row and the
halogen substituents. The decrease in \/(C p -H) and
V ( H - H ) with increasing electronegalivity can be attributed
to a decrease in magnitude of K't- in the transfer term given
in eqn. [4], The electronegative substitucnt. X. tends to
increase the electron density close to X. Consequently, there
is a higher p-orbital participation in the C bonding orbital
of the C - X bond and thus, increased .v-participation in the
other bonds, which is reflected in the increasing value of
' / ( C - H ) . It is this increased .^-participation in the C - ' 3C"
and C - ' H bonds which decreases the magnitude of Pa-21'
and decreases V(C P -H).
Whereas the values for ' . / ( C - H ) are reasonably predicted
by eqn. [5] for the electronegative substituents, the values
calculated for the electropositive first row substituent Li
(5.95 Hz) and the second row substituent MgCI (S.80 Hz)
are lower than those observed (7.5 ± 0.1 and 7.3 ± 0.4 Hz 13 ,
respectively).
The same behaviour is shown by the tert-buly\ compounds
listed in Table II.
Table II Vicinal carbon-proton coupling constants* in monosubstituted isopropyl and ten-butyl compounds.
V(C"-H)
X

H
Li
CH 3
NH 2
OH
F

Isopropyl

(±0.1)

ftM-Butyl
(±0.07)

5.8
7.5
5.25
5.0
4.8
4.6

5.25
7.23
4.66 (4.65J)
4.25
4.05
3.86

A possible explanation of this discrepancy might be the
association of the alkyllithium22'23 and the alkylmagnesium
chloride compounds. Then, however, such a discrepancy
should also be present in the './(C-H) values listed in
Table I. Since the latter coupling constants behave normally 2 4 '" and both V(C P -H) and V ( H - H ) in isopropyllithium are temperature-independent from - 4 0 ° to 80°C,
any association effect on V(C*-H) and 3 / ( H - H ) is ruled
out.
In our opinion the difference in the transfer of the inductive
effect in the C"-'H and in the C - 1 3 C bond of the electropositive Li and MgCI compounds with respect to the
electronegative substituents is responsible for this deviation.
This will be discussed below.
The ^( 13 C) term in eqn. [I] for V ( C - H ) is proportional to
the j-character of the bonding orbital of' 3 C P in the ' 3 C"-C
bond, a 2 (C'-*C). As the total .v-character of C p in its four
tetrahedral bonds is expected to be practically unity,
a 2 (C f ->C) can be derived from the .^-characters of the
bonding orbitals of C in the C p -H bonds, u 2 (C"-.H).
This last s-character can be obtained from './(C p -H) by
using the simple semi-empirical relation of Gurowsky and
Juan26, eqn. [8]:
'/(C-H)-5O0a2(C-H)

3

/ ( C p - H ) = 0.74- 3 / ( H - H ) + 0.3

Table III s-Characttrs of C\ calculatedfrom 'JfC'-H)*
value of a2(C'-*C) in propane).

'/(C-H)

and calculated 3}(C"-H)*

[9]

a*(C *~H)

for a constant u-K"-CM o} 0.2S3 (the

_u'(C*-C)

l*C)

•'/(C'-H)
_.„_...

X

Isopropyl

tert-Buly]

Isopropyl

Iert-Buly\

Isopropyl

(erf-Butyl

Li
CH3
NH 4
OH
F
Cl
Br
I
MgCI'
propene

124.3
120.3
124.0
124.3
124.8
125.8
127.55
127.73
127.76
120.7
125.6

124.0
119.67
124.03
124.58
125.0
125.7
_
_
—
—
-

0.249
0.241
0.248
0.249
0.250
0.252
0.255
0.255
0.256
0.241
0.251

0.248
0.239
0.248
0.249
0.250
0.251
_
_
—
—
-

0.253
0.277
0.256
0.254
0.251
0.245
0.235
0.235
0.235
0.277
0.246

0.256
0.283
0.256
0.254
0.251
0.246

* Coupling constants in Hz ± 0.1 Hz.
• Ref. 13.

(r = 0.999)

The second effect, caused by the different polarisibilities of
the C - ' H and O - I 3 C bonds, is an increase in the
y(13CCCH) term of 3 / ( C p - H ) with respect to y(HCCH)
in 3/(H—H) for electropositive substituents due to a larger
electron density transfer to the O - 1 3 C bond than to the
C - ' H bond. This electron density transfer to the C - 1 3 C
bond causes an increase in carbon p-orbital participation
and a decrease in s-orbital participation in the C-' 3 C bond
with respect to the C - ' H bond. In our model this results in
an increase in the p£c integral of y('3CCCH) with respect to

Coupling constants in Hz.
Ref. 34.

H

[8]

The s-characters, calculated in this way (Table III), are of
course approximate values, but we consider the trends
reliable. The increase in a : (C |1 -C) with decreasing electronegativity is small for the electronegative substituents,
but much larger for the electropositive Li and MgCI substituents. The effect of the variation in cr(C p -C) in the
A(UC) term can be eliminated by recalculating all V(C"-H)
for a constant a 2 (C p -»C), for which we choose 0.253, the
value in propane (Table III). We then obtain a better
linear correlation between 3 /(C p -H) and 3 / ( H - H ) while
the discrepancy for the lithium compound has decreased
(Fig. 4).
The least-squares line in Fig. 4 is given by eqn. [9]:

_
_
_
_
-

0.253
Isopropyl
1.000
1.095
1.012
1.004
0.992
0.968
0.929
0.929
0.917
1.095
0.974

Isopropyl
5.8
6.85
5.19
4.98
4.84
4.75
5.09
5.19
5.46
7.70 (cis)
12.83 (trans)
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the pec integral of y(HCCH) and hence an increase in
V ( C - H ) relative to V ( H - H ) . These .v-characters (listed in
Table IV) are approximated from the hybridization dependence of './(C-C 1 1 ) using the semi-empirical relation [10] 2 ''
and data of Table HI:

'•/(O-C11) = 575a 2 (C'->C)a-(C"-C)

Ar(liC)-A{H)

[11]
•

In this ratio the A{H) terms cancel, as well as s£{0) and the
constants in the A{nC) terms. Assuming that both mean
triplet excitation energies are the same we obtain eqn. [12]
from eqns. [8] and [ I I ] :
- H ) a2(C"-*H)

y( 13 CCCH)

[12]
'•/(C-H)

(500-3 •'./(C-H))
The values calculated for the y(13CCCH) terms in the
equation for V(C''-H) in the isopropyl and /m-butyl
compounds are listed in Table IV. The y("CCCH) dependence of the /j-character of C in the C ' - U C bond,
/j(C-»C), can be described by a quadratic function. This is
demonstrated for the isopropyl compounds in Fig. 5.
yl"CCCH)

Fig. 4. 3J(CV-H). calculated for a constant a2fC^-C) of
0.253 [the value of a}(C?-*C) in propane] versus the geometrically equivalent 3i(H-H> in propene, propane ami the
isopropyl compounds.
For neopentane this relation leads to a value of 0.251 for
cr(C-»C) which is close to the theoretically expected value
(0.250). The values for c r ( e - H ) and ct 2 (C'-C) are
practically equal for equal for each molecule with an
electronegative substituent. This indicates that for these
substituents the substituent-induced hybridization changes
are almost evenly distributed over both the C—' 3 C and the
C ' - ' H bonds and therefore both y( 13 CCCH) and y(HCCH)
should vary to the same extent. However, in the case of the
electropositive Li substituent, a 2 (C-»C) becomes much
smaller than cr(C'->H). Consequently, y( l3 CCCH) in the
equation for 3 y(C p -H) in the lithium compound will be
larger than y(HCCH) in the corresponding equation for
V(H-H).
y(' 3 CCCH)can be calculated from 3 7(C P -H) and ' . / ( C - H ) .
The ratio of the Fermi contact contributions to these
couplings is given by eqn. [11]:

/

o.oso

/

OO..J

l/CHj
/ f NH,
OH

o.eo

0.70

Fig. 5. The y(uCCCH)
term of iS(Cf-Hj
versus the
p-character of C in the C-13C
bond. p(C"~>C). in the
isopropyl compounds.
The least-squares fit in Fig. 5 (eqn. [13]) is calculated by
multiple linear regression:
y( i a CCCH) = 0 . 1 6 - 0 . 4 2 • A > ( C ' - > C ) + 0 . 3 4 - / 7 ( C " - > C ) 2

"7(0"-H)

Table IV One-bond carhpn-carhon coupling constants*, calculated ^characters ofC and calculated transfer terms. y(l3CCCH),
in the isopropyl and left-butyl compounds.
X

'AC
Isopropyl

lert-Bulyl

a2(C -C)
Isopropyl
/t-rl-Butyl

a : (C'-.H)
Isopropyl

oj'3}(C*~H)

Y(13C CCH)
Isopropyl
(err-Butyl

Li

22.9

28.4

0.143

0.175

0.200

0.0539

0.0513

CH,

35.0 + 0.3
35.1"

36.9"

0.238

0.251

0.248

0.0410

0.0364

NH2

37.1
37.3b

37.3
37.1a

0.254

0.257

0.266

0.0393

0.0337

38.1
38.4 c
39.1

39.0
39.5.40.3

0.264

0.271

0.281

0.0382

0.0324

0.277

0.285

0.302

0.0375

0.0314

OH
F

* Coupling constants in Hz + 0.1 Hz, unless otherwise stated.
•* X = Ethyl.
Ref. 27

h

Ref. 30

c

Ref. 28.

[13]
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The multiple coefficient of determination, R, amounts lo
0.9996. A similar dependence is found for the /f/7-butyl
compounds (R = 0.993).
y( l3 CCCH) is predominantly determined by the interaction
of two vicinal hybrid orbitals directed towards the coupled
nuclei (see eqn. [4] and Fig. 1). A quadratic variation of
y( l3 CCCH) with the p-character is reasonable for the model
we used, considering the increasing ^-participation and the
increasing electron density on C with decreasing substituent electronegativity which causes a ^-orbital expansion
(the latter is reflected in the 13C chemical shift of &).
Though the physical meaning of the minima of the quadratic functions at ^-characters of 0.62 and 0.64 in the case
of isopropyl and fert-butyl compounds, respectively, is not
clear, the discrepancy of V ( C - H ) in the lithium compounds
can be explained. For the electronegative substituents the
p-characters of C , p(C*-»H) and p(C-*C), are practically
the same and consequently y(13CCCH) for V(C P -H) will
be quite similar to y(HCCH) for 3 7(H-H). In the case of the
electropositive lithium compound these ^-characters differ,
/>(C-»C) and /KC-»H) are 0.857 and 0.800, respectively.
For p(C-»C) equal to p(C-*H) - 0.800 we obtain a
Y(13CCCH) of 0.0454 from eqn. [13], which is less than the
actual y('3CCCH) of 0.0542. The ratio between the actual
y(' 3CCCH) and the y('3CCCH) determined for p(C"-»C) 0.800 is 1.19. This ratio has to be compared with the factor
of 1.12 which the corrected V(C P -H) in isopropyllithium is
too high with respect to the value estimated on the basis of
a constant ratio between 3 /(C-H) and 3 J(H-H) (eqn. [9]).
3

3(C*—H) in the n-propyl compounds

remaining tetrahedral bonds. Maciel, Mclver, Ostlund and
Pople1* demonstrated by means of INDO MO calculations
that the main features of './(C-H) in methane substituted
by the elements listed in Table I can be accounted for by
changes in <x2(C-»H), which is the carbon s-character of the
bonding orbital in the A(13C) term of eqn. [2]. It is not necessary to invoke additional coupling mechanisms or
changes in the atomic 5-orbital densities.
Hence if it were found experimentally that './(C-H) and
V ( C - H ) were proportional, the increase in V ( C - H )
with increasing substituent electronegativity would be a
result of an increase in the /4(13C) term only.
This proportionality is indeed observed (Fig. 7). Therefore,
we concluded that y(' 3CCCH) is approximately constant.
Actually, we believe that y(l3CCCH) increases slightly too,
for V(H 2 -H 3 ), which is solely dependent on the y(HCCH)
term, increases a little bit with increasing substituent
electronegativity. This y(HCCH) is expected to be equivalent
to the y( l3 CCCH) term for V ( C - H ) . However, the correlation between './(C-H) and V ( C - H ) (Fig. 7) breaks
down when we decrease or increase the number of a-substituents.
From a comparison of './(C-H) of n-propyl and isopropyl
compounds (Table I) and of './(C-H) of alkanes (Table V)
it is found that the introduction of, for instance, a methyl
group, increases './(C-H) by approximately 1 %, which in
our theoretical framework would mean a I % increase in the
A(liC) term. However, V ( C - H ) shows the reverse behaviour; methyl substitution brings about a decrease
(about 10%; entries 2, 3 and 5 in Table V). This contradiction cannot be attributed to changes in the A(x 3C) and A(H)

3

J(C-H) is also independent of the torsion angle, but it may
beaffected slightly by the rotamer population with respect
to the XCH 2 -CH 2 CH 3 bond.
A vicinal 1 3 C - ' H coupling constant is very sensitive to
substitution at the coupled 13 C atom. V ( C - H ) ranges
from 4.0 Hz for propyllithium to 7.3 Hz for propyl iodide
(Table I). The dependence of V ( C - H ) on the Pauling
electronegativity of the substituents is given by eqn. [14]
when these substituents are first row elements (Fig. 6):
V(C*-H) - 0.83 • E, + 3.1 (r = 0.991)

[14]

Since for both './(C-H) and 3 7 ( C - H ) the substituents are
attached to the same coupled carbon atoms, we expect their
A('3Q terms to be equal provided the hybridization changes
induced by the substituent are evenly distributed over the

Fig. 7. 3}(C-H)
pounds.

Fig. 6. 3S(C-H)
in the n-propyl compounds versus the
Pauling electronegativity of the first row substituents.

versus '}(C-H)

in the n-propyl com-

terms caused by polarization-induced changes in the effective nuclear charges, s£(0) and .v,2,(0), of the directly
bonded carbon and hydrogen atoms, because the extrapolated correction factors of Maciel, Mclver, Osllund and
Pople1* which we applied to the .^-electron densities on
carbon and hydrogen were 1.020 and 0.9910 respectively for
addition of a methyl group. The electron density changes
upon introduction of a methyl group extrapolated from the
correction factors of Maciel, Mclver, Osllund and Pople2*
give rise to a correction of 1% and 2% in the theoretical
values for the product of the ^( I3 C) and A(H) terms for
'J(C-H) and 3J(C-H), respectively.
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Table V One-bond carbon-prolon, vicinal carbon-proton ami proton-proton coupling constants' in some alkanes.
Compound11
H*H*

c

'/(C-H)

V(H*-H*)

V(C-H*)

V(C-H')/V(H*-H»)

"

1

4-c

2

IJ

3

U

4

"C-CMe-C

5

IJ

6

u

125.0

-

8.0

-

H H'H* ••'

1 11

124.3

5.86

7.4

0.79

C R-C-C

124.6(124.9)

5.4 (5.3)

7.3 (7.3)

0.74(0.73)

V TT

124.0

5.25

6.7

0.79

T rr

125.0

4.7

7.5

0.63

?

123.3

4.66 (4.65")

C-C-C
H

H*H' «

CMej-C-C

T

C-CMej-C

-

-

a

Coupling constants in Hz + 0.1 Hz.
Coupled carbon atom and coupled protonatoms in Che carbon-prolon and vicinal proton-proion couplings marked by 13 C and H* respectively.
I
d
Ref. 31
Ref. 32
• Ref. 33
' Ref. 10.
« Determined in butane-l,l,l.2,2-rf5 (R = CD3), the coupling constants in penlane (R = CH 2 CH 3 ) are given in parentheses.
II
Ref. 34.h

In this connection it is interesting to note that subsequent
introduction of a methyl group at the a-position increases
'y(C*-C) 2 "' 3 °, as has been shown for ethanol (37.7 Hz 28 ),
isopropanol (38.1 Hz) and rerr-butanol (39.0 Hz). Consequently, when './(C'-C) and the A([iC) term are proportional we should expect an increase in 3 y(C ? -H) rather than
the observed decrease.
Since a change of 10% is not expected in 3 A£ and A(H), it
should occur in the transfer term, y('3CCCH). Methyl
group substitution in the a- and in the (3-position with
respect to the coupled 13C atom in the coupling pathway
influences 3 J(C-H) to the same extent [the values of
3
J ( e - H ) and V(C"-H) in Table V for entries 3 and 4
and entries S and 6 are the same within the experimental
error]. The effect of the p-substituent can be attributed to a
decrease in P£c of the y(13CCCH) term only, for the decrease is proportional to the decrease in the geometrically
equivalent V ( H - H ) (entries 2 and 4 in Table V). Methyl
group substitution at the a-position is not expected to
change P£c of the y(13CCCH) term, as is demonstrated by
the nearly equal 3 ./(H-H) values (entries 2, 3 and 5 in Table
V). This result is supported by the fact that c r ( C - C ) ,
which determines P£c of the y( l3 CCCH) term in V ( C - « ) ,
is the same in the isopropyl and tert-bulyl compounds
(Table III).
Therefore there has to be another contribution to the
y( l3 CCCH) term in addition to p£c. Such a contribution
might be an additional spin information transfer by way of
the C bonding orbital of the methyl substituent at the
coupled I3 C atom. An additional transfer of this kind
corresponds to offdiagonal Hamiltonian matrix elements
such as pVx and P£j (Fig. 8). In a qualitative way 17 ' 35 it can
be demonstrated that these elements cause an additional
negative contribution to y( l3 CCCH) and thus a decrease
in V ( C - H ) .

Fig. 8. Additional, off-diagonal Hamiltonian matrix elements p c x and Pcxi which give rise to an additional negative
contribution to 3)(C-H)
in a-substituted propanes.
This additional effect on y('3CCCH), due to substitution,
seems to occur only for a-substitution in the coupling pathway and not for a p- or y-substitution (sec below). In this
connection we recall10 that in the case of halogen substituents a t ' 3C participation of their filled rf-orbitals in the spin
information transfer are also supposed to give rise to additional effects on y(13CCCH). Apparently, such additional
effects are not present when the substituents are attached to
C and C. This appears from the fact that the discrepancy
in the electronegativity dependence of 3 7(C*-H) between
compounds substituted by halogens and substituted by
first row elements is not observed in the electronegativity
dependence of 3 y ( C - H ) and 3 y(C'-H).
i

3(O-H)

in lhen-propyI compounds
3

Whereas y ( C - H ) and V f C - H ) are not dependent on the
rotamer population, 3 7 ( C - H ) is. The observed 3 y ( C - H ) is
a weighted average « 3 y ( C T - H ) » of the coupling constants
in the three rolamers of Fig. 9; eqn. [15]:
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than the corresponding values for 3 y(C''-H), but only
0.35-0.7 Hz. In Fig. 11 V ( O - H ) in the n-propyl compounds
is plotted versus the Pauling electronegativity. The straight
line in Fig. II is expressed by eqn. [16]:

k "c

3

(synclinal )

H

m

(synclinal)

(antiperiplanar ]

\
0

/HI

Fig. 9.

The three rotational isomers of n-propyl compounds.

[16]

4 C - H ) = - 0 . 7 5 E, + 6.7

\
\

° \\

50
H

Vc-i

+/>,„• V 3 0 0 (C-H)
[15]

-Pm) •[V'« 0 (C-H) +
V J00 (C'-H)

''-H
H

C
&•"•

X

Fig. 10. The vicinal 13C-lH coupling constants,
and 3J(Ct—H), in the propyl compounds

\ .

.
\

0

0

As | - [ V " ° ( C - H ) + 3 y * ° ( C - H ) ] is larger than
*Ji00(&-H)
an increasing contribution from, for instance,
the antiperiplanar conformer will cause a decrease in the
observed V ( D - H ) .
This effect obscures the electronegativity dependence. In our
opinion the n-propyl compounds can be roughly divided
into three conformational groups. In the first group pm >
Pa — Pi- This holds for butane and n-propyllithium, in
which sterical interaction due to association of organolithium compounds 22l23 , favours rotamer III. In butane
V ( O - H ) for equal rotamer population is determined to be
4.9 Hz3t>. In the second group pm < pn = px. The substituents n this group, F, Cl and OH, are very electronegative and despite sterical factors, the attractive interaction between the C H 3 - C H 2 and the X - C H 2 dipole
stabilizes rotamers I and I I 3 7 3 8 . In the remaining group the
populations are expected to be approximately the same:
Pm - Pw = Pv 'n the following paragraph we shall restrict
the discussion of 3./(O—H) to this conformational group.
The- electronegativity dependence of iJ(Cr-H)
for these
substituents is expected to be similar to that for 3 y(C"-H),
as in both cases the substituents are attached to intervening
carbon atoms (Fig. 10). Consequently, the A{I3C), A(H)

.V-H.

\
X

.

& • • •

40. Li

B

C I

Br N Cl

0

F

10

Fig. 11. 3i(C-H)
in the n-propyl compounds versus the
Pauling elecironegativity of the first row and halogen suhstituents.
The straight line is determined for the compounds for which
X = BfCHzCHiCHi)*
CHit I. Br and NH2.
The slope is different from the one in eqn. [5]. This could be
a result of rotamer population changes, which are still
present in this group of substituents, or it could be due to
polarization of the C H , - C H j bond by the C-Xbond in the
case of the more electronegative substituents.

Conclusion
The effect on the vicinal 1 3 C - ' H coupling constant of
electronegative substituents at the various positions at the
coupling pathway can be qualitatively rationalized by use of
an independent electron LCAO MO model based on the
theory of Pople and Santry''. Such a simple model may fail
in the exact calculation of spin-spin coupling constants, but
it has been suggested that careful parametrization21 and
inclusion of multi-centre integrals39 can improve the results.
However, the most important aspects of the model we used
are the visualization of the influences that various parameters exert on the coupling constants and the possibility of
comparing different couplings on an empirical basis. This
should lead to a better overall understanding of long range
13
C - ' H coupling constants.

S

)(C-H)
Experimental

and 3 A£ terms in eqn. [1] are expected to be similar. For
A(t3C) this is demonstrated by the similarity of ' . / ( O - H )
in the «-propyl and ^ ( C ' - H ) in the corresponding isopropyl compounds. The difference between ' . / ( C - H ) in the
n-propyl and './(C^-H) in the isopropyl compounds is a
result of changes in the s-character of the bonding orbital
of C in the C - H bond and not of changes in A(H) or 3 A£
(see above). The y( 13 CCCH) terms of V ( C - H ) and
3
J(C*-H) are dependent on the electronegativily of the
substituents, but should be approximately the same for the
same substituent, as the coupling pathways for both coupling
constants are very similar (Fig. 10) and the changes in
hybridization induced by these substituents are evenly
distributed over the C - C and
the
C - H tetrahedral
bonds. The experimental values of 3 J ( C - H ) are smaller

Materials
Most isopropyl, n-propyl and /erf-butyl compounds were obtained
from commercial sources. Isopropyl- and n-propyllithium were
prepared from the corresponding chlorides by reaction with
lithium according to literature procedures'10. rerr-Butyl fluoride
was prepared from the corresponding alcohol by reaction with a
polyhydrogen fluoride/pyridine reagents41.
Spectra
Most spectra were recorded on the pure compounds to which
10 vol. % of C 6 D 6 was added for internal 2H lock. In the case of
isobutane, isopentane and n-butane 25 vol. % of CDCI3, 10 and
60 vol. % of C 6 D 12 were added, respectively. The spectra of isopropyl- and rm-butyllithium were recorded from a 10 mol/1 solution in toluene-rf,.
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In «ll cases the 'H- and 13C-spectra were recorded from the same
solution. Most measurements were carried out at ambient probe
temperature ( = 30°C). The spectra of /t-propyllithium were measured at 80°C. At lower temperature the hyperfine splitting: of C
were not observable because of the line broadening caused by
inlermolecular exchange 22 . In order to determine the temperature
dependence of the couplings in the lithium compounds, spectra of
isopropyllithium were recorded over a temperature range of - 4 0 °
to 80°C. No temperature effect on the couplings was observed. The
line broadening of C in tri-n-propylborane caused by'interaction
with the quadrupolar nucleus " B , decreases with decreasing
temperature. However, even at - 7 0 ° C it was impossible to determine 3 J ( C - H ) (line width 6 Hz). The spectra of isobutane were
measured at - S5°C.
The 'H spectra were recorded on a Varian XL-100-15 100 MHz
NMR spectrometer in CW or FT mode and/or on a Varian EM 390
90 MHz NMR spectrometer in CW mode.
The ) J C - F T - N M R spectra were run at 25.2 MHz on a Varian
XL-I00-IS and/or at 20.0 MHz on a Varian.CFT-20. 13 C and 'H
spectra of isopentane were recorded on a Bruker WH 270 spectrometer at 67.89 and 270.0 MHz, cespectively, in order to unravel the
overlapping multiples obtained at lower fields. Sample tubes with
an outer diameter of 10 or 12 mm were used. The I 3 C single resonance spectra were obtained by gated decoupling techniques. By
choosing the spectrum width as small as possible even using the
fold over of peaks to advantage and utilising an 8K data table, the
maximum number' of data points' per hertz was achieved.
The one-bond 1 3 C - U C coupling constants were obtained from
natural abundance samples using 8K data points over a 500 Hz
spectral width.
Spectral analysis
The spectra of-the isopropyl and (erf-butyl compounds, except for
isobutane, were analysed by a first-order treatment. The other ' •'C
siogle resonance spectra are of higher order and were analysed
using our interactive SIMEQ NMR simulation programs on the
Varian 620i 24K computer connected with the Varian XL-100
spectrometer and/or on the Varian 620L I6K computer of the
Varian CFT-20 spectrometer.
It was not possible to determine 3 . / ( C - H ) in butane by simulation
of the C multiplet, for the spin system (A,AiBjBjX) becomes too
large for our SIMEQ programs. For this reason the value of
'J(C-H) in pentane, which is expected to be the same as in butane,
is given in Table I.
The one-bond 1 3 C - 1 3 C coupling constant in ispbutane was
approximately calculated from the central peaks of the AB system,
since the outer peaks are too low to observe, due to the small shift
difference between the coined '3 C nuclei with respect to the coupling
constant. In this calculation isotope effects on the chemical shifts
could not be taken into account, however (he calculated
'JiC-C)
in isobutane (3S.0 + 0.3) agrees quite well with the corresponding
V(C*-C*) observed in isopentane (35.1 ± 0 . 1 ) .
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Introduction

Vicinal 13C—'H coupling constants in saturated systems
could be very useful in conformational analysis because of
their torsion angle dependence1"5. However, these coupling
constants are also affected by other parameters such as the
electronegativity of substituents and their position in the
coupling pathway6. Because of these other parameters, the
conformational analysis of a 1 3 C - C - C - ' H fragment
could only be achieved by comparing the value of 3J(C—H)
in this fragment with 3J(C—H) values in similar fragments
of reference compounds with known conformations. Since
the comparison with reference compounds is not always
possible it would be very useful to have a reliable method for
calculating the magnitude of 3J(C—H) in a substituted
I3
C—C-C—'H fragment. In this study we report on an
additivity rule for the calculation of vicinal 1 3 C - ' H coupling
constants in acyclic aliphatic fragments substituted by Cl,
OH, NH2 and/or CH3 in the a-, /?- or y-position with respect to the coupled 13C atom:

When testing the validity of an additivity rule for 3 J(C-H)
in polysubstituted " C - C - C - ' H fragments one has to be
sure that no conformational effects operate, i.e. that for all
compounds studied the populations of rotamers I, II and HI
are equal. This condition is always fulfilled in the case of a
^ C - C - C H j - ' H fragment. Thus, neither a- nor /?substitution affects these rotamer populations, whereas
•/-substitution does. Therefore, for ^-substitution the additivity is more difficult to ascertain; it will be discussed
separately.
The increments in 3i(C-H) for a- and \i-substituents
Hoboken and Malinowskf found that substitution effects
on 'y(C-H) are approximately additive. As we found

V'-H/

ISO

C"-h
Results and discussion
13

fn aliphatic compounds an observed vicinal
C-'H
coupling constant is the weighted average of the coupling
constants in the following rotamers:

Fig. I. 3J(C*-H) versus li(C-H)
compounds.
1

in the n-propyl
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3
J(C*-H) and lJ(C'-H) in monosubstituted propanes to
be proportional for the first row substituents (Fig. 1), we
also expect an additivity in 3 7(C J -H) for these substituents. There are however few reliable values for 3 / ( C - H )
in a-polysubstituted propanes. In Table I it is shown that
the increment of an a-methyl group is approximately
- 0 . 6 Hz.

In 2,2-dimethylpropane ' . / ( C - H ) is 4.66 Hz, 1.2 Hz less
than in propane (5.86 Hz*' 8 ). By assuming that the substituent effect on a methyl group in /3-position .with respect to
the coupled 1 3 C atom might be additive Wasylishen et al. 9
predicted a value of approximately 5.25 Hz for 3 y ( C - H )
in isobutane, which we indeed observed. The increment for a
/J-methyl group seems to be - 0 . 6 Hz.
Table I

Vicinal carbon-proton coupling constants* In same alkalies.

13

13

'V

C-CMe-C

5.25

CMej-C-C

4.7

13

13

C-CMe 2 -C

4.66

" Ref. 6

•• CD 3 ); in pentane

./(C-H) = 3 / ( C - H ) [propane] +

+ £ Ag,

[1]

where i is the number of chlorines in the a- a n d / the number
in the ^-position. By means of an iterative least-squares fit
we calculated from the experimental data in Table II the

10

11

6.7a
4.73J (0.05)*"
7.52 (0.04)

_

Cl.CI

Cl, Cl, Cl
Cl, Cl

—
Cl

Cl

Cl. Cl
Cl, Cl

Cl, Cl

5.3
3.4
8.0

[3.54 + 0.30b]

5.75
3.67
4.53

(0.05)
(0.05)
(0.10)

6.57
4.51
7.28
5.22
3.17
7.99
5.94
3.88
4.59

.13
.22
.24
.08
.23
.01
-.19
-.21
-.06

" Ref. 9.

Subslitucnts at the
" C ' - C - C H j - ' H fragment

3

H)
Experimental

•

In Table II J(C-U) is listed for propane substituted by
chlorine in a- and jS-positions. If this V ( C - H ) is a constitutive property it could be expressed by eqn. [1].

9

Cl, Cl

Cl

' Ref. 11.

3

8

Cl
_
Cl

Difference

Table 111 Vicinal I 3 C—'// coupling constants* in propanes substituted by C// 3 , NH2, OH and Cl in a- and/or ^-position.

(4.65°)

It is of particular interest to calculate 3 / ( C - H ) in more
complicated compounds such as 1,1,2,2-tetramethyl-l-propanol from the value of 3 J(C*-H) of n-propanol (6.0 Hz)
by adding the increments of two a-methyl substituents
(2 x - 0 . 6 Hz) and two 0-methyl substituents (2 x - 0 . 6 Hz).
The calculated coupling constant of 3.6 Hz is close to the
observed value of 3.59 ± 0.03 Hz 1 1 .
We expected that this additivity in the calculation of
3
/ ( C - H ) might be a more general property. We have
expanded our study to more substituents and to larger
substrate series. First we will consider 3 / ( C - H ) in a variety
of chloro substituted propanes.

3

_

Calculated

I2xperimenlal

substituent increment fora chlorine in the oc- as well as in the
^-position. These increments, A£, and Af,, turned out to be
0.71 and -1.35 Hz, respectively. The coupling constants
calculated from these increments are listed in Table 11. All
measured couplings ranging from 3.4 Hz for 2,2-dichloropropane to 8.0 Hz for 1,1,1-trichloropropane are thus
reproduced within 0.24 Hz; the least-squares deviation,
[S(5 3 y(C-H)) 2 /(n-l)]i, amounts to 0.18 Hz. This result
indicates that for st- and /?-substituted l 3 C " - C " - C v - ' H
fragments addilivity is indeed a more general properly
for the vicinal 1 3 C - ' H coupling constant.

* Coupling constants in Hz, ±0.1 Hz.
** Determined in butane-1,1,l,2,2-</5 (R
(R = CH 2 CH 3 ) V ( C - H ) is 5.3 Hz.
• Ref. 8

p

' Ref. 6

•*
5.4

K

V(C-H)

Cl

5.86a'b

C-C-C
'H

CR-C-C

13

Substituents at the
"C'-C-CHj-'H
fragment

* Coupling constants in Hz. ±0.1 Hz.
** Values in parentheses are the standard deviations of the measured line separations, caused by the coupling.

V(C-H)

Compound

propanes substituted by chlorine in a- and/or ^-position.

R. E. Wasylishen and T. Schaefer, Can. J. Chem. 52,3247 (1974).
R. E. Wasytishen, K. Chum and J. Bukata, Org. Magn. Reson. 9,
473 (1977).
G. J. Karabatsos, J. D. Graham and F. Vane, J. Am. Chem. Soc.
83, 2778 (1961).
G.J. Karabatsos and C. E. Orzech, Jr., J. Am. Chem. Soc. 87,
560 (1965).

_
-

CHj

R
CHj, CHJ
-

-

NH2

_

_

OH
-

OH
OH

-

Cl

—
Cl, Cl, Cl
C1,C1
Cl
C1.C1

Cl
Cl, Cl
—
Cl
Cl.CI
Cl, Cl
NH2, CHj

OH
OH, CH3, CH3
OH
OH, CHj, CHJ
Cl

Cl, CHj, CHJ
-

Cl

5.7
5.0

5.7

_

4.91

.09

5.81
4.86
4.81

-.06
.19

6.0

4.8
5.0
_

Cl
CI.C1
Cl

4.66 ± 0.07

4.7

NH,

CHJ

CHJ, CHJ
CHJ, CHJ

OH, CHj
OH
Cl, R

CHj, CH3

Difference

5.29
5.29
5.29
4.72
4.72

5.3

5.25

CHj
CHJ, CHJ

OH

5.4

Calculated

b.T
4.73
7.52
5.3
3.4
8.0
5.75
3.67
4.53
4.25
5.3
4.4
4.48
3.59
4.05

(0.05)'
(0.04)
[3.54 + 0.3"]
(0.05)
(0.05)
(0.10)
+
±
±
+
±
+

0.07
0.3
0.2°
0.05d
0.05*
0.07

5.7

5.7'
4.2 ± 0.2[
5.63 ± 0.05d

6.59
4.52
7.32
5.25
3.18
8.05
5.98
3.91
4.64
4.34
5.24
4.68
4.68
3.54
4.29
5.59
5.45
3.95
5.45

Coupling constants in Hz, ±0.1 Hz, unless otherwise stated.
b
* Ref. 6
Ref. 9
' Ref. 10
* Ref. 11.

.11
.01

-.04
-.02
-.06

.19

.11
.21
.20

.05
.22
-.05
-.23
-.24
-.11
.09
.06

-.28
-.20
.05

-.24
.11

.25
.25
.18
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Table IV Increments* in the vicinal 1 3 C — ' / / coupling constant in
aliphatic systems far C7/ 3 , Nff2, QH and Cl substituents.
X

CH3
NHj

OH
Cl

AS

AS

-0.57
-0.2
-0.05
0.73

-0.57
-0.95
-1.00
-1.34

AS
-1.0
-1.6
-1.8
-1.6

(-1.3)**
(-1.2)**

* Increments in Hz.
** Determined directly from the observed 37(C-H) of the compounds measured (see text).
We now extended the determination of substituent increments to the compounds listed in Table III. In determining
these increments we assumed that the substituent effect of an
alky I group on V(C-H) is independent of the size of that
group. In this way we obtained the increments for «- and
/J-subslituenls listed in Table IV. The number of compounds
with an NH2 substituent is small and therefore the reliability of the NH2 increments is not high.
The increments for the chloro substituents, AJn and A£,, are
very close to those derived from the data in Table II. The
trends in the increments for CH3, NH2 and OH reflect the
electronegativily dependence of iJ(C-H): A£ increases and
A& decreases from CH3 to OH. The chlorine deviates just as
observed for monosubslituted propanes6.
The calculated 3 J(C-H) values listed in Table III correspond with the a- and /(-increments in Table IV; the maximum difference between calculated and observed values
amounts to 0.28 Hz while the least-squares deviation is
0.16 Hz.

In 2,3-dimethylbuiane the populations of the C 2 -C 3
rotamers are practically equal12. The observed 2J(C-H) in
the ^CHj-CHKTHjJ-CXCHaJj-'H fragment is 3.3 ±
0.2 Hz. From this coupling, taking into account the /J-CH3
substituent effect, an increment of -1.0 Hz is estimated
for A£Hj.
This increment is close to the corresponding increments of
- 1.05 Hz found for 3 J(C-H) in the 1 3 CH 3 -CH 2 -CX 2 -'H
fragments of propane (5.86 ±0.1 Hz; X = H) and isopentane (3.74 ± 0.15 Hz; X = CH3). This seems to indicate that in the liquid phase the rotamer populations of
isopentane are all practically equal. In the vapour phase
however the rotamer populations are not equal13. In
our case, when we calculate the 3 7(C-H) of the
1J
CH3-C(CH 3 )H-C(CH 3 )H-'H fragment from our additivity relation, assuming equal rotamer populations, we
find 4.3 Hz for this coupling, which is the same as the
observed 3J(C—H). This indicates also that the populations
of isopentane are more equal in the liquid phase than in the
vapour phase.
In butane we can estimate 3 7(C-H) for the case of equal
rotamer populations from the values of the antiperiplanar
and synclinal V(C-H) of 8.12 and 2.12 Hz found in cyclohexane-r/,,14.
Assuming the torsion angles in the 1 3 C(R)D 2 -CD 2 -CD(R)- ] H fragment of cyclohexane-*/, i to be 180° and
60° and 373OO(C-H) to be the same as 3J60(C-H), we found
(taking into account the a-alkyl substituent effect) a value
of 4.7 Hz for 3 7(C-H) of butane. This value is close to the
value of 4.9 Hz we obtain by adding A£Hj (= -1.0 Hz) to
3
J(C-H) of propane.
Table V The vicinal coupling constant*, iS'''!Cl-H),
butane-1.1,1,2J-ds at rations temperatures**.

The increments in ii(C—Hj for y-substituents

T

It is more complicated to determine the increments for
•/-substituents, A£, than for a- and /?-substituents. In contrast to a- and /^-substitution, '/-substitution could influence
the rotamer population, and in this way affect the observed
3
y(C-H). The latter is the weighted average, < 3 /(C-H)>,
of the couplings at 0 = 180°, 60° and 300° in the following
three rotamers:

330
308
266
239
228
216

3

in

/'(C-H)
4.14
4.04
3.98
3.87
3.73
3.70

• Coupling constants in Hz, ±0.07 Hz.
** Temperature in K.

HE
(synclinal)

(antiperiplanar]

(synclinal)

<3J(C-H)> = P, x V 18 °(C-H) +
Pu x
P,u x

3 300

J (C-H)

[2]

If only one -/-substituent is present this equation reduces to:
<3J(C-H)> = ±(\-Pm) x
:-H)]+Pnlx37300(C-H)

The observed V(C-H) in the I 3 CD 3 -CD 2 -C(CH 3 )H-'H
fragment of butane-1,1,1,2,2-rf, at ambient probe temperature; 4.04 + 0.07 Hz (Fig. 2), is less than the values calculated for equal rotamer populations. The temperature
variation of this 3 J(C-H) (Table V), indicates a decrease of
3
7(C-H) with decreasing temperature. From these facts it
can be concluded that the antiperiplanar rotamer is more
stable than the synclinal rotamers. The populations of the
rotamers, Psyn = P, = Ptt and PaMi = Pm, can be expressed
in the energy difference, E, between synclinal and antiperiplanar rotamers:
Pami = Psyn * e x p

[3]
12

3 180

3

—-

Since £[ ./ (C-H) + ^°(C-H)] will be larger than
V 3 0 0 (C-H) an increasing contribution from, for instance,
both synclinal rolamers I and II will cause an increase in
<37(C-H)>.

13
11

L. Lunazzi,

D. Macciantelli,

F. Bernard! and K. V. lngold,

J. Am. Chem. Soc. 99, 4573 (1977).
A. L. Verma, W. F. Murphy and H. J. Bernstein, J. Chem. Phys.
60, 1540 (1974).
V. A. Chenkov and N. M. Sergevev, i. Am. Chem. Soc. 99,6750
(1977).
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Fig. 2. a) 13C NMR spectrum ofbutane-l,l,l,2,2-Ai (30% v/v in CDCI3; 5 mm odsample lube; 40,000 transients; 305 K) with
square wave modulated broadband deuterium decoupling, b) Simulated 13C [2£>} NMR spectrum ofC2.
Since Pm + 2Psyn = 1 we obtain:

[5]

This linearity can be mathematically derived from eqns.
[5] and [6]. After two series expansions [for exp (X) and
(1 + X ) " 1 ] we get:

Eqn. [3] can be written as:

= />„.„ x

-2PsJx3J300{C-U)1

With coupling constants measured for at least three different temperatures it should be possible to obtain E, as
well as 3J300(C~U) and [ 3 7 180 (C-H) + 3 y 60 (C-H)].
However, a unique solution can only be found when these
results are independent.

which has to be substituted in eqn. [6]. As it is not possible
to determine the higher-order terms from our data we
neglect these terms (which is allowed for E < 2 RT) and
obtain:
[9]

3\Rf)\
and

s.o

-H)] E

V.H/H,
CD3-CD}-CH-CH|

[10]

i[ 3 J" 80 (C-H)
4.0

The intercept with the abcis in Fig. 3 is now V(C-H) for
equal rotamer populations. The value of 4.95 Hz is close to
the value of 4.9 Hz we obtain from the addilivity relation.
Now £ can be expressed in V 3 0 0 (C-H):
E=

Fig. 3. Temperature dependence of 3i(C—H) in the
13
CD 3 -CD 2 -C(CH 3 )H- ^fragment of butane-1,1,1,2,2d5.
In Fig. 3 a linear relation between 3 /(C-H) and l/T,
within the experimental error, is shown and consequently no
unique solution can be found. The equation of the straight
line in Fig. 3 is given by • ]n. [7].
3

/(C-H) = -267IT + 4.95

V300(C-H)]

[7]

20
kJ/mol
(14.85 - 3 x V 3 0 0 (C-H))

[11]

Though the orientational effects of a y-methyl substituent
are not yet known, a value for 3 7 300 (C-H) of 2.5 Hz
([V 180 (C-H) + 3 7 60 (C-H)] = 12.4 Hz) seems likely in
view of 3y*°(C-H) = 2.12 Hz ([V 180 (C-H) + 3 J S0 (C-H)]
= 10.24 Hz) observed in cyclohexane-rf,, '*. For this
value E is estimated from eqn. [11] to be 2.7 kJ/mol, close
to an E of 2.85 ± 0.15 kJ/mol obtained by Woller et al. 15 .
15

P.B. Woller and E. W. Garbisch,Jr., J. Am. Chem. Soc. 94,5310
(1972).
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In the vapour phase an enthalpy difference of 4.0 ± 0.2 kJ/
mol is observed'3.
We conclude that in the liquid phase the introduction of one
or more y-CHj substituents does affect the rotamer populations to a smaller extent than in the vapour phase.
Assuming that y-NH2 substituents do not influence the
rotamer population, a AS,,, of -1.6 Hz is determined
[•V(Cy-H) in n-propyl amine is 4.3 Hz].
Since OH and Cl are highly electronegative there could be an
attractive interaction between the CH,-CH, and the
X-CH, dipoles16'17. Such an effect would sfabilize the
synclinal retainers, I and II, and cause an increase in
<V(C-H)> (see eqn.[3]). Because of the uncertainly in
these rotamer populations we restrict our calculation of
A?),, and A(-, to cases with equal rotamer population. For
weakly electronegative substiluents (B, CH}, I, Br and
NH,)"* we observed a linear correlation between ""./(O-H)
for equal rotamcr population in monosubslituted propuncs
and the Pauling electronegativily of these substiluents
(eqn. [12]).
\/(C'-H) = -0.75 £ x + 6.7

[12]

This equation applies to equal retainer populations. With
eqn. [12] values of 4.1 and 4.3 Hz could be calculated for
•/-OH and y-Cl substituted propanes. provided they had
equal rotamer populations. The corresponding A&,, and
A£| are — 1.8 and — 1.6 Hz, respectively. Table IV also gives
(in parentheses) the values of A&,, and A£, determined from
the values of V(C—H) observed in the compounds of
TaWe VI.
Table VI Vicinal "C—'H coupling constants* in •/- or
a,y-suhsliiuted propanes.
13

Substituenls at the
C'-CH,-C-'H fragment

3

./(C~H)

V

Experimental

CH 3
CH 3 , CH 3

4.04 ± 0.07
3.74 ± 0,15

4.9
3.9

NH,
OH"

NH,
NH*
NH;

4.3
4.2 ± 0.2
4.3

4.3
4.1
4.2

OH
Cl
NH,

OH
OH
OH
OH

4.4
4.5
5.6 + 0.2
4.6 + 0.15

4.1
4.0
4.8
3.9

(4.6)
(4.5)
(5.3)
(4.4)

Cl
Cl
Cl
CI,CI

4.4
5.7
4.4
4.2

4.3
5.0
4.2
2.6

(4.7)
(5.4)
(4.6)
(3.5)

Calculated**

The values observed and calculated for './(C-H) in various
propanes with y-CH3, y-NH,, -/-OH and y-Cl substituenls
are listed in Table VI. The values calculated for compounds
with y-NH2 substituenls are close to those observed. In lhe
case of y-OH or y-Cl substituenls the couplings calculated
for P, = Pn = Pm are, as expected, smaller than those
observed because of population effv. is. The values calculated from increments determined directly from the observed couplings are given in parentheses. As expected,
they fit the observed couplings better.
Applications of the additivity in 'J(C-H)
With the increments A"x. AJJ and AJ for the substitucnts
X = CH., (or alkyl), NH,. OH and Cl the vicinal " C - ' H
coupling constant can be calculated for a variety of compounds. This is useful in the assignment of single resonance
IJ
C spectra. Moreover, our additivity relation can be applied in conlbrma!ional analysis, as will be shown in the
following examples. The first example concerns the
'•'f'O, -C J (OR|)OH -C ( (R,)II-'W fragment in the methyl glycoside of A'-acetyl-x-D-neuraminic acid (methyl
*-u-NcuAc) (Pig. 4). The orientation of the 13CO2 group
(axial or equatorial) in similar compounds has been determined from \/(CO,-H) : ". In these cases it was deemed
necessary to measure 3 J(CO,-H) in exactly the same fragment for the two model compounds with a ' 3CO2 group in
either axial and equatorial position in order to determine
-V IS0 (C-H), 3J"°(C-H) and V' 0 0 (C-H).
However, with the additivity relation it is now possible to
approximate all three vicinal coupling constants from the
two vicinal coupling constants in one model compound, for
instance 3 7 180 (C-H) and 3Jr'°(C-H) of methyl x-D-NeuAc.
The average coupling constant of the fragment studied,
<3./(CO,-H)>, in !he case of equal rotamer population can
be calculated from 3 ./(CO,-H) in propionic acid
(5.5 Hz 1019 ) by adding the increments for two /?-OH and
one y-CHj substituenl. This addition gives <3./(CO2-H)> =
2.5 Hz. If the latter value is inserted into eqn. [2] we have eqn.
[13]
2.5 = 0.33 3 /'"(CO,~H) + 0.33 V 1 8 0 (CO,-H) +
+ 0.33 3 7 300 (CO 2 -H)

16

Cl
OH

Coupling constants in Hz, +0.1 Hz (unless otherwise slated),
at ambient probe temperature.
In parentheses the coupling constants calculated from the increments which are directly determined from the observed
V(C-H) (see text).

17
18
19
20

[13]

G.J. S:as:. J. Chem. Phys. 23, 2449 (1955).
./. E. Anderson. C. W. Doecke and H. Pearson. ]. Chem. Soc.
Perkin Trans. 2. 1976, 336.
T. Spoormaker and M. J. A. de Bie. to be published.
P.E. ffansen, J. Feenev and G. C. K. Roberts. J. Magn. Reson.
17,249(1975).
J. Hacerkanip, T. Spoormaker, L. Dorland. J. F. G. Vlieaenthart
and /?. Schauer. to be published.

OH

OR

Fia. 4. The methyl a-alycoside of N-acetylnewaminic acid 'and the Newman projection along the C3—C2 bond.
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In methyl a-D-NeuAc we observe a coupling of 5.4 Hz
(37180(CO2—H)) and a coupling of about 1 Hz
(3J*°(CO2-H)) can be determined from the line width of an
unresolved multiplet. From these data and eqn. [13] a
value of 1.1 Hz can be calculated for 3 y 3 °°(CO 2 -H), which
agrees with the singlet appearence of the ^COJ signal in
the compounds with the 13COJ-group in equatorial
position. Both synclinal coupling constants, 3 J*°(CO 2 -H)
and V 300 (CO 2 -H) are indeed expected to be very similar
in the fragment studied since in both cases the orientation
of the oxygen atoms with respect to the coupled 'H nuclei
are the same.
The next example illustrates that in conformational studies
it is advisable to calculate the value of V(C-H) for the case
of equal rotamer population before drawing conclusions
from the observed coupling constant. For equal rotamer
population we calculated a value of 2.4 Hz for V(C 4 -H fi )
of the 13 C*H(R 1 )(OR 2 )-C ! H(OH)-C 6 H(OH)-'W fragment in L-ascorbic acid (Fig. 5).

H 8 ' OH

Fig. 5. Conformation of L-ascorbic acid as favoured in
ref. 21.
Since the value observed in aqueous solution for 37(C4—H6)
= 3 7(C 4 -H 6 ') is also 2.4 Hz it is unlikely that there is an
exclusively synclinal relation between C4 and H6 and C4
and H 6 ' about the C 5 -C 6 bond, as has been suggested
recently21. Much more probable is equal rotamer population around the C s -C* bond.
In conformational analysis the calculation of the coupling
constant for equal rotamer population could be of wider
application in the future. In this respect we consider ean.
[14], which relates the vicinal 13 C-*H coupling constant
to the torsion angle, 0 5 .

V(C-H)=A + B cos(0 + 0) + C cos[2(0+0)]

[14]

The coupling constant calculated for equal rotamer population equals the A term as long as the phase shift, 0, is small
(lessthan about 10°). Fora l 3 CH 3 -C(R,)OH-C(R 2 )H- v «
fragment a value of 3.3 Hz is calculated for V(C-H) provided the rotamer population is equal. This value is close to
the A value of 3.09 Hz which we determined earlier in the
torsion angle dependence for this fragment5. The coefficient
C in eqn. [14] is easily obtained since it is the difference
between the A term and the vicinal coupling constant al
0 = 90°. In aliphatic fragments we expect this coupling
at 0 = 90° to be between 0 and 1 Hz'" s . The coefficient B
equals half the difference between the couplings at 0 — 0°
and 0 = 180°. However, in general these values are not yet
available.

Experimental
Most compounds were obtained from commercial sources. 1,1.1Trichloropropane was prepared by Ihc reaction of ethene with
chloroform and benzoyl peroxide as initiator in a Hastelloy C
pressure reactor at 373 K and 11 MPa22.
I3
C FT NMR single resonance spectra were recorded al 25.2 MHz
on a Varian XL-100-15 spectrometer and/or at 20.0 MHz on a
Varian CFT-20 spectrometer. 13C and 'H spectra of isopentane
and 2,3-dimelhylbulane were run on a Bruker WH 270 spectrometer at 67.89 and 270.0 MHz, respectively.
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Abstract: The geminal
VWWV\A/

1

C- H coupling constants in ethyl, iso-

<VWWV\A

propyl and tert-buty] compounds that have elements of the f i r s t
row of the periodic table and halogens as substituents are determined by single resonance 13C FT NMR-spectroscopy. In addition
the values of directly bonded C- H and C- C coupling constants
are given. The substituent electronegativity dependence of the
13 1
geminal
C- H coupling constant is discussed. It is concluded
that the influence that a g-methyl substituent exerts on the
geminal 1 3 C- H coupling constant of 1 3 c a -C - H fragments is not
constant and hence no simple additivity relation can be established
for this coupling constant.
INTRODUCTION
13 1
The subject of two-bond or geminal
C- H coupling constants has recently been
reviewed by D.F. Ewing . From this review it is clear that there is a lack of
reliable data on series of closely related compounds. Consequently, no definite
conclusions could be drawn regarding the effects of substituent electronegativity
p

on J(C-H) in aliphatic systems, but certain trends were detected.
1O

1

Geminal
C- H coupling constants in aliphatic systems are reported to be sensi13
tive to the orientation of substituents, attached to the coupled
C atom, with
1
2-5
2
respect to the coupled H atom
. Consequently, the measurement of j(C-H) could
be useful in conformational analysis.
If the measurement of geminal
C- H coupling constants is to be a tool useful
in the conformational analysis of aliphatic compounds it is necessary to separate
2
the effect of the electronegativity of a substituent on t7(C-H) from its directional
effect. Therefore, we now report on the substituent electronegativity dependence of
13 1
geminal
C- H coupling constants in compounds, viz. ethyl, isopropyl and teri-butyl
groups which are attached to elements of the first row of the periodic table and to
halogens.
RESULTS
In Table I are listed the one-bond and the geminal
C- H coupling constants as well
as the one-bond
C- C coupling constants of the ethyl, isopropyl and tent-butyl

o
Table 1. One-bond carbon-proton, one-bond carbon-aapbon and geminal carbon-proton coupling constants
ethyl, ieopropyl and tert-butyl compounds.

1 r/pp
IJ\
*} \ \t — n J

-H)

X

Ethyl

Li

99.4

CH3 125.3C

Isopropyl

a

a

a

Isopropyl

tert-Butyl

Ethyl

119.7

22.1

22.9

28.4*

+ 0.85

124.0

124.0

36.9*

-4.4C

37.3*
37.6 1
39.0*
39.5
40.3*

- 4.44

Isopropyl

10O1

122.0

120.4

125.6

124.3°

tert-Butyl

C6-H)

^(C«-H,

V(C-C)
Ethyl

Ethyl

in monocubctituted

NHn

132.5

132.9

124.4

124.3

124.6

OH

140.5

125.0

150.8

125.2.
125.4 1
126.3

124.8

FC

140.6
140.4'
150.3

125.8

125.7

33 + Z* 35.0 + 0.3*
33.i*
35.1*" "
35.837.l'
37.3*
37.7 f
38.1*
38.4* 38.6 1
38.2*
39.1*

ci c

150.0

150,3

127.9

127.6

127.4k

36.1-

37.31

38.0 S

BrC 151.6

152.2

128.1

127.7

127.6 k

36.0-

37.1*

37.8 S

IC

150.7

151.1

128.3

127.8

127.8k

35.8-

H

125.0* " 125.3 e

125.01-"1

124.3°

124.0

34.6

Isopropyl

tert -Butyl

Ethyl

Isopropyl

-

-

- 5.8

- 5.7

- 3.87

-«.3C

- 3.65 (s)

-4.06
- 4.23
4.38 + 0.15 II
- 4.38
- 4.16
4.35 + 0.20 h

- 2.85

- 1.43
1.4 + 0.15*
- 0.70
0.76 + 0.101"
0.0 + 0.3

- 4.1 (s)

- 4.26

- 4.19

- 2.2.
- 2.2*
- 1.86

- 4.48

- 4.29

-4.05"

- 2.85

- 1.88

- 4.60

- 4.38

-4.13"

- 2.65

- 1.74

36.7s

36.6 + 0 . 5 9 - 4.85

- 4.64

-4.38"

- 2.8

- 2.05

33 + 2 d
33.2*

35.0 + 0.3* - 4.8 1 1 "

-4.4°

- 4.1

- 4.81"

-4.3C

- 4.6
-3.3j
- 4.58

Coupling constants in Hz. The experimental error is < 0.1 Hz, unless otherwise stated.
' X » Ethyl
*Ref. 7, unless otherwise stated.
'Ref. 15

"This study

'Ref. 16

fc

Ref. 8

" R e f . 17

c

R e f . 4 , unless otherwise stated.

*Ref. 9

• Ref. 10

f

Ref. 11

•Ref. 12

h

R e f . 13

'Ref. 14
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compounds. The geminal coupling constants are derived from the hyperfine split13
tings in the C single resonance spectra. These splittings are not observable
for C a in isopropyl- and tert-butyllithium because of line broadening caused by
intermolecular exchange . An increase in temperature to 350 K did not improve the
resolution sufficiently. However, in ethyllithium a temperature rise to 360 K
enabled us to measure V ( C a - H ) . No temperature effect on the other couplings in
ethyllithium, listed in Table I, is observed in the temperature range from 318
to 360 K.
It is inferred that the signs of the geminal
C-^H coupling constants in the
4 14
2
compounds studied are negative ' . However, *r(Ca-H) in ethyllithium and 2 J ( C 6 - H )
in isopropyl fluoride could be positive.
DISCUSSION

The variation in «7(Ca-H) in the ethyl, isopropyl and tert-butyl compounds (Table I)
1 18
is very small, which is in agreement with previous observations ' .
When we compare v(C a -H) in ethane, propane, isobutane and neopentane:

-48

we find an increase of 0.3 + 0.1 Hz in 2<7(Ca-H) for each additional a-methyl substituent. The effect of an a-mathyl substituent seems to decrease with increasing
number of methyl substituents, although the experimental error is too large (about
0,1 Hz) to prove this. For the series which consists of an ethyl, isopropyl and
tert-butyl group attached to an element of the f i r s t row of the periodic table or
to a halogen atom, we observe an increase of + 0.22 + 0.04 Hz in j(Ca-W) for each
additional methyl group. There seems to be a constant increment of 0.22 + 0.04 Hz
in J(C-H) for an a-methyl group.
Since we are studying closely related series of compounds i t is possible to
ascertain the substituent electronegativity effect on V(C a -H). The substituent
electronegativity dependence of ^(C^H) for substituents which have elements of the
f i r s t row of the periodic table can be described by a quadratic function.
The curve for 2«7(Ca-H) in the isopropyl compounds in Fig. 1 (eqn. [1]) is the least
squares f i t calculated by multiple linear regression from the average 2J(Ca-H) in the
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-4.0

C"-H/Hz -I

-4.5-

3.0

3.S

4.0

Ex

Fig. 1. JfC -^; in the ethyl (9,0), isopropyl (k,t\) and tert-butyl (mn) compounds
versus the Pauling electronegativity of the substituents. For the sake of alca>ity
the dotted lines are drawn for I3 Br and Cl substituents.
ethyl, isopropyl and tert-butyl compounds for each of the substituents CH-, NH2» OH
and F.
2

J(Ca-H) [isopropyl] = -2.19 -1.11 E x + 0.14 E^

(R = 0.96)

[1]

Taking into account a constant increment of 0.22 Hz for an a-methyl group, we obtain
by extrapolation from eqn. [1] eqns. [2] and [3] for the ethyl and tert-butyl compounds, respectively (Fig. 1).
2

J(Ca-H) [ethyl] = -2.41 -1.11 E x + 0.14 EJ"

[2]

2

[3]

<7(Ca-H) [tert-butyl] = -1.97 -1.11 E x + 0.14 Ej"

These quadratic trends are different from those we have observed for the positive
coupling constants 1 J"(Ca-H) and 3j-(Ca-H) in aliphatic compounds7. For these couplings
we have found a linear increase in the coupling constants with increasing Pauling
electronegativity of the CH 3 , NH 2 , OH and F substituents.
We will try to discover the reason for this difference in the behaviour of
^(C^-H) compared to ^ ( C ^ H ) and 3 J(C a -H). Jameson and Damasco 18 expressed the
Fermi contact contribution to the reduced geminal coupling constant as:
^(C-H) = %7(C-H).2-rr

[4]
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is the interaction corresponding to the transfer of spin information from the
nucleus N to the N bonding orbital(s) which faces (face) the bonded atom(s).
3

13

AS is the mean triplet excitation energy and y( CCH) is a weighted summation of
resonance integrals and represents the transfer of electron spin information from
the 1 3 C bonding orbitals in the 13 C-C and 13 C-H bonds to the *H bonding orbital
in the C- H bond. Jameson and Damasco noted that hybridization changes of the coupled
13
C atom primarily affect the 4( 1 3 C) term while Y ( 1 3 C C H ) is affected to a much
lesser extent. The A{ C) term increases linearly with increasing electronegativity
of the substituents attached to1 3 C, as has been observed for 1J'(Ca-H) and 3«r(C°-H)7'.
Thus the deviation from linear dependence observed for the data in Fig. 1 must be
1O

due to changes in y( CCH), since A(H) is practically constant and no large changes
are expected for AE. However, the observed effects are too small to permit a
reasonably satisfactory analysis.
In an earlier study we reported the discrepancy in the electronegativity of
J"(Ca-H) in the iodide and bromide with respect to the chloride and fluoride compounds.
This discrepancy, which we could explain qualitatively by a d-orbital participation
in the spin information transfer, is clearly present in Fig. 1.
The large algebraic increase in v(C a -H) for ethyllithium with respect to the other
compounds is qualitatively in agreement with INDO MO calculations which predict a
value of + 1.87 Hz for V(C a -H) in. isopropyllithium and an average value of - 6.2 Hz
for the other compounds 13.
J"(CP-H) is very sensitive to changes in the substituent electronegativity at the
intervening C atom, as has been reported before 1 '18. 2J ( CS- H ) ranges from - 5.8 Hz
in ethyllithium to 0.0 + 0.3 Hz in isopropyl fluoride (Table I ) . The dependency
2 f t
of V(CP-H) in ethyl and isopropyl compounds on the Pauling electronegativity of the
o

a

electronegative substituents is shown in Fig. 2. V ( C -H) in both series of compounds
increases with the electronegativity, E x , of the substituents. Two effects can be
observed. Firstly, the difference between 2 j(C e -H) in the ethyl and isopropyl compounds increases with the substituent electronegativity. Secondly, the substituent
electronegativity dependence is not linear. This could be described by the quadratic
equations [5] and [6] which are determined by multiple linear regression.
2

J(C 3 -H)

[ethyl] = -21.47 + 9.97 E x -1.27 E 2

2

^(C 0 -H) [isopropyl] = -27.56 + 13.81 E x -1.73 E 2

(R = 0.9996)

[5]

(R = 0.993)

[6]

The curves in Fig. 2 correspond to these equations.
A linear dependence exists between 2 j(C B -H) in the isopropyl compounds and 2«7(Ce-H)
in the ethyl compounds; eqn. [7] (Fig. 3 ) .
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3.0

3.5

40 E x

F-igr. 2. J(C' -H) in the ethyl and isopropyl compounds versus the Pauling electronegativity of the substituents. For the sake of clarity the dotted lines are drawn
for J, Br and Cl substituents.

C'-H/Hz

Fig. 3.

JCC' -H) in the isopropyl compounds versus JfC -H) in the ethyl compounds
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2

J-(C3-H) [isopropyl] = 1.4

Z

j(C-H)

[ethyl]

+1.80

(r = 0.999)

[7]

This equation holds even for the coupling constants in propane and ethane and the
lithium compounds; the halides, in which there may be d-orbital participation,
deviate slightly. The slope of eqn. [7] is not equal to 1.0, but is 1.4, Consequently,
the introduction of a methyl group at the intervening C atom increases the s e n s i t i vity of V(C B -H). This means that the contribution of a 0-methyl group to 2J{C-H)
cannot be approximated by a constant increment only and in general no simple
additivity relation for the geminal ^C^H coupling can be established, in contrast
to the vicinal ^C-^H constants 1 9 .
Both the large 3-methyl effect and the large electronegativity dependence of
e
13
have to be attributed to changes in the y( 13
CCH) term. The changes in the
C
A{ C) term are very small, as is reflected by the small changes in ^(C^-H) (Table I),
18
13
Jameson and Damasco have shown that the y( CCH) term is very sensitive to hybridization changes of the intervening C atom, whereas changes in the hybridization of
the coupled C atom are less important. The hybridization changes of the intervening
C atom are reflected in the changes in V(C a -H) and V(C a -C e ) (Table I). We find
approximately linear relations (eqns. [8] and [9]) between 2 j(C e -H) and V(C a -C 6 ) in
the ethyl as well as the isopropyl compounds, which both have as substituents the
electronegative elements of the first row of the periodic table:
2
J(C 6 -H) [ethyl] = 0.5 V(C a -C e ) [ethyl] - 20.0
(r = 0.995)
[8]
2

2

J(C 6 -H) [isopropyl] = 0.9 V(C a -C 6 ) [isopropyl] - 35.0

(r = 0.994)

[9]

The data for the compounds substituted by halogen atoms are close to the lines
expresses by these equations (Fig. 4 ) .

-5.0

Fig. 4. J((f-H) versus •Jftf'-C®) for the ethyl compounds (;o) and for the isopropyl
compounds (k,A).
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2

R

It is not possible to explain the observed trends in J(C P -H) in the same way as
we did for 3 «7(C e -H) 4 . The Y( 13 CCCH)term of 3</(C3-H) is predominantly determined by
A

1O

the interaction between two hybride orbitals . In contrast, the y( CCH) term for
J(C-H) is determined by a summation over several orbital interactions which give
18
positive and negative contributions that have the same order of magnitude .
18
These contributions are sensitive to variations in the coupling pathway and
therefore the calculation of V(C-H) even in simple unsubstituted hydrocarbons is
difficult ' . In view of the different slopes in eqns. [8] and [9] the relative
importance of the contributions seems to be highly dependent on the presence or
absence of the methyl at the intervening C atom. For this reason it is not surprising that we are not able to derive a simple additivity relation for the B-methyl
effect on 2 J(C-H).
EXPERIMENTAL
Materials
Most compounds were obtained from commercial sources. Ethyl lithium was prepared from
?n
ethyl bromide by reaction with lithium . The synthesis of the other lithium com4 7
'
pounds and the fluoride compounds are described elsewhere '.
Spectra
Most spectra were recorded from the pure compounds to which 10 vol % CgD, was added
for internal H lock. The spectra of ethyl-, isopropyl- and tert-butyllithium were
recorded from a 10 mol/1 solution in toluene-dg. In the case of isobutane, neopentane and tert-butylfluoride 25 vol % CDC1 3 , 50 vol % and 10 vol % C g D 1 2 were
added, respectively.
The C FT NMR spectra were obtained by gated decoupling techniques at 25.2 MHz
on a Varian XL-100-15 and/or at 20.0 MHz on a Varian CFT-20. Sample tubes with an
outer diameter of 10 or 12 mm were used. By choosing the spectrum width as small as
possible, even using the fold over of peaks to advantage, and by utilising an 8 K
data table, we were able to achieve the maximum number of data points per hertz.
Spectral analysis
The spectra of the compounds recorded in this study, except those of isobutane, were
analysed by a first order treatment. The C single resonance spectra of isobutane
are of higher order and were analysed by means of our iterative SIMEQ NMR simulation
program which was run on the Varian 620 i 24 K computer connected to the Varian XL-100
spectrometer and on the Varian 620 L 16 K computer of the Varian CFT-20 spectrometer.
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VI

A STUDY OF ORIENTATION EFFECTS OF ELECTRONEGATIVE SUBSTITUENTS ON
VICINAL CARBON-PROTON SPIN-SPIN COUPLING CONSTANTS AND THE CORRELATION OF THE LATTER WITH PROTON-PROTON COUPLING CONSTANTS IN THE
INDIVIDUAL ROTAMERS OF13 CH 3 -C(X) 1 H-C(Y) 1 H 2 FRAGMENTS.
Tom Spoormaker and Marius J.A. de Bie.
Laboratory of Organic Chemistry, State University of Utrecht,
Croesestraat 79, 3522 AD Utrecht, The Netherlands.
Abstract: Orientation effects of electronegative substituents on
•WWWWV/

vicinal carbon-proton coupling constants are studied in 1,2-disubstituted propanes and are found to resemble those on vicinal proton-proton coupling constants. Known relations for the orientation
effect of substituents on synclinal proton-proton coupling constants
can be modified so that they yield reasonable values for synclinal
carbon-proton coupling constants.

INTRODUCTION
The influence of the electronegativity of substituents on the "average vicinal
13 1
1
C- H coupling constants in saturated systems has been extensively discussed .
1H couplings are the weighted average of the couplings in the
These "average" 13 Cdifferent rotamers of the ^C-C-C^H fragment.
1H coupling constants in the individual
Less is known about the vicinal 13Crotamers, i.e. the orientation effect of the electronegative substituents on the
vicinal C- H coupling constant which is linked with the torsion angle dependence.
These orientation effects are of considerable importance when vicinal 13C-1 H
2
coupling constants are used for conformational analysis . In this paper we present
a study of these effects in 1,2-disubstituted propanes.
RESULTS AND DISCUSSION
From the high resolution NMR spectra of a 1,2-disubstituted propane two different
3
J(H-H) (in the 1H-C(CH3)X-C(Y)H-1H fragment) and two different 3J(C-H) (in the
13
CH3-C(X)H-C(Y)H-1H fragment) can be obtained (Fig. 1). These vicinal coupling
constants are the weighted averages of the corresponding coupling constants in the
three rotamers of Fig. 2 ; eqn.fl].

We shall assume that the antiperi planar [T,t) and synclinal {G,g) coupling constants
in the individual rotamers (Fig. 2) are solvent independent, because this is found
for the vicinal, geminal and one-bond couplings in isopropyl halides lc . The populations (p) of the rotamers are solvent dependent and consequently so are the observed
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Hz

7 *3
3
Fig. 1 . Part of the C-single resonance MR spectrum of C in 1,2-dichloropropane
(with 10 vol % acetone-dj. The two centre multiplets of the large quartet resulting
1 3
from J(C -H) are shown . a) The observed spectrum with the splitting caused by one
13 1
geminal and two vicinal C- H couplings, b) The same part of the spectrum under
conditions of continuous selective irradiation of the
geminal

C -satellites of n . The

C- H coupling disappears^ although the vicinal couplings remain.
H*-?«
Cl

ci

I

m.

H'

H"

ci

ci
H"

m
(antrperiplanar)

(synclinal )

Fig. 2 . The three rotamers of 1, 2-dichloropropane. The vicinal H- H and

C- H

coupling constants in the individual rotamers are indicated by capital and small
letters, respectively, a) 3J(HA-HD) and 3J(C-lf). b) 3J(HB-HD) and 3J(C-HA).

CD

O
7

J.

Vicinal

7

7"Z

H~ # and

7

e
A

solvent

solvent

CDgCN
(CD 3 ) 2 CO
CD,OD

pure
C

6D6

cci4
fi 19

cci4

*Jt

C- H coupling constants
3

J(HA-HD)

of li2-dichlovopvopane
3

J(C-HB)

3

in various solvents

J-(HB-HD)

3

J(C-HA)

at ZOO K.
2

J(C-HD)

solution

35.9
20.2
31.7
5.8 ***
2.27

17.3

6.10

3.55

5.70

3.55

-2.40

13.2

6.45

3.62

5.55

3.62

-2.36

16.4

6.98

3.91

5.32

3.63

-2.22

5.8

7.40

2.81

7.45

4.22

5.20

3.57

-2.13

2.22
2.01

2.77

8.45

4.76

4.77

3.52

-1.97

2.56

8.60

4.78

4.75

3.50

-1.95

2.22

2.41

8.95

5.07

4.65

3.50

-1.91

5.20

Coupling constants in Hz.
Calculated on the basis of additive-volume polarisabilities ; solutions contain 25 vol % solute.
Estimated from the changes in the couplings with solvent.
10 vol % solute
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vicinal coupling constants . For each solvent i the H- H and
constants can be expressed by eqns. [2] to [5]:

C- H coupling
[2]
[3]

pn1

[4]
[5]

If we now measure the coupling constants in at least six different solvents
(Table I) it should be possible to obtain all populations (12) and all synclinal and
antiperiplanar 3<7(H-H) and 3 J(C-H) (12) in the individual rotamers from the 24
equations for the coupling constants. However, a unique solution can be found only
when all these equations are independent.

CCUOOvol'/.).
5.013

CH3

'Hz .

4.5-

4.0

1

3.5-

CD 3 CN.
7.0

8.0

9.0
f

Hz

Fig, 3 . The vicinal C- if VS. the vioinal IT- IT coupling constants of 1,2-diahlovopropane in various solvents (75 vol % solvent, unless otherwise indicated).
In Fig, 3 it is shown that 3 ^(H A -H D ) 1 and ^ ( C - H 8 ) 1 are linearly related (eqn. [6]):
3

J(C-HV

= 0.57 ^ ( I A H V + 0.02

(r = 0.998 )

[6]

and consequently, no unique solution can be obtained. Combination of eqns. [2], [3]
and [6] gives (eqn. [7] ) :
p i n n {0.57 (G2-ff4)- (g2-gA)) = Pj^O.57 (^-Gg) - ( t ^ ) } + 0.57 G2-g2 + 0.02
When we extrapolate to the situation in which only rotamer I is present and assume

[7]
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that in this case eqn. [6] is s t i l l valid, we obtain eqn. [8]:
tx = 0.57 JTj + 0.02

K

0.57 2-j

[8]

and for the general case we get after some rearrangement eqn. [9]:
Pjj 1 (0.57 G2-gz) = -PJJJ 1 (0.57 G^-g^)

[9]

In rotamers I, II and III the orientation of the halogen substituents with respect
to the coupled C and H atoms as well as to H and H is the same within each
rotamer. For this reason and because we observed a constant \r(C-H)/V(H-H)-ratio
for geometrically equivalent vicinal couplings in propane and in isopropyl compounds lb
we expect that the general solution for eqn. [9] will be given by g^ = 0.57 G 2 and
g. = 0.57 c 4 .
1 1 1 3 1

In order to prove these proportionalities between comparable H- H and C- H
vicinal couplings within the same rotamer we proceeded to determine the vicinal
coupling constants in the individual rotamers. This is possible provided the
populations (or the energy differences, Err and E ? T J , between rotamers II and I and
rotamers III and I, respectively) in the various solutions are known.
Abraham et al. have developed a solvent theory, based on the classical reaction
field theory. With this theory the energy difference, E^, between synclinal rotamer
j and the antiperi planar rotamer in any solvent (s) of dielectric constant, e, can
be calculated from the energy difference between these rotamers in the vapour, EV:
J

[10]

- k.x/(l-l.x) + 3.h.x/(5-x) - b.k.fe{l-exp(-b.k.fe/16.R.T)}
where x = (e-l)/(2e+l), 1 = 2(n*-l)/(n|j+2)

(n. is the solute refractive index) and f =
9
:
The parameters k and h are given by k = (vl
and
'anti~qsyn^
y and q are the dipole and quadrupole moments of the rotamers and a is the solute
molecular radius of the rotamers calculated by taking the molecular volume equal to
3
4 TT a /3. The parameter b is a function of the solute sol vent-distance and has been
found experimentally to be 0.06 by Abraham et al. . The dipole and quadrupole
moments are calculated by placing point dipoles of 1.93 D at the centres of the
C-Cl bonds. The value of 1.93 D is the mean of the dipole moments of CH,-CHOC1
A

O

C

(2.05 D ) , CH-C1 (1.87 D) and the bond dipole moments (1.90 D) calculated from the
dipole moments of the 1,2-dichloropropane rotamers used by Thorbjtfrnsrud et al. .
Because we neglect the C-CH., bond moments, the dipole and quadrupole moments in
both synclinal rotamers are the same and hence the correction terms in eqn.[10]
will be equal for both synclinal rotamers. Consequently, the calculated energy
difference between both synclinal rotamers, AE, and the pjjj/Pjj-ratios, c, will be
the same for the vapour (v) and liquid (s) phase and eqn.[1] becomes eqn.[11]:
J1 = pj 1 . jj + (1-pj 1 ). (Ju + Jm)/(l+c)
[11]
1
Pj can be expressed as:

,

S3
pj • = [1 + exp (-

+ exp (-

-1

[12]

= [1 + (1+c) exp (in which E^j 1 ' - E ^ 1 = AE. With eqns. [10], [11] and [12] it is possible to determine T,, {G?+c.G.)/(l+c)} as well as E ^ (and E Y T T ) , for any value of AE, from the
3
A D
ii-i
«7(H -H ) (which is the most variable coupling constant) measured in at least three
different solvents. Although the energy differences, AE, between both synclinal
rotamers in the neat liquid and the vapour phase are given by Mizushima et al.

as

2.9 kJ/mol (0.7 kcal/mol), it is difficult to prove which synclinal rotamer is the
more stable . From a sterical point of view III is the more stable synclinal
rotamer ' ' ,

although in view of the attractive interaction between C-Cl and C-CH,

("synclinal methyl halogen interaction") rotamer II could be favoured . At this stage
we have to take into account both possibilities.
By an iterative least squares fit procedure the values of Tj, {(l/l+c)G2 + (c/l+c)G4)
and EJJ were obtained from the observed ^J(H -H ) in six different solvents (Table II).
The calculation was performed for AE = -2.9 as well as +2.9 kJ/mol. The r.m.s. error
for the calculated and observed 3J"(HA-HD) was 0.1 Hz. Aromatic(C g D 6 in Table I ) ,
hydrogen-bond (CD,0D in Table I) and anisotropic solvents (i.e. solvents with a long
hydrocarbon chain and a small polar group) were excluded in this calculation .
The value estimated for E j T , 7.5 or 4.6 kJ/mol (1.8 or 1.1 kcal/mol), is close to
that observed by Mizushima et at. 3 8.0 or 5.0 kJ/mol (1.9 or 1.2 kcal/mol). E J n
is then 5.0 or 8.0 kJ/mol.

Fig. 4 . Plot of the populations of the synclinal rotamers II and III vs. the population
of the antiperiplanar rotamer I, calculated for 13 2-dichloropropane in the various
solvents, with E^

=7.5

and £,„ =

4.6 kJ/mol.
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0.2

0.4

0.6

08

1.0

Fig. 5. Plot of all vicinal H- H and C- H coupling constants of 1,2-diahloropropane in the various solvents vs. the estimated populations of the antiperzplanar
rotamer I for Ev =7.5 and Ev
=4.6 kJ/mol.

In Fig. 4 the populations p T T and p T T T are plotted versus p T for E Y , = 7.5 kJ/mol
if

1

1

1

1

1

1

1

1

and EJJJ = 4.6 kJ/mol. PJJ and p ^ j are both linearly dependent upon p, (which is
also found for EJJ = 4.6 and E j n = 7.5 kJ/mol); consequently, we expect the
vicinal couplings to be linearly dependent on p. (or Pj, or P T J T ) .
In Fig. 5 all vicinal ^H-H and ^ C ^ H couplings are plotted against the population
calculated for rotamer I. The most variable coupling 3 J(H A -H D ) was used for this
calculation. Although we may not expect the calculated populations to be exact,
the trends in the observed couplings are reliable. 3J'(C-HA) varies only between
3.4 and 3.7 Hz. Since 3 J 6O (C-H) and 3J-300(C-H) are smaller than 3 J 1 8 0 (C-H) such
a small change in 3j"(C-HA) suggests that p n changes only a little (see eqn [5])
and, therefore, p X I is probably the smallest of the populations. In 1,2-dichloropropane the synclinal methyl halogen attraction appears to be less important than
the steric repulsion.
The antiperiplanar coupling constants Tj and ty are calculated to be 11.6 and 6.5 Hz.
Their ratio is 0.56, which is close to the ratio 0.57 we obtained in eqn.[8]. For
the synclinal coupling constants G2, g2, G 4 and g^ we derived eqn. [9].
PJJ 1 (0.57 G2-g2) =-P I I j 1 (0.57 G^-g^)

[9]

If pjj and pjjj are independent variables, i.e. the ratio of P,, and p,,, is not
a constant, then both 0.57 (G2_g2) and 0.57 ( G W 4 ) are zero and hence g2 - 0.57 G^
and 9q = 0.57 G 4 > A S we see that the 3j{C-\P)/*j(\fi-Vp) ratio for a number of solvents, including hydrogen-bond (methanol-d4) and aromatic solvents (benzene-dg,
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toluene,dg), is essentially constant, i.e. 0.57, over a large temperature range
for which we expect changes in the Pjj/pjj,-ratio, we conclude that in fact
# 2 = 0.57 G 2 and g^ * 0.57 G^. This means that the orientation effects of the Cl
substituents on the coupled H and C nuclei are equal and in general we now
expect comparable vicinal proton-proton and carbon-proton coupling constants in
the same rotamer to be proportional.
For 3V(C-H A ) and v3 ( H B-H D ) such a proportionality cannot be expected, since in
rotamers II and III the torsion angles of both couplings within one rotamer are
different. A proportionality, as given by eqn. [8], could only be expected in
rotamer I. However, in rotamer I 3,/(C-HA) and 3J-(HB-HD) behave differently from
3
J(C-H B ) and 3«7(HA-HD) in the following respect: any small rotation in rotamer I
to an energetically optimum position changes the corresponding torsion angles
for 3 J(C-H A ) and 3«r(HB-HD) in the opposite direction and for 3c7(C-HB) and 3 J(H A -H D )
in the same direction. A torsion angle of, for instance, 70° between a methyl group
and a halogen atom results in torsion angles of 70° and 50° for 3 J(H B -H ) and
3
J(C-H A ), respectively, whereas for 3J-(HA-HD) and 3<7(C-HB) the torsion angles are
equal (Fig. 6 ) .

Fig. 6. An exaggerated torsion of 20 in rotamer I showing the difference in torsion
angles for 3J(HB-HD) and 3J(C-HA)j the torsion angles for 3J(HA-HD) and 3J(C-HB) are
the same.
The values for 3<7(HB-HD) and 3 j(C-H A ) in rotamer I which we calculated to be 3.6 and
3.4 Hz (G, and g^ in Table II), respectively, gave a V(C-H)/V(H-H)-ratio which
is too high. This could be due to an increase in the torsion angle between methyl
and halogen. Vicinal coupling constants are very sensitive to changes in torsion
angles around 60 . With eqn. [13], which has been derived by Forrest from the
coupling constants of disubstituted ethanes, we calculate that Gj has a value of
4.5 Hz, which is in fact larger than the value calculated above (Table II).
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Table II. Iterated coupling constants , Oj and {(l/l+a)!^ + (C/l+o)JrII), and energy differences ,
s!L and EJJJJ in 1,2-diahloropropane forflf= -2.S and +B.9 kf/mol.
.IE = +2.9 (c = 0.31)

AE = -2.9 (c = 3.24)
j

Coupl i ng

{ Vl+c),7 n + (c/l+c)<7 , , , }
"

constant
3

'<H A -H D )

3j

R.H.S.
error

E

E

n

E

E

II

III

III

11.6
3.6

2.4

0.1

7.5

4.6

4.6

7.5

7,1
3.7
1.4

7.5***
7.5***
7.5***

4.6***
4.6***
4.6***

4,6

3.4

0,03
0.03

***
7.6
7.5***
7.5***

(C-HA)

6,5

0.1

4.6

4.6***

In Hz
*In kJ/mol
*Is kept constant

Table III.

The vicinal

If- H and

* C- H coupling constants

in the

individual

rotamevs of ly2-dichlor>opr>opane.

•3

V(H-H)

G

l

T*
7

2

calcd.
from
exp.
data
3.6
2.0
1.8
2.5
11.6
8.8

effect
of
torsion
<

<

calcd.
from
eqn.[13]
4.5
2.5
1.8
3.1
-

V(C-H)

G2

calcd.
from
exp.
data
3.4
1.1

effect**
of
torsion
>

2.5+1.8"
*1
*2

1.4
6.5

<

calcd.
from
eqn.[16]
3.0
1.7
1.0
1.7

7.0+1.8"

Coupling constants in Hz + 0.5 Hz, unless otherwise stated.
This column indicates whether the effect of a change in the torsion
angle, $,caused by sterical interaction between the synclinal Cl
atoms or Cl atom and methyl group, will result in a larger (>) or
smaller (<) coupling constant calculated from the experimental data
with respect to the coupling constant calculated from eqn. [13]
for 0 = 60°.
*** Estimated from 0.24 t0 + 0.76 a. = 3.7 Hz.

-
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3

J-Syn(H-H) = (4.1 + 0.63 EAE) (1 - 0.462 AEj) (1 - 0.462 AEg)

[13]

AE is the Huggins electronegativity
difference between the substituent and
hydrogen. EAE is the sum of the AE's of all substituents. AEj and AE2 are the
AE's for the substituents in antiperi planar position with respect to the coupled
nuclei".
In Table I I I the synclinal H-H coupling constants calculated from eqn. [13]
are listed. With our iterative procedures i t is not possible to obtain all values
(Table I I ) . We get:
0.24 G9 + 0.76 G. = 2.4 Hz
1

4

[14]
and

0.24 G3 + 0.76 Tz = 7.1 Hz

[15]

With eqn. [13] a value of 3.0 Hz for {0.24 G2 + 0.76 G^i can be calculated.
Assuming <?, and the G0/G&-ratio to be correctly determined by eqn. [13], we obtain
11
from the data in Table II the vicinal H - H coupling constants listed in Table III.
The range of values for the synclinal coupling constants clearly demonstrates that
for an accurate conformational analysis of 1,2-dichloropropane one cannot ignore
the orientation effects. However, hitherto these effects have been ignored ' ' c.
The difference between the coupling constants calculated from the experimental
data and calculated from eqn. [13], both listed in Table III, may be due to deviations
in the torsion angles and to imperfections in both theories. One important conclusion
can be drawn, as can be seen from Table III. With equations such as [16]:
3 Syn

J

(C-H) = 0.57 (4.1 + 0.63 EAE) (1 - 0.462 AEj) (1 - 0.462 AE ? )

[16]

based on a known relation for vicinal H- H coupling constants, eqn. [13], it is
possible to obtain reasonable values for vicinal
C - H couplings in
13
1
3
CH 3 -C(X 1 )X 2 -C(Y 1 )Y 2 - H fragments, when the j(C-H)/ 3 J(H-H)-ratio is known.
J(C-H)/ J(H-H)-ratios in the rotamers of various 1,2-disubstituted propones.
3
3
To obtain a reliable value for the v(C-H)/v(H-H)-ratio of the coupling constants
in the individual rotamers we examined this ratio for several 1,2-disubstituted
propanes.
2-Bromo-l-chloropropane is comparable with 1,2-dichloropropane. In Fig. 7
V(C-H ) is plotted versus v(H -H ) for solutions in various solvents. The straight
line in this figure has been explicitly drawn through the origin and from i t s slope
a 3j"(C-H)/3c7(H-H)-ratio of 0.56 is obtained. This ratio is practically equal to the
ratio found in 1,2-dichloropropane, despite the small differences in both couplings
in rotamers I I and I I I which may be a result of the two slightly different
orientation effects of the substituents, Cl and Br.
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CH 3 ^

"Cl

J ^
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8

9

10

3.

HA-HD/Hz
Fig. 7 J(C-IT) VS. J(Ii-H ) of 2-bromo-l~chloropropane in various solvents
(75 vol %t unless otherwise indicated).
In 1,2-dibromopropane rotamer I is favoured; this is almost certainly due to sterical
interactions of the bromine atoms . The V(C-H)/v(H-H)-ratio we found for this
compound in CDC1 3 is 0.52. This ratio is lower than the one in 1,2-dichloropropane;
the difference could be due to differences in bond angles, bond lenqths . eta.
which in the case of large substituents influence V(C-H) and V(H-H) to a different
extent.
The couplings in 1,2-dihydroxypropane cannot be examined in the same way as in
1,2-dichloropropane, since the former is practically insoluble in non-polar solvents.
H- H couplings of 4.3 and 6.8 Hz. By means of a
In g we observe two vicinal H
praseodymium (Ill)-shift experiment we were able to assign these couplings to
J{W -H ) and3J(H -H ) , respectively. Since 1-propanol, 2-propanol and 1,3-propanediol
show no significant Pr+-induced shift (approximately 0.1 ppm for all H resonances
at a [Pr3+]/[substrate]-ratio of 1.0), we explain the observed shift of H A , H B and H D
of 1,2-propanediol (Fig. 8) by the preferred formation of a bidentate complex
between Pr+ and two synclinal hydroxyl groups of rotamers II and III. This tendency
to form polydentate complexes has been observed in alditols . In complexes with both
B
D
rotamers II and III H and H will have about the same orientation with respect to
the Pr+ -ion and consequently they will have about the same Pr -induced shift
(see Fig. 8 ) . In D 2 0 solution the vicinal ^C-^H couplings, 3«r(C-HA) and ^(C-H 8 )
in 1,2-dihydroxypropane are equal, vis. 2.7 + 0.1 Hz, and the3<7(C-HB)/3^(HA-HD)-ratio
is 0.63.
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1M

2/3

1/1

[Pr(N03) 3 ]/[i,2-propan«dlol]

Fig. 8. Pr -induced shifts of the H-NMR resonances of 1,2-dihydroccypropane at ZOO K
as a function of praseodymium (III) nitrate added (the total concentration, [Pr3+] +
[diol], is 1 mol/ 1). The large Pr3+-induced shift of ifi with respect to H8 and HD
is probably due to a large (1-3 cos Q) factor for ift as compared with H8 and iP
(Q is the angle between the principal magnetic symmetry axis and the Pr -H vector) .
In isopentane ("1,2-dimethyl propane") the populations of the rotamers are approximately the same ld . The vicinal couplings 3J-(C-HB) and3J-(HA-HD) are 4.3 and 6.8 Hz,
respectively and the 3J(C-H)/3c7(H-H)-ratio is 0.63. The average 3j-(C-H)/3t7-(H-H)-ratio
found in these 13 CH 3 -CX 1 H-CYH- 1 H fragments is 0.58 + 0.05, This ratio is smaller
than the ratio of 0.74, which we observed for the geometrically equivalent ^ C ^ H
and lW- H couplings in the 13 CH 3 -CX 1 H-CH 2 - 1 H fragment of isopropyl compounds10. This
might be due to a difference in the effect which p- and y-substituents exert on the
^C-C-C^H and ^ - C - C ^ H coupling pathway.
Application
It is now possible to approximate synclinal 3J(C-H) for 13 CH 3 ~C-C- 1 H fragments by
inserting 0.58, the 3<7(C-H)/3j-(H-H)-ratio, into correlations such as eqn. [13]:
3

«7Syn(C-H) = 0.58 (4.1 + 0.63 EAE) (1 - 0.462 AEj) (1 - 0.462 AE 2 )

[16]

For instance we calculate from eqn. [16] 3<760(C-H) in the 13CH3-C(R1)0H-C(R2)H-1H
fragment of t-4-tert-butyl-l-methylcyclohexan-^-l-ol (II in Fig.9)to be 2.6 Hz. This
value is higher than the value 2.0 Hz we may calculate from the torsion angle dependence of this fragment and lower than the observed value 2.9 Hz. The latter value
is higher due to flattening of the chair . The corresponding couplings in the same
fragment of c-4-ifrer*-butyl-l-methylcyclohexan-r-l-ol (I in Fig.9) are smaller and

60
13 1
4
not resolved,probably because of long range C- H couplings ( J(C-H)). However,
we get a reasonable simulation of the observed C single resonance spectrum
(Fig. 9 ) , if we take for 3 j 300 (C-H) and 3 /°(C-H) the values 1.0 and 2.1 Hz
calculated from eqn. [16], respectively.

13
13
Fig. 9 Part of the C single resonance NMR spectrum of CH- in both isomers of
4-tert-butyl-l-methyloyelohexan-l-ol-[7-13C], a) Observed spectrum, b) Simulated
spectrum (see text).
These values 1.0 and 2.1 Hz for 3<7300(C-H) and 3 /°(C-H) are close to the values of
1.2 and 2.0 Hz we obtained from the torsion angle dependence of this fragment .
An even smaller coupling is expected in the case of 2-methyl-l,4-dioxane.
Assuming the molecule to be in the chair conformation with the methyl group equatorial 17 , two different synclinal couplings in the 13CH3-C(0R)H-C(0R)H-1H fragment
3
J-(C-Heq) and 3 J-(C-H ax ), can be distinguished. In the case of 3J-(C-Heq) both
18
OR-substituents, with electronegativities of 3.4
,are in antiperi planar position
with respect to the coupled nuclei and the calculated coupling constant will be
small. The coupling constants calculated for 3 J(C-H eq ) and 3<7(C-Hax) are 0.6 and 1.5
Hz; the observed values are 0.5 and 1.9 + 0.3 Hz, respectively.
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CONCLUSION
Our study of the vicinal ^ C ^ H coupling constants in various 13CH3-C(X)H-C(Y)H-1H
fragments leads us to the conclusion that in general the orientation effects of
substituents on such couplings must be taken into account in conformational analysis.
We can obtain reasonable values for the vicinal C- H coupling constants in the
individual C-C rotamers in CH.-C-C-^H fragments by inserting a constant
3
«7(C-H)/3j-(H-H)-ratio of 0,58 into empirical relations for vicinal 1 H- 1 H coupling
constants.
EXPERIMENTAL
Materials
Most compounds studied were obtained from commercial sources. 2-Methyl-l,4-dioxane
was synthesized by L.J. de Noten according to literature procedures 19
Spectra
In all cases the H and C spectra were recorded from the same solution. The
H spectra were recorded from 5 mm outerdiameter sample tubes on a Varian XL-100-15
100 MHz in the FT mode or a Varian EM 390 90 MHz NMR spectrometer in the CW mode.
1 o

The C FT NMR spectra were run at 25.2 MHz on a Varian XL-100-15 NMR spectrometer.
Gated decoupling techniques were used to obtain the C single resonance NMR
spectra. By choosing the spectrum width as small as possible, even using the
foldover of peaks to advantage, and by utilising an 8 K data table, we achieved
the maximum number of data points per hertz (10).
Spectral analysis
All H spectra of the compounds studied were of higher order and analysed with
the help of our Simeq NMR simulation programs run on the Varian 620 i 24 K
computer connected with the Varian XL-100 spectrometer and/or on the Varian 620 LOO
10

i

16 K computer of the Varian CFT-20 spectrometer. The long range C- H coupling
constants were determined by first order analysis. The geminal 13C-1 H coupling
constants were obtained from
C single resonance spectra under conditions of
selective low power CW H-decoupling of the C satellites of H (see Fig. 1).
Calculations
The conformational energies, i.e. populations, of the rotamers in the different
solvents and the coupling constants were estimated with the help of a Basic program
run on the Varian 620 i 24 K computer. The molecular parameters used in this procedure are listed in Table IV.
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Table IV. Holeaulaf parameterB for 1,2-diahloropropane

Bond lengths/,.. Angles

Hoi.
wt,

Dens1ty/(g/ral)

r r . c . 0.156'
e c . c . cl • 108° * 112.99' 1.560b
rr. ..,= 00.179'
. 1 7 9 t*,»
' 0 , 1„ •' 60°

b

1.4394b

*/m

k

0.338

8.86
(3.71 kcal/mol)

/(kJ/mol)

h

/(kJ/nrol)

9.15
(3,83 kcai/mol)

Ref. 4
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VII

DETERMINATION OF THE 3-ANOMERIC CONFIGURATION OF CMP-N-ACETYLNEURAMINIC ACID BY CARBON-13 NMR SPECTROSCOPY 1>2.
Johan Haverkamp , Tom Spoormaker, Lambertus Dorland, Johannes
F.G. Vliegenthart* and Roland Schauer.
Contribution from the Laboratory of Organic Chemistry, University
of Utrecht, Croesestraat 79, 3522 AD Utrecht, The Netherlands,
and the Institute of Biochemistry, University of Kiel, D-2300
Kiel, GFR.
Abstract: The anomeric configuration of the NeuAc residue in enzyrni^aiti^prepared cytidine 5'-monophospho-N-acetylneuraminic acid
was established to be 3 on the basis of the heteronuclear vicinal
coupling constant 3 e r(C 1 -H 3 a x ). For comparison the ^(C^H 3 )values
of a number of a and 3 N-acetylneuraminic acid derivatives have
also been determined. The biochemical implication of this finding
is discussed.

INTRODUCTION
The biosynthesis of cytidine 5'-monophospho-N-acetylneuraminic acid (CMP-NeuAc)
from CTP and NeuAc is catalysed by the enzyme acylneuraminate-cytidylyltransferase
(EC 2.7.7.43) 4 " 7 :
CTP + NeuAc t r a n s f e r a s e > CMP-NeuAc + PPi
CMP-NeuAc is a key intermediate in the biosynthesis of glycoconjugates. The enzyme
sialyltransferase (EC 2.4.99.1) transfers NeuAc residues from this donor molecule
to oligosaccharides, glycop^oteins and glycolipids (in the following equation "R").
CMP-NeuAc + glycosyl-R transferase. NeuAca(2-*x)glycosyl-R + CMP
(x=3 or 6 in the case of a hexosyl unit and 8 or 9 in the case of a neuraminyl
unit).
To investigate the mechanism of these enzymic reactions the anomeric configuration of CMP-NeuAc has to be known. In literature ambiquity exists about this confio

guration. Comb et al. proposed a 3-glycosidic linkage on the basis of optical rotation measurements. However, circular dichroism measurements led Stone and
Q

Kolodny to the suggestion that an a-glycosidic linkage should exist.
In this paper the determination of the anomeric configuration of CMP-NeuAc by
single resonance C NMR spectroscopy is described. The coupling constant J(C -H )
is indicative of the anomeric configuration since its magnitude depends on the
torsion angle between the coupled carbon and hydrogen atom (see Fig.l) according
to a Karplus-type relation 10~13.
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. 1. Structure of NeuAo a and 3 anomers and the tors-ion angles between C and the
H protons (R = H or aglyaon).
EXPERIMENTAL SECTION
Synthesis of CMP-NeuAo. The incubation mixture (80 ml, pH 9) for the synthesis
of CMP-NeuAc contained the following components: 0.8 mmol NeuAc, 3.2 mmol CTP
(Boehringer, Mannheim) and 30 nkat enzyme preparation from frog liver . The con2+

centrations of Tris, Mg and mercapto-ethanol were 0.4, 0.04 and 0.001 M, respectively. After 4 h of incubation at 37°C the mixture was diluted 10 x with water and .
rinsed through a column of Dowex-2X4, HCO^ form (0.8 L resin). After washing with
2 L of 1 mM ammonia the sialic acid derivatives were eluted by 3 L of a linear gradient from 0.01-2.0 M triethyl ammonium hydrogen carbonate buffer, pH 7.8. The
fractions containing CMP-NeuAc were pooled and lyophilized. The material was stored at -20°C under NH- vapor. Thin-layer chromatographic analysis of the product
was carried out on cellulose plates using 95% ethanol-1 M ammonium acetate,
o

pH 7.3 (7:3 v/v) as solvent. The Revalue for CMP-NeuAc is 0.26 and for NeuAc 0.56.
Synthesis of Reference Compounds. NeuAc methyl ester, g-methyl glycoside (2.) and
the corresponding a-anomer (3) were prepared according to Yu and Ledeen . NeuAc
cx-methyl glycoside (4) was obtained from 3 by saponification at 40°C in D 9 0, kept
at pD -v 11 with triethyl amine. The reaction was followed by 1H NMR analysis; after
disappearance of the ester-methyl signal at 3.88 ppm relative to sodium 2.2-dimethyl-2-silapentane-5-sulphonate the solution was lyophilized.
7?

13

C NMR Spectroscopy. C Fourier transform spectra were recorded in 12 mm O.D.
sample tubes at 25.16 MHz on a Varian XL-100-15 spectrometer at 25°C for compounds
1-4. and at ^ 15°C for CMP-NeuAc. Samples of 1-4 were examined as neutral 0.7 M
solutions in D.,0; CMP-NeuAc as 0.3 M solutions in D,0 at pD ^ 8. Coupling constants
were determined from the single resonance 13C spectra using 8192 data points over
250 Hz spectral width. The stability of CMP-NeuAc during the NMR experiments was
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Fig.2. Carbonyl region of the undeooupled
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Fig.Z, Partial H-deaoupled (a) and undeaoupled (b)
C NMR spectrum of
CMP-NeuAa. The N-aeetyl aarbonyl multiplet is not well resolved.
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checked by thin-layer chromatography (see above).
RESULTS AND DISCUSSION
C NMR spectra of CMP-NeuAc and the reference compounds 3-NeuAc (1) NeuAc methyl
ester, 0-methyl glycoside (|), NeuAc methyl ester, a-methyl glycoside (|) and NeuAc
a-methyl glycoside (4) in D 9 0 were recorded under various conditions:
=
17
1. Proton noise decoupled spectra for product control , and
2. Single resonance spectra of the carbonyl region (250 Hz spectral width) to
determine the anomeric configuration. Chemical shifts and coupling constants of the
carboxylate and N-acetyl carbonyl carbons are given in Table I. The assignment of
these resonances was made on the basis of the various coupling constants (see also
Fig. 2 and Fig. 3 ) . The resonance of C in 1 and in CMP-NeuAc (Fig. 3) is a narrow,
unresolved multiplet with a line-width of about 2 Hz. It has to be noted that the
vicinal coupling 3 J(C - P ) ^ 1 Hz (Fig. 3a) and does not significantly affect the
3
13
estimation of the J'(C-H)coup!ings.
In the
of CMP-NeuAc
the carbon
18
6
(167.1 ppm,
C 4case
; 158.7
ppm, C 2 ; 142.7
ppm, Cresonanand
ces of the cytosine ring
97.7 ppm, C ) do not interfere.
13 1
Vicinal
C- H coupling constants for polysubstituted systems are, in addition to
the torsion angles, dependent on electronegativity, position and orientation of the
substituents, the presence of hetero-atoms in the coupling path, hybridization of
the intervening and the coupled atoms, bond lengths and bond angles 11-13'19-21
With regard to the latter two parameters it has to be noted that all compounds (1-4
==
1 2
and CMP-NeuAc) occur in the C. (= Cg) (D) chair conformation (see Figure 1). This
could be concluded from the values of the vicinal proton-proton coupling constants
3
J ( H 3 a x - H 4 ) , 3«T(H4-H5) and3J-(H5-H6) determined from 360 MHz1H-NMR spectra 22a .
(Values for 1 : 11.8 , 10.4 and 10.8 Hz, respectively; see also ref. 22b; 2 : 11.7
10.2 and 10.6 Hz; 3 : 12.5 , <L0 and M O Hz; 4 : 12.3 , 9.7 and 10.5 Hz; CMP-NeuAc :
Table I. Chemiaal shifts

and coupling constants for NeuAc carbonyl carbons in compounds 1_ — £

and CMP-HeuAc a.

C1

Compound

&

V

-H3ax)

lfc

1

177.7

2

171.6

3

171.1

5 .9

i

174.4

5.4

CKP-NeuAc

175.3

1

a

3

N-Acetyl

<7(C]

)

3

J(c

l^ester,

6

2

j(C A c -H A c )

(C Ac -H 5 )

1*

-

175.8

b

3 .7

175.6

5.9

1.8

«

\b

3 .4

175.9

6.2

2.2

«

lb

176.2

6.2

2.4

* lb

175.7

n.d.

n.d.

*

1*

l

6.1

2.8

For neutral solutions in D20 (CMP-NeuAc : pD ^ 8 ) ; chemical shifts (6) are given in ppm

with the N-acetyl methyl resonance taken at 23.25 ppm ( i . e . the value in J relative to
external tetramethyl si lane). Coupling constants ( j ) are in Hz.
Estimated from the line width of the unresolved (double) doublet.
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11.6 , 10.4 and 10.5 Hz, respectively"1'). The large values for these coupling
constants point to the antiperiplanar orientation of the coupled protons H
and H ,
4
5
5
6
H and H , and H and H .
1
3ax
The data in Table 1 show that the antiperiplanar orientation of C and H
present in the a-anomers § and £ gives rise to a relatively large coupling constant
between these two atoms (see Fig. 1; ^ ( C ^ H 3 ^ ) = 5.4-5.9 Hz). The coupling
between C 1 and H 3 atoms in synclinal orientation, viz. ^ ( C ^ H 3 " ) and 3 j(C 1 -H 3 e q )
in 1 and | and 3 J'(C 1 -H 3eq ) in 3 and 4, is not well resolved in the spectra
( ^
1 Hz). The values of these synclinal couplings in a- and 3-anomers are about
equal, since H
and H q in the g-anomer and H q in the a-anomer have the
same orientation with respect to the three oxygen substituents at C and C . The
magnitude of the synclinal couplings are in accordance with those described in
literature for the fragment "0-13C0-C(R,)NHt.C(R9)H..1H of amino acids (1.3 + 0.3
23
24
3
™
Hz ; 0.4 Hz ). However, the antipen'planar v(C-H) couplings in =3 and 4 are
?^
significantly smaller than those reported for amino acids (9.8 + 0.3 Hz ;
24
11.9 H z ) .
On the basis of the values for synclinal and antiperiplanar vicinal
C- H coupling constants of ^ 1 Hz and 5.4-5.9 Hz, respectively (Table 1) it is concluded
that the NeuAc residue in CMP-NeuAc has g-anomeric configuration. The dihedral
angles between C and the respective H protons cannot accurately be inferred from
^
)
the coupling constants J ^ - H ) since no reliable Karplus relation is known for
13
1
3
the system "0-1 C0-C(0R
and
3
1 2 -CHR 3 - H. In this light the values for Z - C ^ H ^
1 )0R
1
3ax
Z. C -H
of 45° and 155°, respectively for 4 and of 55° and 55° for the
corresponding 3-anomer
have to be considerend as rough approximations.
The biochemical activation of NeuAc differs from that of other D-sugars
(e.g. Man, Gal, Glc, GalNac, GlcNac) in several respects:
1. A monophosphate group is present instead of a pyrophosphate.
2. In the enzymic formation of CMP-NeuAc the non-phosphorylated monosaccharide
and the nucleoside triphosphate are involved.
3. The anomeric configuration is 8, which is in contrast to the a-configuration
in other Q-sugar nucleotides .
The existence of CMP-glycosides of N,0-acylneuraminic acids has been demonstrated
26
; for analogous reasons it has to be expected that these have the g-configuration
too. Taking into account the fact that in glycoconjugates only a-NeuAc residues
27
occur the g-glycosidic configuration of CMP-NeuAc is in accordance with the
assumption that NeuAc residues are transferred to the acceptor molecule via a
"single displacement mechanism" with inversion of configuration . So far, there is
no evidence that a lipid intermediate is involved in this biosynthesis step since
a two-fold inversion of configuration would lead to sialic acid residues in g-linkages to glycoconjugates.
It has been reported that in the biosynthesis of colominic acid (an a(2-+8) linked
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NeuAc polymer) by Escheriohia coli 28 sialylundecaprenyl phosphate plays a role.
In view of the foregoing this intermediate probably only acts as an acceptor
molecule for additional NeuAc residues, thus initiating the polymer formation.
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VIII

A COMBINED STUDY OF VICINAL AND GEMINAL CARBON-PROTON SPIN-SPIN
COUPLING CONSTANTS AS A TOOL IN CONFORMATIONAL ANALYSIS.
THE CONFORMATION OF 2.6-DICHL0R0-1.4-0XATHIANES.
Tom Spoormaker and MaHus J.A. de Bie.
Laboratory of Organic Chemistry, State University of Utrecht,
Croesestraat 79, 3522 AD Utrecht, The Netherlands.
Abstract:
C FT single resonance spectra are obtained for two
isomers of 2,6-dichloro-l,4-oxathiane; one of the isomers is a
racemic mixture. From a combined study of the various long range
carbon-proton coupling constants the conformations of both isomers
could be determined. Each isomer exists in two conformers which
are in a rapid interconversion equilibrium. Contrary to predictions
based on the "anomeric-effect", cis-2,6-dichloro-l,4-oxathiane
in the liquid phase is predominantly in the cis-di-equatorial
chair form.

INTRODUCTION
Recently Schoufs et al. developed a synthesis of 1,4-oxathiin and 3,5-di-methyl-1,4-oxathiin . An important step in this synthesis is the dehydrohalogenation
of 2,6-dichloro-l,4-oxathiane to 1,4-oxathiin. For an adequate explanation of the
results in this step a conformational analysis of 2,6-dichloro-l,4-oxathianes
was required.
RESULTS AND DISCUSSION
Non substituted 1,4-heterocyclic six membered rings (Fig. 1) in which X,Y=0,S,CH2
or NH have been reported to exist in equilibrium between two identical chair
conformers 2 ' 3 (Fig. l a ) .

Fig. 1. Equilibrium between the chair conformers (a) and internal torsion angle,

0 (b).

Table I.

H and

C chemical shifts

and coupling oonstants

of 2}6-diahloro-l34-oosathiane

V ( C 3 - H A ) I r:141.6 + 0.2 S Hn = 3.01
6 H H = 2.86
6 H B = 3.08
V(C 3 -H B ) = 287.0 + 0.4
V ( C 3 -H B )J-1:144.0 + 0.2 5 HB = 2.79
V(C2-HD) = 177.9 + 0.2 6 HD = 5.68
"•H D ) = 173.7 + 0.2
6 H u = 6.12
H
D
2
A
B
2
2 A
•HA) =-6.45
-H ) =-13.8
^(H -H ) =-14.0 <J(C -H ) =-4.8
3
V(H A -H D ) = 8.5 + 0.22 ^(C 2 -H B ) =-2.8 + 0.2
J(H A -H D ) = 5.92 J(C 2 -H B ) =-0.9 + 0.2
3
3
^(H B -H D ) = 2.1 + 0.23^(C2-HD')= 2.8 + 0.2
^(H B -H D ) = 2.52 J(C 3 -H D ) =-1.8 + 0.2
2 6
3
3
= 87.66
«7
fifi
^(C3-HA')= 2.6 + 0.4
6 C ' =
J(C2-HD')= 4.8
3
6 C 2 ' 6 = 86.65 3J(C3-HA')= 3.3
<f(C 3 -H B ')= 4.0 + 0.4
S C3 ) 5 = 34.01
3 5
5 C ' = 34.12
)= 3.3

'Chemical shifts in ppm, + 0.01 ppm.
Coupling constants in Hz, + 0.1 Hz; unless otherwise stated.
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and

l34-oxathiane.

V(C 3 -H A ) = 138.2
^(C 2 -H D ) = 143.5

6 HA = 2.56 a
D

5 H = 3.82

a

2

J(H A -H A ') =-14.l a

2

J(H D -H D'') =-12.0 a

3
3

A

D

J(H -H ') =
A

D

7.9

a

J(H '-H ) = 2.7 a

6
5 C 2 ' 6 == 67.32
6 C3,5 _= 25.61

2

J(C 2 -H A ) =-2.7
2

3

D

=-1.3
)= 4.8
)= 3.1
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Generally, the internal torsion angle, 0 (Fig. l' ), will not be exactly 60°. This
deviation depends on the kind of hetero atoms (X and Y ) . In the case of 1,4-oxathiane the deviation is slight. In the solid as well as in the liquid state 0 is
found to be approximately 62° ' .
In the case of the substituted compound trcms-2,3-dichloro-l,4-oxathiane the
torsion angles have also been reported to deviate only slightly from 60 .
Therefore, we expect that in the case of 2,6-dichloro-l,4-oxathiane each of the
possible isomers will occur as an equilibrium mixture of practically perfect
chair conformations (Fig. 2 ) .

Cl

Cl

0
Cl

Cl

Cl

Fig. 2. The equilibria

T

of the isomers of

i

236-diohloro-l34-oxathiane.

All trans-conformers (T) have one Cl atom in the equatorial and one Cl atom in
the axial position. Tr and T,, are equal,as are Tj and Tij. T and T' are mirror images
of each other. The NMR spectra of these four conformers will be identical. The
conformers of the eis-isomer (Cr and C,,) are different. In conformer Cj both
Cl atoms are in the axial position whereas in conformer CJJ they are in the
equatorial position.
It was not possible to determine the relative population of the C T and C T T
1 1

,

i

i

i

conformers from a study of the vicinal H- H coupling since v(H-H) in
-0-C H(C1)-C *H(H)-S- fragments cannot be predicted with sufficient accuracy.
However, a detailed study of 3<7(CSCH), 3J(COCH) and2J(CH) enabled us to assign
13
1
all
C and H signals in the isomer mixture as well as to determine the population
ratio of

to

3

J(CSCH)

The observed V(CSCH) in each C and T isomer is the weighted average of the
couplings in the two conformers of Fig. 3, when ring inversion is rapid;
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eqns [la] and [ l b ] .

Fig. 3. J(CSCH) in the oonformers of isomer T (X=H and Y=Cl) and isomer
C (X=Cl and Y=H).
<3<7-(CSCHA)> =
3

B

< J(CSCH )> =

V80(CSCH) + p n »
(CSCH)' + p n »

3 60

J

V

80

(CSCH)
(CSCH)

[la]
[lb]

The magnitudes of the couplings in the conformers depend on the torsion angle
round the1 3 C S-^H bond (60° or 180°) as well as on the orientation of the
electronegative substituents (see the right hand side of Fig. 3 ) . The antiperiplanar and the synclinal couplings may be slightly different in the two rotamers,
due to the different orientation of the electronegative substituents with respect
to the C ^ H and C- 13 C bonds. For isomer T p T =p TT =0.5 and 3 j(CSCH A ) and3J-(CSCHB)
will be practically equal. However, for isomer C, V(CSCH ) and v(CSCH ) will be
13
different when pr^prj. We are now in a position to assign the C signals as well
as the H signals. In Table I the magnitudes of the V(CSCH) couplings in
2,6-dichloro-l,4-oxathianes and 1,4-oxathiane are reported. In isomer C two
different couplings are observed for3 J(CSCH), viz. 2.6 and 4.0 + 0.4 Hz. In
isomers T 3</(CSCHA) and3 j(CSCH B ) are found to be equal, 3.3 + 0.1 Hz, and,
moreover, they are the average of the couplings in isomer C. This indicates that
the effect of the orientation of the electronegative substituents on v(CSCH) is
small compared to the experimental error. The difference in the magnitude between
J(CSCH ) and V(CSCH ) in the C .isomer points to a conformational preference.
A study of V(C0CH) revealed which conformation is the preferred one.
°J(COCH)
3
D
The value of ^(COCH ) in isomer T, 4.8 Hz, is close to the value of the corres-
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ponding coupling in the unsubstituted 1,4-oxathiane (4.8 Hz). The observed values
are the weighted averages of the couplings in the two conformers (Fig. 4 ) ; eqn [2].

H
Cl

Fig. 4. d(COCH) in the conformers of isomer T (X=E and Y=Cl) and isomer C (X=Cl
and Y=H).
<3J(C0CH)> = pj« V 80 (C0CH) + p • 3 /°(C0CH)

[2]

The observed coupling constants and the fact that the populations of the conformers
of isomer T are known to be 0.5 lead to eqns [3a], [3b] and [4].
4.8 = 0.5 . V ^ C O C H ) + o.5 • 3 /°(C0CH)

[3a]

2.8 = P j • V8°(C0CH) + p n -

[3b]

1 = Pj + P n

3

/°(C0CH)

[4]

Since V 8 O ( C 0 C H ) is unlikely to be smaller than 3 J 60 (C0CH) 5 it is evident
that CTT with both Cl atoms in the equatorial position is the preferred conformer
for isomer C. The populations can be estimated from eqns.[3a], [3b] and [4] if we
insert for3 /°(COCH) the value of 2.7 Hz, used by Dorman et al} for 3 /°(C0CH)
in small ether molecules. The estimated populations are pj=0.02 and pjj=0.98.
Since substituent effects are ignored these numbers are rough approximations.
Nevertheless, it seems clear that the C isomer is almost completely in the form
in which both Cl atoms are in the equatorial position. By studying the geminal
C - H coupling constants we were able to determine the populations more accurately.

13 1
In the 2,6-dichloro-l,4-oxathianes, four different geminal
C- H coupling constants
13 2
13 6
of C (or C ) are observed; they range from -0.9 to -6.45 Hz (Table I). These
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observed couplings are the weighted averages of the coupling constants in the
conformers of Fig. 5; eqns.[5a] and [5b].

Fig. 5. The geminal

13 2 7
C - H coupling constants in the conformers of isomer

T (X=H and Y=Cl) and isomer C (X=Cl and I=H).
<2j(C-HA)> =

2 sa

J (C-H)

2 SS

J (C-H)

[5a]

<2j(C-HB)> = pr«

2

j aS (C-H)

2

«Tsa(C-H)

[5b]

where the first and second letters in the superscripts represent the orientations
of the Cl and 0 atoms, respectively, with respect to the coupled H atom (a=antiperiplanar and s=synclinal). The magnitude of these geminal C- H coupling
constants depends on the orientation of the Cl and 0 atoms attached to the
13
1
coupled C atom, with respect to the coupled H atom. Three different geminal
coupling constants are expected: 2 J S S (C-H), 2 j as (C-H) and 2 j- sa (C-H). The observed
2
«r(C-HA) and 2 j(C-H B ) in isomer C are mainly determined by2 J SS (C-H) and 2 j s a (C-H),
respectively, because pjj » pj. Schwarcz et at. demonstrated that v(C-H) for
an oxygen in the antiperiplanar position with respect to the coupled H atom is
less negative than J(C-H) for an oxygen in the synclinal position. Hence, we
expect 2 ^ SS (C-H) to be more negative than 2 j s a (C-H). Consequently, 2<7(C-HA) in
9
R
?
A
isomer C will be more negative than V(C-H ) , and thus J(C-H )=-6.5 Hz and
2
^(C-HB)=-2.8 Hz.
We now obtain the following set of equations for the unknown populations and
geminal coupling constants in the conformers:
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-0.9 or -4.8 = 0.5*2 / a (C-H) + 0.5*2 J SS (C-H)

[6a]

-4.8 or -0.9 = 0.5*2 / s (C-H) + 0.5« 2 j sa (C-H)

[6b]

-6.5 =

2

Sa

l« «7 (C-H)

[6c]

-2.8 =
1=

[6d]
[4]

Pi

These equations can only be solved if in isomer T v(C-H )=-4.8 Hz and
V(C-H )=-0.9 Hz. We calculated that 95% of isomer C is in the diequatorial form
and 5% in the diaxial form.
The calculated geminal C- H coupling constants are presented in Fig. 6.

-3.0

D

SR
-3.0

Cl

OR

Cl
-6.6

is 1
Fig. 6. The-geminal

C- H coupling constants in the aonformers of 236-dichloro-

-134-oxathiane.

As expected v(C-H) has the largest negative value (-6.6 Hz) when the chloro as
well as the oxygen atom have a synclinal position with respect to the coupled
H atom. Changing the orientation of the oxygen atom from synclinal to antiperiplanar increases V(C-H) by + 3.6 Hz to the value of -3.0 Hz. When the orientation
of the chloro atom is changed to antiperiplanar V(C-H) increases by 7.9 Hz.
p
This sensitivity of v(C-H) to the orientation of substituents could be very
useful in conformational studies.
Deviation from the anomevic effect
At first sight the large diequatorial conformer population (in which the two

Table II.

Vicinal H- H coupling constants in the confomers of several chloro substituted 1,4-orathianee.
(A,B,C,D,E and F are hydrogen atoms).
di-axial chair forms

di-equatorial chair forms

Cl
B'
Cl

Cl

Cl

D'
?i3-2,6-dichloro-l,4-oxathiane

Cl

Ct
3,3,5-trichloro -

*' eiB-3,5-di chloro-1,4-oxathiane

t7•ans-2,3-^ich^oro-l,4-oxathi^ne

-1,4-oxathiane
3

./(HA-HD)

8.8

9.0

3.0

2.6*'

3.3

2.5*

'Coupling constants in Hz; + 0.1 Hz.

"calculated

***Ref. 10
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chlorine atoms are in equatorial position) is unexpected in view of the generalized
78
anomeric effect ' and particularly in view of the work done by Altona, Havinga and
p

their co-workers on chlorinated dioxanes, oxathianes and dithianes. The anomeric
effect has a wide significance in organic chemistry and has been extensively
g
studied both by experimental and by theoretical methods . In its generalized
form the effect predicts a preference for synclinal over antiperiplanar arrangements in compounds of the type C-X-C-Y, where X=0, N or S and Y=0, N or halogen.
On the basis of results obtained for dioxanes, dithianes and oxathianes it has been
suggested that halogen atoms a to the ring oxygen or sulfur have a strong preference
for the axial position in the crystalline phase as well as in solution .
TraMs-^jS-dichloro-M-oxathiane (Table II) belongs to the class of conformationally fixed compounds, as is demonstrated in solution by its H spectrum .
The 3 J ( H A - H D ) and3«/(HB-HD) (Table II) are both small and have the same order of
magnitude as the corresponding couplings for the diaxial conformer of ais-2,6-dichloro-l,4-oxathiane which we calculated from the estimated populations of the
3 B C
conformers and the observed couplings in Table I. The v ( H -H ) is large (12.4 Hz),
in agreement with the antiperiplanar position of the coupled nuclei. However, when
1,3-interaction between two axial Cl atoms is possible, the electrostatic repulsion
dominates the anomeric effect and the diequatorial conformer is favoured. This is
what occurs in 3,3,5-trichloro-l,4-oxathiane10. 3 J(H A -H D ) is 9.0 Hz, close to the
value of 8.8 Hz which we calculated for the diequatorial conformer of the C isomer
(Table II) from the estimated populations of the conformers and the observed
couplings (Table I). Cts-3,5-dichloro-l,4-oxathiane resembles to a certain extent
eis-2,6-dichloro-l,4-oxathiane. The conformation of cts-3,5-dichloro-l,4-oxathiane
is uncertain . In our opinion the vicinal v ( H -H ) of 7.6 Hz indicates the
presence of a conformational equilibrium for this compound. We estimate the ratio of
the diaxial to the diequatorial to be roughly 1:3. It seems reasonable that in
c£s-3,5-dich1oro-l,4-oxathiane the diaxial form is relatively more favoured than in
ft C

p

C

cis-Z,6"dichloro-l,4-oxathiane because the C -C distance is greater in C -S-C
than in C2-O-C6.
EXPERIMENTAL
For the synthesis of the compounds we refer to Schoufs et al, . The C and H
spectra were recorded on Varian XL-100-15 and EM 390 NMR spectrometers from
solutions of 2,6-dichloro-l,4-oxathiane with ois/trans ratios of 1/1, 2/3 and 1/3
and 25, 25 and 75 vol % CDC1 3 , respectively, for internal 2 H lock. The C single
resonance spectra were obtained by gated decoupling techniques. By choosing the
spectrum width as small as possible and utilising an 8 K data table, the maximum
number of data points per Hz was achieved.
In order to obtain an unambiguous assignment of the geminal and vicinal
C- H
2
3
13
coupling constants of C as well as of C in both isomers, C spectra were recorded
with selective irradiation Of H in each isomer separately (Fig. 7 ) .
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17

7

C

Fig. 7.
C spectrum of C (or C ) of the trans isomer of
a) Single resonance spectrum.
b) Spectrum under conditions of selective H -irradiation.

2}6-dichloro-l,4-oxathiane.

For the interpretation of our results the signs of the geminal coupling constants
of C 2 (=C 6 ) were essential. The1 3 C and ! H NMR spectra of the1 3 C 2 (or1 3 C 6 ) isotopomer of *z>a«s-2,3-dichloro-l,4-oxathiane were simulated as ABDD'X spin systems.
Fig. 9 b gives the simulated 1 3 C 2 spectrum. The signs of 2<7(C2-HA) and z j(C 2 -H B ) in
isomer T were determined by means of a selective population transfer experiment,
13
1
11 2
i.e. weak CW irradiation of C satellites in the H spectrum, while the C
spectrum was observed in the FT mode. In this study we irradiated the low field
part of the proton C satellite spectrum of H , since these signals have an isolated position in the H spectrum. Fig. 8 represents a stick spectrum of H in the
H isotopomer spectrum and of C in the C spectrum. Continuous CW irradiation
of Dl results in a decrease in the intensity of the regressively connected C
1 3 X4 and X6, and an increase in the
c the
transitions,
of
connected
C transitions, X10 and Xll (Fig. 8 a )intensity
. In Fig. 9
" f progressively
the observed
XJ t
intensity changes of the low field parts of the 13.2
C signal are given when Dl,
D2, D3 and D4, respectively, were irradiated. Assuming all one-bond and vicinal
coupling constants to be positive, the intensity changes correspond to negative signs for both 2 j(C 2 -H A ) and 2 /(C 2 -H B ).
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I I
1 2

3

4

/

I I II
'

5

6

7

II
8

1 2

3 *

5 6 " 7 8

9 1O1112

T)

1 ^ 9

Fig. 8. Energy diagram (a) and stick spectrum (b) of n and

spin system of

C

7"% ft

(or

C ) in the

trans-2a6-dichloro-l,4-oxathiane.

Fig. 9. C spectrum of C (or 'C ) of trans-233-dichloro-l34-oxathiane undervarious conditions, a) Single resonance spectrum, b) Simulated spectrum, c) to f)
Inserts of low-field half of 'C spectrum under conditions of continuous irradiation
of satellite Dl to D4t respectively.
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Samenvatting
De konformatie van een verbinding kan bepalend zijn voor haar eigenschappen. Een
verbinding kan bijvoorbeeld in twee konformaties voorkomen welke bij kamertemperatuur met elkaar in evenwicht zijn. In zo'n geval is het mogelijk dat de reaktiviteit
vanuit de ene konformatie aanzienlijk verschilt met die vanuit de andere konformatie.
De konformatie-analyse neemt daarom in de chemie en de biochemie een belangrijke
plaats in.
Een techniek, die in principe grote mogelijkheden biedt bij de analyse van de kónformatie van verbindingen in oplossing, is de NMR-spektroskopie (NMR = "Nuelear>
Magnetic Resonance") . De reden hiervan is dat de beide belangrijkste NMR-parameters,
te weten de chemische verschuiving (de mate van afscherming van de kern) en de spinspin koppelingskonstante (interaktie tussen kernen met een magnetisch moment), gevoelig zijn voor de ruimtelijke rangschikking van de atomen in het molekuul.
Dit proefschrift heeft ten doel een basis te verschaffen voor het gebruik van
1H koppelingskonstanten in de konformatie-analyse van alifatische
"long range" 13C1H koppeling over drie bindingen, de vicinale koppeling,
verbindingen. Met name de 13Cis interessant omdat deze van de torsiehoek rond de centrale binding in het
C-C-C- H koppelingspad afhangt. Andere parameters welke de grootte van de "long
range" C- H koppelingskonstanten in alifatische systemen beïnvloeden zijn :
1) de elektronegativiteit van de substituenten aan het koppelingspad,
2) de plaats van de substituenten aan het koppelingspad,
3) de ruimtelijke oriëntatie van de substituenten ten opzichte van de koppelende
kernen,
4) de aanwezigheid van hetero-atomen in het koppelingspad en
5) de bindingshoeken en bindingslengtes in het koppelingspad.
Indien de onder 1) tot en met 5) genoemde parameters voor een bepaald systeem konstant gehouden worden, is het mogelijk de torsiehoekafhankelijkheid van de vicinale
13C-1H koppeling te bepalen.
1H koppeling
In hoofdstuk I is de torsiehoekafhankelijkheid van de vicinale 13C13
1
in het CH--C(R1)0H-C(R2)H- H fragment beschreven. Door deze koppeling in modelverbindingen met verschillende konformaties te meten, is het mogelijk een "karplusachtige" relatie tussen koppeling en torsiehoek af te leiden. Deze relatie vertoont
duidelijke overeenkomst met de "karpluscurve" voor de vicinale H- H koppeling.
13 1
Daar het onmogelijk is de torsiehoekafhankelijkheid van vicinale C- H koppelingen in alle mogelijke fragmenten met behulp van model verbindingen te bepalen, is
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het noodzakelijk de invloed van de onder 1) tot en met 5) genoemde parameters te
bestuderen. In het kader van dit proefschrift is de invloed van de parameters 1)
tot en met 3) op "long range"
C- H koppelingen onderzocht.
In hoofdstuk II worden de resultaten van de metingen van geminale
C- H koppe13 1
Tingen (koppelingen over twee bindingen) en vicinale C- H koppelingen in ethyl-,
w-propyl- en isopropylhalogeniden vermeld. Tussen de geometrisch identieke vicinale
C- H en vicinale H- H koppelingskonstanten in de isopropylhalogeniden blijkt een
konstante verhouding te bestaan. Een nadere studie wijst uit dat de fermikontakt
13

1

term de vicinale C- H koppelingskonstante domineert. De verschillen in de geobserveerde koppelingen zijn verklaard in termen van elektronegativiteit van de substituenten, veranderingen in de konformatie en in de polarisatie van de bindingen.
In hoofdstuk III is de invloed van substituenten, met als eerste atoom een ele1-3

1

ment uit de eerste reeks van het periodiek systeem, op de vicinale
C- H koppelingskonstanten in monogesubstitueerde propanen beschreven. De resultaten worden kwalitatief met een eenvoudig MO-model (MO = "Moleoulav Orbital") verklaard.
In de hoofdstukken I tot en met III is de invloed van één of twee substituenten
13 1
13 1
op de C- H koppelingskonstanten besproken. In hoofdstuk IV worden vicinale
C- H
koppelingskonstanten in verschillende polygesubstitueerde propanen gerapporteerd.
De vicinale C- H koppeling in alifatische verbindingen met een gelijke rotameerpopulatie rond de C^-C Y binding in het 13 C a -C^-C Y - H koppelingspad blijkt in goede
benadering met een eenvoudige additiviteitsregel berekend te kunnen worden. De incrementen voor de substituenten alkyl, NHo, OH en Cl in a-, 3- en Y-positie ten opzichte van het koppelend
C atoom in het
C a -C^-C Y - H koppelingspad zijn met een
13 1
iteratieve procedure bepaald. De praktische toepasbaarheid van de vicinale C- H
koppelingskonstanten in de konformatie-analyse wordt hierdoor vergroot, hetgeen aan
enkele voorbeelden wordt geïllustreerd.
13 1
In hoofdstuk V worden de geminale
C- H koppelingskonstanten in ethyl-, isopropyl- en tert-butylverbindingen nader beschouwd. De afhankelijkheid van deze koppe1ingskonstanten met betrekking tot de elektronegativiteit van substituenten, met
als eerste atoom een element uit de eerste reeks van het periodiek systeem, wordt
13 1
besproken. De geminale
C- H koppelingskonstanten kunnen niet met een eenvoudige
additiviteitsrelatie berekend worden.
De in hoofdstukken II, III en IV beschreven onderzoeken zijn gericht op de invloed van substituenten op het gewichtsgemiddelde van de drie vicinale koppelingen
in de drie " C 6 -C Y " rotameren van het ^ " - C ^ - C ^ H koppelingspad. In de konformati e-analyse zijn vooral de koppelingen in de individuele rotameren van belang.
In hoofdstuk VI worden de resultaten van een onderzoek naar de individuele
C- H
I O

I

koppelingen in de rotameren van CH~-C(X)H-C(Y)H- H verbindingen beschreven. Er
13 1
1 1
blijkt een verband te bestaan tussen overeenkomstige vicinale C- H en H- H
koppelingen, mits deze in dezelfde rotameren optreden. Hierdoor is het mogelijk de
13 1
°
Synklinale C- H koppelingskonstanten (voor een torsiehoek van 60 ) te relateren
aan geometrisch overeenkomstige Synklinale H- H koppelingskonstanten waarvoor in
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de literatuur diverse benaderingsformules bekend zijn.
In de hoofdstukken VII en VIII worden twee toepassingen van "long range" 13 C- 1H
koppelingen in de konformatie-analyse, beschreven. De onderzochte verbindingen zijn
cytidine-5'-monofosfo-N-acetylneuranrinezuur en 2,6-dichloor-l,4-oxathiaan,
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Stellingen

1.

De konklusie van Baici et al.t dat de temperatuurafhankelijkheid van
de H-NMR spektra van o-methyl-gesubstitueerde arylkoperverbindingen
het gevolg is van gehinderde rotatie van de methylgroep, is onvoldoende gefundeerd.

A.Baioi, A.Camus en G.Pellizev, J. Ovganometal. Chem.
26, 4SI (1971)
2.

Maruyama et al. nemen ten onrechte aan dat de d'ihydrodioxienen, welke
b i j de fotoadditiereaktie van 9,10-fenantreenchinon met alicyclische
olefinen ontstaan, fotostabiel z i j n .
K.Maruyama, T.Iwai, I.Naruta, T.Otsuki en Y.Miyagi,
Bull. Chem. Soc. Japan 51, 2052 (1978)

3.

De konklusie van Defaye et al., dat methyl-a-D-rüo-hexopyranosid-3-ulose in alkalisch milieu in aanwezigheid van Mg(II) wordt omgezet
in een Mg(II)-complex met het 2s3-eendiolanion van het hexulopyranoside, berust op verkeerde interpretaties van de NMR spektra.
J.Defaye, H-.Driguez en A.Gadella, Appl. Polym. Symp.
28, 955 (1976)

4.

Bij de reduktie van aromatische ketonen door natriumtetrahydroboraat
in aanwezigheid van bovine serum albumine is het ontstaan van al kohol
met de s-konfiguratie in het geval van n-butylbenzofenon geen argument
voor een afwijkend gedrag in de stereospecificiteit van deze reduktie.
T.Sugimoto, Y.Matsumura, S.Tanimoto en M.Okano, Chem.
Commun. 1978, 926

5.

Bij de bestudering van de invloed van hallucinogène verbindingen op
het sociaal gedrag van insekten, dient het sociale systeem van de
proefdieren intakt gelaten te worden.
H.R.FHschknecht en P.G.Waser, Gen. Phamac. 9, 375 (1978)

6. Yokota en Mori hebben zich onvoldoende gerealiseerd dat gaschromatografie
in eerste instantie een scheidingstechniek is.
M.Yokota en T.Mori, Carbohydr. Res. 59, 289 (1977)
7. De bruikbaarheid van een NMR katalogus hangt sterk af van het aantal en
soort toegangen tot de katalogus en van de zuiverheid van de opgenomen
verbindingen.
8. De uitdrukking "met de mond vol tanden staan" dreigt, gezien de toename
van tandcariës, een totaal andere betekenis te krijgen.
Redaktie, Ned. Tijdsahr. Tandheelkd. 85, 282 (1978)

Deze stellingen behoren b i j het proefschrift "Long-range carbon-proton
spin-spin coupling constants in conformational analysis".

T. Spoormaker

Utrecht, 11 juni 1979

