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Time, [norbornadiene 0 hr.] [norbornene 0 hr.]
logm————————— D Jgg— ——
(hr.) [norbornadiene X hr.) [norbornene X hr.]
0.5 0.097 0.080
1.0 .246 155
1.5 . 406 .230
20 .563 310
2.5 823 436
0.0-0.25 hr. The ratio of the respective slopes was used to
determine the relative rates of addition.
kdrenei _ 0.316 _
Fmamene 0153 — 2V8

Tlhe possibility of hydrogen abstraction by a radical species
rather than addition was tested in an independent experiment in
whicil carbon tetrachloride was used as the source of trichloro-
methyl radiculs. In this instance, any hydrogen-abstraction
from bridgehead or riug methylene position of norboruene or
norbornadiene would result in the formation of chloroforim,
whicll would in turn be detected by v.p.c. analysis. Moreover,
H-abstraction by a phenyl radical (derived from benzoyl per-
oxide) would give rise to benzene, also detectable by v.p.c.
A 10-ft. column of Carbowax 6000 on Chromosorb W, operated
at 70°, was sliown to be capable of separating carbon tetrachlo-
ride, benzene, and chloroform (eluted in that order). In no
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instance, even after considerable reaction time, was any chloro-
form or benzene detected.

3-Chloronortricyclene.—3-Nortricyclenol®! (56 g., 0.509 mole)
and thionyl chloride (121 g., 1.11 moles) were stirred together
for 15 min. at room temperature, then heated to 95°, with con-
tinued stirring, for 3 hr. Distillation yielded unreacted thionyl
chloride and 3-chloronortricyclene (b.p. 55-57° at 12 mm., »n%p
1.4979, infrared spectrum consistent with structure), which was
shown to be homogeneous by v.p.c.

Amnal. Caled. for CG;HCl: C, 65.37; H, 7.00.
65.69; H, 6.99.

Dipole Moment Determinations.—The method of Guggen-
heim®® was employed in obtaining dipole moments of conipounds
VII, IX, and XII. Solutions of 2-13%, in benzene were pre-
pared for each of these compounds. Refractive indices were
measured on an Abbe refractometer, Model G (Carl Zeiss) at
25°. Dielectric constants were deterinined with a General
Raéii(g 57416 C capacitance bridge, employing a frequency of 1 Ke.
at 25°.
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Patrick for assistance in much of the experimental
work. Helpful discussions with Professor H. H. Was-
serman are gratefully acknowledged.
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(64) We are indebted to Mr. A. F. Rogers for the dielectric constant de-
terminations.
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The Nuclear Magnetic Resonance Spectra and Stereochemistry of Substituted Bornanes!

By T. J. FLattT anD W, F. ERMAN
RECEIVED OCTOBER 29, 1962

Correlations between n.mn.r. spectra and exo/endo isomerism in substituted bornanes are presented.

Some

of tlie features of tlie n.in.r. spectra which are sensitive to stereoconfiguration are the chemical shift of the methyne
proton on the satne carbon as the substituent and thie multiplet structure of this a-methyne proton peak. Cal-
culatinpns have been made to arrive at reasonable mechanisms for the change of the multiplet structure with

stereoconfiguration.

Nuclear magnetic resonance has been shown to be
useful in the determination of stereoconfiguration in
several rigid ring systems—sugars,? steroids,® nucleo-
tides,* and bicyclo[2.1.1}hexane derivatives.® We wish
to present here the unique stereocheniical correlations
it the n.nmir. spectra of substituted bornanes. N.m.r.
spectra have been reported for some bicyclo[2.2.1]-
heptane compounds closely related to the substituted
bornanes: by Kumler, ef al., and by Anet.” In all of
the work published, there are differences in the spectra
of the stereoisomers for 2- aud 3-substituted bicyclo-
12.2.1]heptanes. Kumler, ¢f af., found that the position
of the n.m.r. peak of the proton on the same carbon as
the chlorine in exo-2-chlorocamphor is higher by 0.48
p.p-m. than the resonance for the corresponding endo-
2-chlorocamphor. Anet has found that the spin
coupling constants in a-methyne protons® of the four
2,3-bornane diol stereoisorners are consistent with
Karplus’ theory® relating the spin coupling constant of
protons on adjacent singly bound carbons to the di-
hedral angle of the two C-C-H bonds. He also found
that long range spin coupling constants of ~1 c.p.s.
may appear when the a-methyne proton is exo—they
did not appear for the corresponding endo-a-methyne

(1) I'resented in part before the Division of Organic Chemistry, 140th Na-
tional Meeting of the American Chemical Society, Chicago, 111., Sept., 1961.

¥2) R. U. lLemieux, R. K. Kullnig, H. J. Bernstein, and W. G. Schneider,
J. Am. Chext. Sor., 79, 1005 (1957).

{3) J. N. Shoolery and M. T. Rogers, ibid., 80, 5121 (1958).

(42 C. . Jardetzky, ibid., 84, 62 {1962).

(1) (a) J. Meinwald and A. lewis, ibid., 88, 2769 (1961); (b) K. B.
Wiberg, B. R. Lowry, and B. J. Nist, ibid., 84, 1594 (1962).

{3) W, 1), Kumler, J. N. Shoolery, and F. V. Brutcher, ibid., 80, 2533
F1U581

{(7: Y. A L. Anet, Can. J. Chem., 39, 789 (1961).

18) “‘a-Methyne protons' refer to the proton on the same carbon as an

electran-withdrawing substituent.
(M M, Karplus, J. Chem. Phys., 80, 11 (1939).

proton. Inour work the n.m.r. spectra of some twenty-
one well characterized substituted bornanes are re-
ported.’® Tt is felt that enough compounds have now
bcen examined so that the spectra/structure correla-
tions will have general significance.

Chemical Shifts in Substituted Bornanes

Assignment of N.m.r. Peaks.-—With the exception
of the proton on the same carbon as the substituent R
(and, of course, any protons which may be in R),
all of the proton resonance peaks for the substituted
bornanes are found at 7.0-9.5 r. The methylene and
angular protons appear as a complicated band with
considerable structure throughout this region; the
methyl groups appear as sharp peaks. The resonances
of the protons in the substituent R may be easily as-
signed from previous work on the resonance positions
of such groups.!'-12

Chemical Shifts of the Methyl Groups.-—Kumler,
Shoolery, and Brutcher® have proposed that the position
of the methyl peaks might be a test of configuration for
the group substituted at the 2-position on the [2.2.1]-
bicycloheptane ring of the chlorocamphors. Striking
differences of the methyl positions in the substituted
bornanes have been observed in this study between
exo and endo substitution at the 2-position. For
example, in Fig. 1 it is seen that the methyl peaks of
borneol (I) are superimposed. The methyl peaks of
isoborneol (II) are separate. However in a perusal
of the other spectra, no clear pattern which may be

(10) The synthesis and properties of most of tlie compounds in this
study have been reported by W. I°. Erman and T. J. Flautt, J. Org. Chem., 27,
1526 (1962).

(11) I, M. Jackman, ""Application of Nuclear Magnetic Resonance Spec-
troscopy in Organic Chemistry,' Pergamon Press, New York, N. ¥, 1859,

(12) N. S. Bliacca, L. F. Johnson, and J. N. Shoolery, "NMR Spectra
Catalog,”’ Varian Associates, Palo Alto, Calif., 1962,
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Fig. 1.—Shifts of the methyl peaks with stereoconfiguration.

attributed to exo/endo isomerism has been recognized
in the chemical shifts of the methyl groups. For
example, the methyl peaks of bornyl acetate (III) are
not superimposed and two of the methyl peaks of iso-
bornyl acetate (IV) are superimposed.

Chemical Shifts of the o-Methyne Proton.—The
a-methyne proton peak is found in the region down-
field from the 7-9 7 region owing to the electron-
withdrawing power of the substituent, and is therefore
easily identified in the spectra of the substituted
bornanes. In all of the compounds in this study it
has been found that the a-methyne peak of the exo
substituted isomer (proton endo) is located at higher
field than the peak of the corresponding endo isomer
(proton exo). This observation is in agreement with
the spectra of the 2-chlorocamphors observed by
Kumler, ef al.® The regularity of the difference in
chemical shift is analogous to the regularities seen in
the substituted sugars, since the endo-protons are
located essentially perpendicular to the base of the
bornane molecule—hence may be thought of as “pseudo-
axial”’ while the exo-protons are located essentially in
the basal plane of the bornane molecule (“pseudo-
equatorial’’). According to Jackman,'' A7axiai-equatorial
= 0.13-0.51. This corresponds well to AT.ndo-exo
0.08-0.48. The origin of the axial-equatorial shift is
thought to arise from the magnetic anisotropy of the
carbon-carbon single bond.%!* In Table I are pre-
sented the chemical shifts of the a-methyne proton for
the series of compounds studied in this Laboratory
when the compound was dissolved in CCly.  For reasons
discussed below, some of these compounds were also
dissolved in pyridine and their n.m.r. spectra obtained.
The values of the chemical shift of the a-methyne pro-
ton for pyridine solvent are included when they were
taken. Finally, the data of Kumler, et ¢l..,® and Anet’
have been included so that a comparison may be made
of the chemical shifts. It is seen that, for all the cases
of monosubstituted bornanes whose chemical shifts

(13) J. I. Musher, J. Chem. Phys., 85, 1159 (1961).

have been measured in pyridine, the same correlation
obtains for the chemicals shifts of the a-methyne pro-
tons; that is, the relative chemical shift is in the same
direction although the absolute value is not. For the
diols studied by Anet,” there does not appear to be a
clear correlation. It is felt that the presence of the
adjacent hydroxyl groups may stabilize hydrogen
bonded complexes of the form

/
CN/H 0 C\C
—_ ".H_O/ \

The variation of strength and orientation of these
complexes with exo/endo isomerism could affect the
chemical shift of the nearby a-methyne protons because
of the large magnetic anisotropy of the pyridine ring.'

Chemical Shift in Phenyl Substituted Bornanes.—
The four pairs of exo/endo isomers in which the
substituent is a p-substituted phenyl group show an
interesting correlation: the difference §, in chemical
shift of the A and B protons of the A,B; multiplet®
of the benzene ring is larger when the substituent is
exo. The most striking case observed is that of the 2-
p-anisylepicamphors: in the endo isomer, the phenyl
resonance is a singlet; in the exo isomer, it appears us
a quartet. This is illustrated in Fig. 2. Approximate
values of 4, (obtained by treating the A;B, multiplet
as an AB quartet) are listed in Table I. Interestingly
there appears to be no correlation between the chemical
shift (r,) of the A;B; multiplet and exo,endo isomerism.

Spin Coupling Pattern of the o-Methyne Proton in
Monosubstituted Bornanes

A perusal of the multiplet structure of the a-methyne
proton in monosubstituted bornane spectra will indicate
two regularities which correlate with exo/endo iso-
merism of the substituent. For the compounds in

(14) G. Slomp and F. MacKellar, J. Am. Chem. Soc., 82, 999 (1960).

(15) J. A. Pople, W, G. Schneider, and H. J. Bernstein, "' High Resolution

Nuclear Magnetic Resonance,”” McGraw-Hill Book Co., Tnc.,, New Vork,
N. Y., 1959, p. 144,
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TABLE I

CHEMICAL SHIFTS FOR PEAKS 1N SUBSTITUTED BORNANES AND CLOSELY RELATED COMPOUNDS

3214
7CCly art

I Borneol 6.09°\
II Isoborneol 6.49/ 0.40
ITI Borneol acetate 5.10 19
v Isoborneol acetate 5.38/ '
\% p-Bornylphenol? 7.13 )
VI p-Isobornylphenol? 7.21/ 08
VII 2-endo-p-Anisylepicamphor? 6.71N\,
VIII 2-exo-p-Anisylepicamphor? 6.92/ 21
IX 2-endo-p-Anisylepiborneol

p-toluenesulfonate? 7.17
X 2-exo0-p-Anisylepiborneol > .21

p-toluenesulfonate? 7.38
XI Bornylcarboxylic acid 7.30
XI11 Bornyl chloride 5.93 23
XIII Isoborny! chloride 6.16 '
X1V Bornyl phenyl ether 5.74\ 28
XV Isobornyl phenyl ether 6.02/ ’
XVI p-Bornylanisole? 7.02 15
XVII p-Isobornylanisole’ 7.17 '
XVIII o-Bornylphenol 6.43\
XIX o-Isobornylphenol 6.89./ 46
XX o-Bornylanisole 6. 2’\
XXI o-Isobornylanisole 6.74/ 5

3-endo-Chlorocamphor? 568"\

d b .48
3-exo-Chlorocamphor 6.16°/
2-¢x0-3-¢x0-Bornane diol”
2-ex0-3-endo-Bornane diol’
2-endo-3-exo-Bornane diol’ 0.0

2-endo-3-endo-Bornane diol’

% All a-methyne protons are at the 2-position unless otherwise indicated.
substituted compound — r of a-methyne proton in endo-substituted compound.
¢ Some of the data for these compounds have been previously reported

from Anet’sspectra.” -/ Exact position obscured by OCHj; peak.
by Erman and Flautt.1®
TaBLE II

MULTIPLET SPACINGS FOR SUBSTITUTED BORNANES AND CLOSELY
REeLATED CompPoUNDS 1N CCl,

Jax', JBx',
c.p.s. c.p.s. J, c.p.s.

Borneol I 9.6 3.5 1.6
Isoborneol II 5.2 5.2 0
Borneol acetate III 9.8 3 1.9
Isoborneol acetate v 5.1 5.1 0
p-Bornylphenol® \Y 11.4 5.5 1.7
p-Isobornylphenol’ VI 8.3 8.3 0
2-endo-p-Anisylepicamphor® VII 0 0 0
2-exo-p-Anisylepicamphor®  VIII 0 0 0
2-endo- p- Anisylepiborneol’

p-toluenesulfonate IX 10.4 S ~2
2-exo-p-Anisylepiborneol®

p-toluenesulfonate X . 6.4 0
Bornylearboxylic acid XI 8.0 8.0 3
Bornyl chloride XII 9.9 4.2 1.9
Isobornyl chloride XIII 8.0 5.4
Borny! phenyl ether X1V 9.3 2.8 ~2
Isobornyl phenyl ether’ XV 5.2 5.2 0
p-Boruylanisole’ XVI 11.4 5.8 1.5
p-Isobornylanisole® XVII 8.7 8.7 0
o-Bornylphenol XVIII 11.5 6.0 2.0
o-Isobornylphenol XIX 8.7 8.7 0
o-Bornylanisole XX ¢ 6.0 2.0
o-Isobornylanisole XXI 8.8 8.9 0

¢ Obscured by OCHj; peak. ? Widths of triplet peaks. ¢ The

spacings for these compounds have been previously reported by
Ermar and Flautt!® as ”spin coupling constants,”

a-Methyne proton®

TpyT At To ) Methy! protons in CCly
580N (46 9.14 9.14 9.17
6.26/ 898 9.11 9.17
405N oo 9.07 9.13 9.19
523/ 9.03 9.17  9.17
6.94°\ g 328 026 898 9.07 9.30
7.10/ 3.33 B4 919  9.19  9.28
3.29 00 894 898 9.06

6.54 3.19 20 9.03  9.06 9.06
6.82 2.94 25  8.97 9.04 9.45

:> 0.24

7.08 2.77 47  9.13  9.13  9.37
896 9.08 9.08

906 9.10 9.11

8.8 898  9.13

9.08 9.08  9.08

895 9.02 9.14

3.20 0.25 9.02 9.11  9.33

3.18 0.35 9.18 9.18 9.27
893 9.07 9.25

9.12 9.16 9.23

8.8  9.08 9.32

9.14 9.19  9.36

~N. O

0.6 —0.1

SN TN
>

Sl

b

6.

0.1
5.6"

b 3-Position.
¢ Kumler, Shoolery, and Brutcher.®

¢ At refers to r of a-methyne proton in exo-
¢ Data taken

which the substituent is endo (proton exo), the pattern
usually appears as a quartet of two characteristic
spacings Jax’ and Jpx' split by a much smaller spacing
j. The single exception to this regularity is bornyl-
carboxylic acid which gives a triplet multiplet with
broadened peaks. For the compounds in which the
substituent is exo (proton endo), the pattern appears as
a triplet, or a near triplet (Jax'isalmost equal to Jpx')
and there is no additional splitting (j = 0). Figure 3
gives some examples of the patterns obtained. Table
IT lists the spacings obtained on the substituted bor-
nanes in this study.

ABX Pattern.-—The multiplet structure, exclusive
of the small coupling constant j, is that characteristic
of the X proton of an ABX multiplet.’® It is tempting
to identify the spacings of this multiplet Jax' and Jpx'
with the spin coupling constants Jax and Jpx; how-
ever, a study of the complete analysis of the ABX

(16) Reference 15, pp. 132-138. It is not intended to imply that the
ABX approximation applies rigorously for the interpretation of the o
proton peaks in these compounds. However, it is felt that this represents
the simplest analysis which will satisfactorily explain the main features of
the multiplet structure, particularly the observed changes in an interacting
solvent. A more complete analysis would be needed if there were major fea-
tures in the multiplet which could not be explained by the ABX approxima-
tion. Furthermore, it is expected that the spin coupling constants of the
X proton at position | with the other protons at positions 4, 5, and 6 will be
weak (with the exception of the long range coupling § which has already been
mentioned). There is probably a coupling of 4 c.p.s. of the exo-proton at
position 3 with the angular proton: this will affect the X proton peak only
if the chemical shift of the two protons are comparable to or smaller than
4 c.p.s.  In such a case the X multiplet will become much more complicated
than a triplet or pair of doublets.
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Fig. 2.-—Change of the aromatic proton pattern with stereo-
configuration.

mult:plet chows that these spacings may be identified
with the appropriat = spin coupling constants only when
the chemical shift difference in cycles/second, Avas,
between the A .nd B protons is large compared to

their mutual coupling constunt Jap. Otherwise,
Jax’ < Jax and Jgx’ > Jex. In the limiting case,
when Avag = 0, Jax’ = Jpx’ and the activated proton

multiplet has the appearance of a triplet.'” Thus the
correlation of quartet structure with an endo substit-
vent and a triplet structure with an exo substituent
may reflect either a change in spin coupling constants,
Jax and Jgx, or a change in |Aras|, so that for endo-
substituted bornanes, Jix # Jgx or Avas # 0 and for
exo-substituted bornanes Jax = Jpx or Awap = 0.
Since the peaks of the AB protons cannot be examined
(they are overlapped by peaks from the remaining
methylene protons) it is impossible to decide from the
spectrum if the correlation arises from differences in
the coupling constants or chemical shifts. However,
it is possible to take advantage of specific solvent
interactions upon the chemical shift which are known
to change the relative chemical shift of different protons
on a rigid molecule without affecting their spin coupling
constants® to make, in some cases, |Avapl > O.
Figure 4 shows the results of dissolving several com-
pounds with triplet patterns in such solvents. In two
of the cases, the triplet seen in CCl, was resolved into two
doublets; in the other two cases, the triplet remained.
The resolution of the triplet seen in CCly into four
peaks in an interacting solvent is a positive indication
that Avap = 0 in CCly and Jax # Jex. The failure
to resolve the triplet implies that Jax = Jasx, since if
Avap is different in the two solvents, the triplet can be
explained only by equality of the coupling constants;
however, it is conceivable that Avag = 0 in both sol-
vents—hence the test is negative evidence that Jax =
JBx when the triplet fails to resolve.

Long Range Coupling Constant.—The small spacing
J, of magnitude 1-2 c.p.s., is similar to that observed

(17) When Avap = 0, the ABX spectrum becomes one of the cases of
“deceptively simple spectra'’ discussed by R. J. Abraham and H. J. Bern-
stein, Can. J. Chem., 89, 216 (1961).
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Fig. 3.—a-Proton multiplet structure of representative mono-
substituted bornanes.

by Anet? in the bornane diols and assigned to coupling
with a proton on the opposite side of the bornane ring.
It always appears in the peak of the endo-substituted
bornanes (with the exception of bornylcarboxylic acid)
as evidericed by the data in Table II. Hence its pres-
ence seems to be a good test ¢f the endo-substituted
configuration, This correlation does not seem to carry
over to the substituted camphors—the spectra re-
norted by Kumler, Shoolery, and Brutcher® of the
chlorocamphors and the spectra of the p-anisylepi-
camphors (VII and VIII) show no evidence for this long
range spin coupling constant.

Discussion of the a-Proton Multiplet Pattern

The multiplet patterns of the monosubstituted
bornanes imply regularity in the chemical shifts of the
methylene protons on position 3 and in the spin coupling
constants of these methylene protons with the a-proton
on position 2. The regularity in chemical shift may be
thought due to the influence of the substituent at the 2-
position. If this group were absent (for example, in
bornane) the exo-proton at position 3 would be expected
to absorb at lower field than the endo-proton, according
to the correlation of the a-proton peak at position 2
with stereochemistry already discussed. Hence, in
the isomers where the substituent at position 2 is
exo, the exo-proton on the adjacent methylene at posi-
tion 3 must be shifted upfield relative to the resonance
of this proton in bornane to cause the exo- and endo-
proton at position 3 to have the same chemical shift.
The same effect in the isomer where the substituent is
endo would move the chemical shifts of the exo- and
endo-protons at position 3 farther apart, since the endo-
proton would be expected to be upfield from the exo-
proton if the influence of the substituent were absent.

Magnetic Anisotropy of C-R and C-H Bonds.-—
These observations may be explained by a considera-
tion of the magnetic anisotropy of the C-H and C-R
bonds using the equation developed by McConnell’®
LY
ol o
o represents the contribution of the axially symmetric
magnetically anisotropic bond to the chemical shift
of the proton on the adjacent carbon; Ax = x, — x,,
the difference of magnetic susceptibility along the
symmetry axis from the magnetic susceptibility
perpendicular to the symmetry axis; p is the distance
from the center of the bond to the proton affected;
v is the angle between the symmetry axis of the bond
and the vector connecting the substituent with the pro-
ton affected; N is Avogadro’s number. The replace-

o <1l — 3 cos? v>

(18) H. M. McConnell, J. Chem. Phys., 27, 226 (1957).
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ment of the exo-proton at the 2-position by an exo
substituent involves removing the effect of the C-H
bond and introducing the effect of the C-R bond. The
net effect may be expressed by a term Axsub = Axr —
Axu (the diamagnetic anisotropy of the carbon-
substituent bond — the diamagnetic anisotropy of the
carbon-hydrogen bond). Ziircher!® has recently eval-
uated Axm using an equation proposed by Gans and
Mrowka® which relates the magnetic susceptibility
tensor to the electrical polarizability tensor. This
equation with the constants evaluated for an axially
symmetric bond gives the expression

172 o o 1/2y2

Ax = 1.5 X 10 [au 2 g M2 %&il’—}] nli2
a,, and «, represent the respective polarizabilities
parallel and perpendicular to the axis of symmetry in
units of cubic centimeters; # is the number of electrons
participating in the bond. Ziircher uses this expression
together with several other relationships to arrive at a
“best value” for Axg = —0.74 X 107%. This expres-
sion may be evaluated for the C-Cl bond for which the
polarizability tensor has been measured unambiguously
from Raman intensity measurements.?! Assuming
that » = 2, it is found that Axcy = +0.91 X 1075
It is important to note that the sign of the magnetic
anisotropy is positive, implying that the bond is more
polarizable perpendicular to the C-Cl bond than parallel
to the C-Cl bond. For values of bond polarizabilities
e, and «,, which have been reported,??2% it is seen that
Axr will be positive for most C-R bonds. Hence for
isobornyl chloride Axsub = Axci — Axa = + 1.65 X
10-¢%  From a molecular model of bornyl chloride it is
seen that p ~ 2.2 A. and v ~ 80° for the exo-proton.
This leads to a contribution of +0.09 p.p.m. for the
exo-proton. The endo-proton has p ~ 2.6 A. and y ~
135°, leading to a contribution of —0.02 p.p.m. Thus
the relative chemical shift of the exo- and endo-protons
at the 3-position would tend to be decreased by ~ (.11
p.p-m. according to this mechanism. This decrease
1s not as much as the difference found for some of the
exo- and endo-protons of the a-methyne protons in this
study (0.08-0.50 p.p.m.): hence the influence of the
C-R bond anisotropy is probably greater than indicated
by this calculation. It is not surprising that quanti-
tative agreement is not found, since the dipole model is
not accurate at small distances.’® The most important
agreement is that the sign of the shift is correct.?
Because the angular relationships for other C-R bonds
will be approximately similar and because Ax will
generally be positive,?2?® the same mechanism will
explain the coincidence of the chemical shifts of the
protonsat the 3-position.

Correspondence of Jax and Jax’, Jex and Jpx'.—
In the endo isomers the effect of the C-R bond will be
exactly opposite: to separate the chemical shifts of
the protons at the 3-position. Therefore the pattern
seen for the X proton reflects the difference in Jax and
Jex—a multiplet of two characteristic spacings Jax’
and Jpx'. In a previous paper" reporting the synthe-
sis of some of the compounds in this study, multiplet
spacings Jax’ and Jsx’ were reported as spin coupling
constants Jax and Jex. In view of the analysisin this
paper, it is believed that this assumption is close to
correct (at least within 1 c.p.s.) for endo-substituted

(19) R. F. Ziircher, J. Chem. Phys., 8T, 2421 (1962).

(20) Gans and Mrowka, Schr. Konigsberger Gel. Ses. Nat. K., 12, 1 (1935).

(21) G. W. Chantry and R. A. Plane, J. Chem. Phys., 88, 634 (1960).

(22) R. P. Smith and E. M. Mortensen, ibid., 82, 508 (1960).

(23) K. G. Denbigh, Trans. Faraday Soc., 86, 936 (1940).

(24) A similar calculation hased on the effect of the dipole moment of the
C-R bond according to the theory proposed by Buckingham (Can. J, Chem.,
38, 300 /1960)) gave the wrong sign for shift of the exo- and erdo-ptotons.
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bornanes, since Avap for the protons at the 3-position
should be approximately double the difference between
the exo- and endo-protons at the 2-position due to the
influence of the endo substituent at the 2-position.
This is about 0.16-1.0 p.p.m. or 10-60 c.p.s. at 60 Mec.,
sec. The critical parameter which determines the cor-
respondence of Jax and Jgx with the multiplet spacings
is the ratio of Jap to Avagp; Jap has been found to be
from 9-15 c.p.s. for saturated aliphatic carbons of the
usual bond angles.?® Taking Jax and Jpx to be the
values found by Anet? in the bornane diols—&.9 and
2.3 c.p.s.,, and assuming that Jagis 13 c.p.s. and Avap =
20 c.p.s., it is found that Jax’ and Jpx’ are 8.4 and 2.8
c.p.s., in close agreement with Jax and Jgex.

For the exo compounds reported in the previous
paper!? there is some doubt concerning the correspornd-
ence of the multiplet spacings and coupling constants
because of the observation of the near equivaletice of
the chemical shift for the protons at the 3-position in
other bornanes. However, it is felt that this triplet
probably reflects equality of the spin coupling constaits
Jax and Jgx because the triplet of p-isobornylphenol
failed to split when the compound was dissolved in
pyridine.

Steric Interference in exo-Substituted Bornanes.—
Because there is evidence for the near equality of
Jax and Jgx in some of the exo isomers to explain the
triplet structure, it is worthwhile to seek a possible
explanation for this effect. Since both exo compounds
which show a triplet in pyridine have a bulky substi-
tuent, steric interference between this substituent and
the C-8 methyl group may distort bond angles so as to
change the spin coupling constants Jax and Jex ac-
cording to the theory of Karplus.®

This theory relates the spin coupling constant be-
tween protons on adjacent saturated carbons to the
dihedral angle between the two planes defined by the
C--C-H bonds. It has been found to be reliable in
predicting the relative magnitude of coupling constants
between protons on adjacent carbons of various di-
hedral angles, but the absolute magnitudes predicted
by this theory (which uses simiple wave functions)
have been found to be too low in some cases.® For
unsubstituted bornanes, the dihedral angles between
an exo-proton at the 2-position and the exo- and endo-
protons at the 3-position are () and 122°, respectively,
according to a model proposed by Wilcox for calcula-
tion of dipole moments of substituted bicyclo[2.2.1]-
heptanes.?” According to Karplus' theory, the cor-
responding coupling constants for these dihedral angles
would be 8.2 c.p.s. (Jax) and 2.4 c.p.s. (Jpx). In the
endo-substituted bornanes the spacings J' (which are
approximately equal to the coupling constant J) are
9-11 c.p.s. and 3.6 c.p.s., higher thau that predicted
by Karplus' theory but with one considerably larger
(2-3 times) than the other in qualitative agreement
with the theory. In the exo-substituted bornares,
the spacings J’ are approximately equal, and, in soine
cases at least, Jax and Jgx are probably equal. Cal-
culations of distance of approach (based on Wilcox's
model?”) between the exo substituent and the 8-methyl
group indicate that it is less than the sum of the van
der Waals radii for the two groups--for example, in
isoborneol, the distance between the C-8 methyl group
and the oxygen is 2.77 A.; the distance between the
C-10 methyl group and the oxygen is 2.88 A.; the sum

(25) L. M. Jackman, ibid., 88, 85 (1960); R. R, Fraser, R. V. Lemnieux,
and J. D. Stevens, J. Am. Chem. Soc., 88, 3901 (1961); F. Kaplan and J. D,
Roberts, sbid., 83, 4666 (1961).

(26) K. L. Williamson and W. 8. Johnson, J. Am. Chem. Snc., 88, 4623

(1961).
(27) C. F. Wilcox, Jr., tbid., 82, 414 (1960).
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of the van der Waals radii for CH; and O is 3.40 A.2
In the case of the more bulky substituents such as a
phenyl or an acetyl group it is expected that steric
interference would be even larger. It is reasonable,
therefore, to expect that the dihedral angles in exo-
substituted bornanes will be distorted from those
normally encountered in bicyclo[2.2.1]heptane. The
distortion should make both dihedral angles larger so
that they would be somewhat greater than 0 and 122°.
In such a case the near equality of the two coupling
constants Jax and Jgx follows as a result of Karplus’
theory since increasing the one angle to something
greater than 0° would decrease the coupling constant
Jax (which is larger in endo-substituted bornanes)
and increasing the other angle to something greater
than 122° would increase Jex (which is smaller in endo-
substituted bornanes).

Exception.—The exception to correlation of multiplet
spacings with exo/endo isomerism is bornylcarboxylic
acid (XI). The triplet appearance in CCl; is caused
by the near equality of chemical shifts in the protons
at the 3-position, since in benzene this triplet splits into
two doublets (Fig. 4). Itisfelt that the large magnetic
anisotropy of the carbonyl group?® substituted at the
2-position in this compound may be contributing
to equalize the relative chemical shift of the protons
at the 3-position. Also absent in this compound is the
splitting normally seen in endo-substituted bornanes
associated with a long range coupling constant j.
The absence of this splitting does not necessarily mean
that j is zero—if there happens to be a coincidence of
chemical shift of another proton which is spin coupled
to the proton that gives rise to the long range splitting.
In such a case the second proton would ‘‘virtually
couple’” with the a-methyne proton.®® The observed
broadening of the activated proton multiplet is con-
sistent with ‘‘virtual coupling.”

Conclusion

The chemical shift difference of the a-methyne pro-
ton appears to be the best test for exo/endo isomerism.
The appearance of a small additional splitting j in a mul-
tiplet of characteristic spacing Jax’ and Jex' appears
to be equally reliable evidence for an endo-substituted
isomer. However, the nonappearance of this splitting
is only negative evidence for the presence of the exo
isomer. ‘‘Virtual spin coupling” may cause the mul-
tiplet pattern to broaden rather than split. Quartet
and triplet patterns of the a-methyne proton are in-
dicative but not definitive evidence for endo and exo
isomers, respectively. In phenyl-substituted bornanes,
the relative chemical shift of the aromatic protons ap-
pears to be a good indicator of exo/endo configuration.

Experimental

N.m.r. Spectra.—All spectra were obtained with a Varian
DP-60 or A-60 nuclear magnetic resonance spectrometer at an
operating frequency of 60 Mec./sec. The peaks of interest
for stereochemical information about chemical shifts were cali-
brated by nearby sidebands to an accuracy of +£0.01 p.p.m. on
the DP-60. The A-60 has an inherent reproducibility of ££0.01
p.p.m. The samples were dissolved in carbon tetrachloride to
approximately 109, by volume (or if the material was less
soluble, to a saturation concentration). A small amount (ap-
proximately 197 by volume) of tetramethylsilane was added as an
internal reference. The 7 convention was adopted for reporting
chemical shifts, z.e., the position of the tetramethylsilane refer-
ence was called 10.00 p.p.m. and resonances at lower field have
lower values.3!

Preparation of Bornane Derivatives.—All compounds were
optically inactive d/-forms unless otherwise stated. The purity

(28) L. Pauling, "The Nature of the Chemical Bond,"' 3rd Ed., Cornell
University Press, Ithaca, N. Y., 1960, p. 260.

(29) 1.. M. Jackman, 7bid., pp. 119-125.

(30) J. I. Musher and E. J. Corey, Telrahedron, 18, 791 (1962).

(31 G. V. D. Tiers, J. Phys. Chem., 62, 1151 (1958).
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Fig. 4. —Comparison of a-proton multiplet in CCly; and a mag-
netically anisotropic solvent.

of liquids was confirmed by gas chromiatographic analysis on a
10-ft. column packed with 309, succinic acid-triethylene glycol
polymer on 60/80 mesh Chromosorb or on a 5-ft. column packed
with 209, GE-silicone on firebrick.

p-Bornylphenol (V, m.p. 151-152°), p-isobornylphenol (VI,
m.p. 135-136°), 2-endo-p-anisylepicamphor (VII, m.p. 91.5--93°),
2-exo-p-anisylepicamphor (VIII, m.p. 121.2-122.4°), 2-endo-p-
anisylepiborneol p-toluenesulfonate (IX, m.p. 137.0-138.5°),
2-exo-p-anisylepiborneol p-toluenesulfonate (X, m.p. 102.6-
103.6°), p-bornylanisole (XVI, b.p. 114°, »%p 1.5410), and p-
isobornylanisole (XVII, m.p. 41.0-42.4°) were the compounds
previously described by Erman and Flautt.!®

The syntheses of o-bornylphenol (XVIII, m.p. 63.0-64.6°),
o-isobornylphenol (XIX, m.p. 85.5-86.0°), o-bornylanisole
(XX, b.p. 107° (2.4 mm.), n?»p 1.5410), and o-isobornylanisole
(XXI, m.p. 75.8-78.5°) will be described elsewliere.32 The
authors are indebted to Mr. C. L. Benford for samples of borneol
(I, m.p., 204-205°, sealed tube) and isoborneol (II, m.p. 211-
212°, sealed tube), and to Dr. R. Welir for samples of hornyl
phenyl ether (XIV, b.p. 156-158° (10 mm.), #?Dp 1.5312) and
isobornyl phenyl ether (XV, b.p. 147° (8 mm.), »%Dp 1.5265),
prepared essentially by the method of Kursanov?? for the prepara-
tion of menthyl phenyl ethers. Isobornylphenyl ether (XV,
b.p. 99-101° (0.3 mm.), »¥»p 1.5260) also was prepared as
described by Kitchen.?* Bornyl chloride (XII, m.p. 133-134°
was prepared according to the method of Frankforter and Frary.3%
Isobornyl chloride (XIII, m.p. 155-156°) was prepared by the
procedure of Nevell, de Salas, and Wilson.3 vL-Bornyl acetate
(III, b.p. 86° (6 mm.), »?p 1.4620) was obtained from the
Aldrich Chemical Co., Milwaukee, Wis., and was purified by
distillation. Isobornyl acetate (IV, b.p. 91° (8 mm,), n2p
1.4633) was obtained from K and K Laboratories, Inc., N. Y.,
and was purified by repeated fractional distillation.

Bornylcarboxylic Acid (XI).—Essentially the method of Bart-
lett, Webster, Dills, and Richey?% for preparation of 2-exo-methyl-
norbornane-2-endo-carboxylic acid was employed for preparation
of bornylcarboxylic acid from p-bornylanisole. Intoa solution of
7.8 g. (0.0325 mole) of p-bornylanisole in 400 ml. of anhydrous
methylene chloride maintained below 0° was passed 9.3 g.
(0.194 mole) of ozone at the rate of 4.5 X 10~ mole per hour.
A solution of 24.4 g. (0.61 mole) of sodium hydroxide in 245 ml.
of water was then added dropwise to the solution of ozonide
followed by 69 ml. (20.7 g., 0.61 mole) of 309, hydrogen peroxide.
The mixture was heated at reflux for 1 hr., and the methylene
chloride removed by distillation. Another 15 ml. of 309
hydrogen peroxide was added and the mixture heated at
reflux 1 hr. longer. The mixture was cooled, unreacted starting
material removed by washing with ether, the water laver acidi-
fied with concentrated hydrochloric acid, and extracted with
ether. The solvent was dried over inagnesium sulfate and
evaporated to afford 4.6 g. (809;) of bornylcarboxylic acid as
colorless needles, m.p. 80-90°. Three recrystallizations from
889, formic acid gave a constant m.p. 90.8-92.6°.

(32) W. F. Erman, ''The Condensation of Camphene and Phenol,'’ paper
to be published.

(33) N. I. Kursanov, J. Russ. Phys. Chem. Soc., 46, 815 (1914) |Chem
Abstr., 9, 1751 (1915)]; Chem. Zentr., 86, 894 (1915).

(34) L. J. Kitchen, J. Am. Chem. Soc., 70, 3608 (1948).

(35) G. B. Frankforter and F. C. Frary, tbid., 28, 1461 (1906).

(36) T. P. Nevell, E. de Salas, and C. L. Wilson, J. Chem. Soc., 1188
(1939).

(37) P. D. Bartlett, E. R. Webster, C. E. Dills, and H. G. Richey, Ann.,
628, 217 (1959).
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Anal. Caled. for CjyHOs:
72.4; H, 9.6.

A mixture melting point of the acid, m.p. 90.8-92.6°, above with
a sample of bornylearboxylic acid, m.p. 79.6-83.0°, prepared
from bornylmagnesium chloride and carbon dioxide according to
the gnethod of Rupe and Hirschman,® showed a m.p. 85.0-
90.0°.

C, 72.5; H, 10.0. Found: C,
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Anhydrous tetrahydrofuran was substituted for ether in this reaction.
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Chemical shifts and coupling constants have been determined from the analysis of proton nuclear magnetic

resonance spectra for a series of cyclopropane derivatives.

opposite signs.

The geminal and vicinal cyclopropyl couplings have

Additional 3C-H coupling constants have been obtained for cvclopropanes which support the

conclusion that the hybridization of the carbon-hydrogen bonding orbitals in cyclopropanes is close to sp2.  The
chemical shifts for several cyclopropane hydrocarbons seem consistent with a ring-current effect.

Proton n.m.r .? and fluorine n.m.r .* spectroscopy have
been utilized for structure determinations of substituted
cyclopropanes. Coupling constants and chemical shifts
of cyclopropane derivatives®® have recently been re-
ported and interpreted in terms of substituent effects
and molecular geometries.?

In the present research, the spin-spin splittings in
the proton n.m.r. spectra of several substituted cyclo-
propanes have been analyzed using standard methods’#
with results shown in Table I.

The Wiberg,® the Bothner-By, and the Swalen!®
computer programs were used to obtain the best agree-
ment between the observed and the calculated spectra.
The AB cyclopropyl proton patterns in the n.m.r.
spectra of tetrasubstituted cyclopropanes yielded the
cyclopropyl couplings directly. The trans-cyclopropyl
couplings in the ABX type spectra of trans-3-(trans-
2'-carboxypropenyl)-2,2-dimethylcyclopropane-1-car-
boxylic acid and its dimethyl ester were deter-
mined directly from the AB portion of the spectrum,
the downfield part of which was split by the adjacent
vinyl hydrogen. The n.m.r. spectra of neat samples of
1,1-dimethylcyclopropanecarboxylic acid, dimethyl 1-
methylcyclopropane-cis-1,2-dicarboxylate, and dimethyl
1-methylcyclopropane-trans-1,2-dicarboxylate were an-
alyzed as ABC systems. Identification in the ob-
served spectrum of the three quartets and repeated
spacings between lines gave approximate values of the
chemical shifts and coupling constants, respectively.
Best calculated frequency fits for the four possible com-
binations of relative signs of couplings were then ob-
tained using the Swalen program.'® The best fit be-
tween observed and calculated intensities was found
for the assignments with geminal coupling having an
opposite sign to the vicinal couplings in the three ABC

(1) Supported in part by the Office of Naval Research and the National
Science Foundation.

(2) (a) . N. Tata Fellow, 1961-1963; (b) Dow Chemical Company
Fellow, 1960-1961.

(3) G. 1, Closs, R. A. Moss, and J. J. Coyle, J. Am. Chem. Soc., 84, 4985
(1962).

(4) W. Mahler, ibid., 84, 4600 (1962).

(5) H. M. Hutton and T. Schaefer, Can. J. Chem ., 40, 875 (1962).

(6) J. D. Graham and M. T. Rogers, J. Am. Chem. Soc., 84, 2249 (1962).

(7) J. D. Roberts, **An Introduction to the Analysis of Spin-Spin Splitting
in Nuclear Magnetic Resonance,” W. A, Banjamin, Inc., New York, N. Y.,
1961.

(8) J. A. Pople, W. G. Schneider, and H. J. Bernstein, '"High-resolution
Nuclear Magnetic Resonance,” McGraw-Hill Book Co., Inc., New VYork,
N. Y., 1959.

(9) K. B. Wiberg and B. J. Nist, ""The Interpretation of NMR Spec-
tra,’”” W, A. Benjamin, Inc., New York, N. Y., 1962.

(10) J. D. Swalen and C. A. Reilly, J. Chem. Phys., 87, 21 (1962).

systems studied. The analysis of the n.m.r. spectrum
of dimethyl 1-methylcyclopropane-trans-1,2-dicarboxyl-
ate in benzene gave magnitudes and signs of couplings
in agreement with the neat compound.

The '3C satellite n.m.r. spectra of 1,1-dichlorocyclo-
propane, 1,1-dimethylcyclopropane, spiropentane, and
spirchexane were analyzed as AA'XX' systems. The
center of each multiplet of the "*C satellites was de-
termined by the moment method.!! Similar calculated
spectra in agreement with the observed spectrum were
found with two geminal couplings having different
magnitudes and opposite signs in each AA'XX'
system studied. However, the best fit to the intensities
was found for 1,1-dichlorocyclopropane with the
geminal and vicinal couplings having opposite signs and
this sign assignment was assumed for the other three
AA'XX' systems. The cis and trans couplings which
have the same sign are interchangeable without af-
fecting the spectrum and have been assigned assuming
the cis coupling has the greater magnitude. The errors
involved in the determination of coupling constants are
large owing to a low signal-to-noise ratio in the !'3C
satellite spectra, and also because small changes in the
geminal coupling do not have much effect on the cal-
culated spectra.

The AA'BB’ type proton n.m.r. spectrum of neat
1-phenyl-1-bromocyclopropane was solved with the aid
of the Swalen program. The only satisfactory fit was
obtained with the geminal coupling taken to have the
opposite sign to the vicinal couplings. Interchange of
the two cis couplings and interchange of the geminal
and trans couplings does not affect the calculated spec-
trum. The assignment of geminal and ¢rans couplings
with opposite signs appears to be definite and is sup-
ported by analysis of the spectrum of 1-phenyl-1-
bromocyclopropane in chloroform (where the chemical
shifts are different).

Gutowsky and co-workers!? on the basis of valence-
bond calculations have predicted a positive geminal
coupling for H-C-H angles less than 120°. However,
a recent publication'’ on the proton n.m.r. spectra
of small-ring compounds indicates that the geminal
coupling has an opposite sign to the vicinal couplings
in cyclobutane derivatives. With the aid of spin de-
coupling, Anet!* has shown that the geminal proton-

(11) W. Anderson and H. M. McConnell, sbid., 26, 1496 (1957).

(12) H. S. Gutowsky, M. Karplus, and D. M. Grant, ibid., 81, 1278
(1959).

(13) E. Lustig, tbid., 87, 2725 (1962).

(14) F. A L. Anet, J. Am. Chem. Soc., 84, 3767 (1962).



