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T h e  13C chemical shif ts for a number of bicyclo[2.2.2]octanes substi tuted in the 2 and 2,5 positions have been 
obtained in natura l  abundance. Subst i tu t ion parameters have been derived f r o m  the  2-substituted compounds 
and these parameters can be used t o  determine the relat ive stereochemistry of groups a t  C-2 and C-5. A compari- 
son o f  the  presently derived parameters w i t h  the known parameters for the norhorny l  system has been made. 

The value of 13C NMR spectroscopy for the study of the 
stereochemistry of relative rigid molecules, such as nor- 
bornyl derivatives, has been demonstrated by Grutzner e t  
a1.l and Schneider and Bremser.2 In the course of synthetic 
studies we have had occasion to  prepare a number of bicy- 
clo[2.2.2]octane derivatives, largely with substituent a t  po- 
sitions 2 and 5,:l and we have examined the I3C NMR spec- 
tra of these compounds as an aid to  the assignment of the 
relative stereochemistry of these substituents. Following 
the earlier s t ~ c l i e s , ~ ~ ~ ~ ~  we have classified the substituent 
perturbations in terms of a, p, y, and 6 effects, the substitu- 
ent  being introduced a t  the a-carbon atom. The special y 
effect which is operative in the norbornyl series1 is opera- 
tive in the bicyclo[2.2.2]octanes. The parameters obtained 
in the present work have been compared with those ob- 
tained for the norbornyl system, and substantial agreement 
both in the size and magnitude of the shifts is observed. 
Differences can probably be accounted for in the greater 
flexibility of the bicyclo[2.2.2]octane framework. 

Assignments. Our initial studies were carried out on bi- 
cyclo[2.2.2]octane (l), bicyclo[2.2.2]octan-2-01 (2), and the 
three epimeric bicyclo[2.2.2]octan-2,5-diols (3a-c). The 
structure and assignment are shown in Table I. The epim- 
eric diols 3b and 3c were extremely valuable in establishing 
these assignments, since each contain only four carbon 

atoms with different chemical environments due to the 
symmetry of the system. In 3b, C-2 and C-5, the carbons 
substituted by the hydroxyl groups, were shown to be dou- 
blets by an off-resonance experiment, and show the largest 
downfield shift compared to the corresponding carbons in 
bicyclo[2.2.2]octane, and this is readily correlated with a 
similar a shift in alcohols. The tertiary carbons C-1 and 
C-4 are also doublets in the off-resonance experiment, and 
are shifted downfield, mainly due to the p effect. The re- 
maining carbons to be assigned are the equivalent pairs 
C-3, C-6 and C-7, C-8. Based on the shielding and deshield- 
ing effect of the y effect in norbornanes, we assign the car- 
bons shifted downfield as C-3, C-6 and those upfield as (2-7, 
C-8. In 3c, C-2 and C-5 were again doublets in the off-reso- 
nance experiment, and are again shifted downfield, and the 
tertiary atoms C-1 and C-4 are also doublets and s h o w  a 
downfield shift. With the remaining two pairs of carbon 
atoms, C-3! C-6 and C-7, C-8, the assignments are again 
based on the expected direction of shift from the norbor- 
nanes. Further, the gross magnitude of the shifts are as ex- 
pected, C-7, C-8 less affected in 3c than in 3b because of 
the smaller interaction, and the C-3, C-6 shift in 3c smaller 
than in 3b because of the opposed direction of the two ef- 
fects. The assignments receive further strong support from 
the spectrum of the unsymmetrical isomer, 3a. Here C-1, 
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Table I 
"C Chemical Shifts of Bicyclo[ 2.2.2]octan-2-olsa - 

Registry 
no. Compd c-1 c-2 c -3  c-4 c-5 C-6 c-7 C-8 

2 8 0-3 3-1 

18684-63-4 

57346-04-0 

51318-52-6 

57 37 8-53-7 

4 2 OH 

4 3a OH 

4 3b OK 

&OH 3c 

24.14 

31.64 

32.50** 

32.73 

32.52 

26.16 

69.41 

68.55" 

68.40 

69.08 

37.41 

30.51 

34.60 

30.37 

24.81 

3 2.43" * 

32.73 

32.52 

24.59" 

68.20* 

68.40 

69.08 

23.82 

35.64 

34.60 

30.37 

18.70 

11.29 

18.35 

22.78 

25.70* 

23.45 

18.35 

22.78 

The chemical shifts are in parts per million downfield from internal Me,Si; the asterisks designate pairs of shifts which 
have been assigned for consistency of parameter values but which could be reversed, 

C-4, C-2, and C-5 can be identified as before. The remain- 
ing four carbon atoms are now of four types, C-7 is very 
similar to  C-7 in 3b, C-8 similar to C-8 in 3c, C-3 is similar 
to C-3 in 3c, and C-6 is similar to C-6 in 3b, and the four 
carbon atoms do indeed show these expected shifts. In the 
mono-ol 2, C-1 and C-2 are doublets in the off-resonance 
experiment and the remaining assignments are made by a 
comparison of the gross chemical shifts with those in the 
diols. The value for C-5 and C-8 may be interchanged, but 
the assignments given provide the best fit with the data ob- 
tained from the diols. 

The carbon-13 shifts for a number of 2-substituted and 
2,5-disubstituted bicyclo[2.2.2]octanes are collected in 
Table 11. The symmetry of bicyclo[2.2.2]octane-2,5-dione 
was again useful in assignment; atoms C-1 and C-4 were 
identified as doublets in an off-resonance experiment, the 
other carbons being assigned on the basis of the expected 
gross chemical shifts from bicyclo[2.2.2]octane. The assign- 
ments to bicyclo[2.2.2]octan-2-one followed from off-reso- 
nance experiments and a comparison with the dione. The 
assignments to the remaining compounds in this table are 
more tentative, double resonance experiments identifying 
certain carbons but the remaining assignments being based 
on the expected chemical shifts and the consistency of re- 
lated data. In certain cases, as indicated in Table 11, the as- 
signment could be interchanged, but such an interchange 
would not affect the general discussion. 

In Table 111, the carbon-13 spectra of four bicy- 
clo[2.2.2]octanes which were geminally substituted at  posi- 
tion 2 by methyl and carboxyl are collected. Atom C-2 was 

identified in all cases by its lower intensity, C-1 in 4 and 
C-5 in 5a,b by off-resonance experiments, and the other 
atoms by the expected gross chemical shifts caused by the 
substituents. 

Discussion 

The introduction of a substituent on the bicyclo[2.2.2]oc- 
tane framework causes the now e ~ p e c t e d l - ~  change in the 
a, 6,  and y carbons, together with the smaller effects at  the 
6 carbons.6 Because of the symmetry of bicyclo[2.2.2]oc- 
tane, there is no endo, exo distinction of substituents, as 
there is in the case of the norbornyl system, and conse- 
quently there is only one parameter value for the N and /3 
carbons in the bicyclo[2.2.2]octanes. The CY and 6 effects do 
depend on the degree of substitution of the a and /3 carbon 
atoms, and in the present work this largely involves the dif- 
ference between the bridgehead C-1 and the C-3 parame- 
ters. A marked difference is found in the y effects depend- 
ing on whether the substituent is syn or anti to the carbon 

\ x H 
7 6 

in question. Thus in 6, the substituent a t  C-2 is syn to C-I 
and anti to C-6. The effect on C-7 is clearly steric in origin, 
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Table I1 
I3C Chemical Shifts of 2-Substituted Bicyclo[ 2.2.2loctanesa 

Registry 
no. 

2716-23-6 

57346-05-1 

2922 1-2 5-8 

766-53-0 

49826-60-0 

41977-18-8 

Compd - 

I 
CO,H 

I 

CH3 

k 

c-1 c-2 c-3 c-4 c -5  C-6 c-7 C-8 Others 

42.42 

45.10 

27.51 

30.22 

216.87 44.80 

211.41 40.30 

41.92 28.08 

30.22 35.64 

41.92* 216.41 40.16* 

31.16 68.46 33.68 

28.09 

45.10 

23.78 

25.03 

31.25 

28.55 

24.88 23.48 23.48 24.88 

211.41 40.30 22.19 22.19 

25.09* 25.31* 21.94 26.37 CO,H 
183.03 
CO,CH, b 
176.28 

51.39 

26.15 25.03 21.30 27.45 CH, 
20.31 

CO,H 
40.94* 25.81 22.63** 25.28** 180.08 

CO,CH, b 
174.98 

51.88 

CO,H 
41.47 21.28 22.80 25.01 180.04 

CO,CH,b 
177.84 

52.00 
a See footnote a ,  Table I. b The values for chemical shifts of the C-1-C-8 carbons of the methyl esters of the acids are 

virtually identical with those of the acids. 

and is similar, both in size and magnitude, to that observed 
in the norbornyl series.lt6 The series of parameters ob- 
tained by comparing the chemical shifts in the 2-monosub- 
stituted bicyclo[2.2.2]octane with those in the parent hy- 
drocarbon are shown in Table IV. These parameters can be 
readily transferred to the other members of the series, as 
may be illustrated for compound 7. C-3 in 7 experienced a /3 
effect from the 2-OH and a y-syn effect from the C02H, 
which gives a predictive shift to  33.46 ppm, compared to  
the observed 33.68 ppm. Similarly, C-6 experiences a /3 ef- 
fect from the C02H and a y-syn effect from the OH, result- 
ing in a predictive shift to  20.96 ppm, compared to the ob- 
served 21.28 ppm. A plot of the calculated against the ex- 
perimental chemical shifts for atoms C-1, C-2, and C-7 of 
seven substituted bicyclo[2.2.2]octan-2-ols had a slope of 
1.00 and a standard deviation of 0.46, showing that the cor- 
relation is satisfactory. These atoms were chosen since the 
assignments of C-1 and C-2 are secure, and the effect on 
C-7 large. 

With the geminal 2,2-disubstituted derivatives, the pa- 
rameter values for each of the individual C-2 substituents 
cannot be used to  predict the shifts on the other carbons 
compared with bicyclo[2.2.2]octane, a situation which was 
also observed in the norbornyl system.l However, when the 
effect of introducing substituents at the C-5 position into 
the 2,2-geminally substituted compound 4 is examined, it is 
found that the shifts produced by the substituent com- 

pared with the shifts in 4 can be accurately predicted using 
the substituent parameters found for the mono-2-substi- 
tuted bicyclo[2.2.2]octanes. 

Comparison of the parameters derived in the present 
study with those found in the norbornyl system showed 
that both the magnitudes and signs of the a and /3 shifts are 
very ~ i m i l a r . ~  Small trends are observed, the shifts for OH 
and =O appearing slightly larger, and those for Me and 
COzH slightly smaller for the bicyclo[2.2.2]octanes. How- 
ever, the norbornyl shifts are averages for the substituent 
in the exo and endo positions, and the overall trends are 
probably not significant. The y-syn effects are smaller in 
the bicyclo[2.2.2]octanes, and this most probably reflects 
the greater rigidity of the norbornyl system which can less 
readily distort to remove steric strain. The 6 effects are 
small, but it is of interest to note that the methyl group 
causes a downfield shift, whereas the other substituents 
cause upfield shifts, of the &carbon atom. This again paral- 
lels the situation in the norbornyl system. 

Using the parameters listed in Table IV it is now com- 
paratively easy to  assign the relative stereochemistry of the 
two groups a t  positions 2 and 5 by inspection of the chemi- 
cal shifts of c-3,  c-6,  c-7,  and c-8. The major factor in- 
volved in the difference in the spectra is the larger pertur- 
bation caused by a y-syn as compared to a y-anti substitu- 
ent, and the differences are readily illustrated in the spec- 
tra of the alcohols 3a-c and the acids lia,b. Thus C-3 in sa 



468 J.  Org. Chem., Vol. 41, No. 3, 1976 Garratt and Riguera 

Table 111 
3C Chemical Shifts of 2-Geminally Substituted Bicyclo[ 2.2.21octanesa 

__ 
Registry 

Others -- no. Compd c- 1 c - 2  c - 3  c - 4  c - 5  C-6 c - 7  C-8 

df 

57346-06-2 COIH 32.07 44.01 36.55 25.17* 24.31 

Me 
4 

HKoH 
33.43" 43.44 30.01 32.53" 68.29 

a C 0 . H  

38347-91-0 

ME! 
5a 

33.11" 42.76 34.31 32.78* 68.00 
COIH 

57 378-54-8 

Me 
5b 

57346-07-3 35.84 43.23 33.60 42.66* 214.33 

Me 

a , b  See footnotes to  Tables I and 11. 

Table IV 
3C Substituent Effects for 

2-Substituted l3icyclo[ 2.2.2 Ioctanesa 

Effect Substituent 

-OH =O -Me -CO,R 
01 43.25 190.7 4.1 15.8 

(43.35)b (185.2) (5 .6)  (16.5)  
01 (gem) 1.5 13.8 

11.3 18.0 9.5 2.3 P (C-3) 
(10.9) 

P (C-1) 7.5 18.3 6.1 3.5 
( 7 . 0 )  (13.3)  (6 .0)  (4 .4)  

Y-sYn -7.5 

(15.1) (10.35) (3 .25)  

-4.9 -4.0 
-2.7 (-7.7)C (-4.8)C 

(-5.8) 
-1.1 -1.1 

-1.3 0.8 -0.5 
(-1.l)d (-1.0)d 

(-2.4) (0 .35)  (-0.45) 

{ (-9.7 )" 

7-anti -2.3 

6 e  -0.5 
(-5.2)d 

(-0.5) 
a Values obtained by comparison of shifts in the 2-sub- 

stituted derivative with those in bicyclo[ 2.2.21octane. 
b Values in parentheses for the norbornyl derivatives and 
were obtained from ref 1. For the CY and p effect an average 
value has been taken from the exo and endo shifts. C Value 
for the endo-norbornyl parameter. d Value for the exo- 
norbornyl parameter. e Values for the 6 effect are much 
less reliable than the other parameters owing to problems 
of assignment. 

shows a much larger upfield shift than C-3 in 5b, whereas 
C-8 shows a larger upfield shift in 5b than in 5a. 

Experimental Section 
The I3C NMR spectra were recorded on a Varian CFT-20 spec- 

trometer at 20 MHz. Spectra were normally taken with broad- 

CO,H 

C0,CH. b 
24.31 21.57 25.31* 186.18 

179.04' 
51.57 

Me 
26.63 

CO,H 
35.80 20.07 22.76 182.78 

CO,CH, b 
178.03 

52.19 

26.63 
Me 

CO,H 

Me 
35.53 20.91 17.61 181.80 

26.28 

CO,H 
42.94* 20.75 22.15 182.27 

Me 
26.13 

COICH, b 
177.42 

52.05 

band proton decoupling as 10% w/v solutions in CDC13 and chemi- 
cal shifts were measured with reference to internal Me4Si and are 
reported in parts per million. 

Most of the compounds were prepared by known literature 
methods! Bicyclo[2.2.2]octan-2-01 was prepared in 90% yield by 
treatment of bicyclo[2.2.2]octane with mercuric acetate: and was 
identical with a sample prepared by a reported method.1° 2-Meth- 
ylbicyclo[2.2.2]octane was obtained from bicyclo[2.2.2]octan-2-one 
by reaction with methyltriphenylphosphonium bromide, and sub- 
sequent hydrogenation (PtOz) of the product. The sample was 
identical in all observed properties with those reported.*l Bicy- 
clo[2.2.2]octane-2,5-dione was prepared by a modification of the 
method of Guha and Krishnamurthy.12 The bicyclo[2.2.2]octane- 
2,5-diols were prepared by reduction of the d ike t~ne .~  Bicy- 
clo[2.2.2]octane-2-carboxyIic acid and 2-methylhicyclo[2.2.2]oc- 
tane-2-carboxylic acid were prepared by catalytic reduction of the 
Diels-Alder adduct formed by reaction of 1,3-cyclohexadiene with 
acrylicL3 and methacrylic acid,14 respectively. 5-Oxobicy- 
clo[2.2.2]octane-2-endo-carboxylic acid and 2-em-methyl-5-oxobi- 
cyclo[2.2.2]octane-2-endo-carboxylic acid were prepared by the 
method of Lee.15 The corresponding alcohols were prepared by re- 
duction6 
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A method for quantitatively determining the solution equilibrium for conformers in a conformationally mobile 
system by computer analysis of LIS spectra is developed. The relative population of the two major conformations 
of cis -8-oxabicyclo[4.3.0]non-3-ene and cis -2,5-dimethyl-cis -8-oxabicyclo[4.3.0]non-3-ene have been determined. 
A second, independent conformational analysis of these molecules supports the use of this method. Some limita- 
tions of shift reagents, as applied to conformational analysis, are examined. 

There has been considerable interest in utilizing lan- 
thanide shift reagents to deduce conformations of mole- 
cules in solution. Until recently, however, very little quan- 
titative work has been attempted owing to  the uncertain 
and tedious nature of the calculations involved. We became 
interested in lanthanide induced shift (LIS) studies as a 
tool to probe the subtle effects of a heteroatom on confor- 
mation, and, an a result, have taken an active interest in the 
development of LIS techniques. As part of this effort, we 
report on the conformational equilibria of the cis-8-oxabi- 
cyclo[4.3.0]non-3-ene series. 

Results and Discussion 
Dreiding models clearly demonstrate that  there are two 

major conformations for members of the cis -8-oxabicyclo- 
[4.3.0]non-3-ene series, “open” and “folded” (Chart I). 

Chart I 
Major Conformlations of the 8-Oxabicyclo[ 4.3.01non-3-enes 

open 
folded 

la, R = H 
b, R = M e  

Based on NMR spectral analysis, we have previously sug- 
gested that the preferred conformation of cis -8-oxabicyclo- 
[4.3.0]non-3-ene (la) is “open”.l At that time we had no 
quantitative data on this preference, and we undertook a 
systematic analysis of LIS data. 

In all cases the necessary LIS data were obtained by add- 
ing aliquots of a carbon tetrachloride solution of Eu(fod)s 
to  a precisely weighed amount of substrate, also in carbon 
tetrachloride.2 For each proton the induced shift was plot- 
ted against the ratio of Eu(fod)S to substrate and the slope 
determined (Table I). These slopes are the necessary input 
data for PDIGM, a program designed by Davis and W i l ~ o t t . ~  

For a given set of molecular coordinates, PDIGM system- 
atically varies the lanthanide position over a series of 
spheres of increasing radius. The coordinates for the het- 
eroatom are taken as the center of the sphere and a theo- 
retical shift for each proton, as given by the McConnell- 
Robertson equation, is calculated and compared with the 
experimentally determined values. The position of best fit 
for each radial increment, accompanied by an agreement 
factor, is given by means of two defining angles, p and 4. 
The agreement factor is expressed as a standard deviation 

wj(obsdj - calcdj)2 112 

= [ wj(obsdj) 1 
where w j  is the weight associated with j t h  observation. For 
a given conformation, the lanthanide position is taken to be 
that  a t  which the best agreement factor occurs. 

PDIGM may be used for a qualitative analysis of confor- 
mational equilibria by comparing the R values obtained for 
the various stable conformations and choosing the lowest 
value among them. That  PDIGM may also be used for quan- 
titative work can be inferred from magnetic resonance 
theory, Specifically, a proton signal appearing in the NMR 
spectrum will be a time average of the signal for this proton 
in its various environments, providing that the interconver- 
sion of the conformers is fast relative to  the NMR time 
scale.4 It follows that the signal appearing on the NMR 
spectrum is representative of a molecule of “intermediate 
conformation”. I t  is also known that the observed shift in 
the presence of a lanthanide shift reagent is a linear combi- 
nation of the induced shifts of the extremes6 

8obsd = n61 + (1 - n)62 
where 61 = shift for proton in conformation 1 and 82 = shift 
for proton in conformation 2. From the McConnell-Rob- 
ertson equation 

61 = fh, 81) 
82 = fh, 02) 

and hence 

dobad = n f h ,  01) + (1 - n) f ( r2 ,  8 2 ) .  


