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Abstract-The ketonic “C NMR signals of the keto lactones I and haplophytine (4) occur at exceptionally high 
field. These upfield shifts are interpreted in the context of a general consideration of the structural factors affecting 
the carbonyl carbon chemical shifts of cyclic ketones. It is concluded that dipole-dipole interactions are the major 
sources of the upfield shifts in the cases of both I and 4. 

INTRODUCTION 

Recent work in these Laboratories has uncovered 
examples of two types of cyclic ketone whose 13C NMR 
CO carbon chemical shifts are at exceptionally high field. 
One class comprises keto lactones of type 1’ and the 
other 3-azacycloalkanones of type 2.’ The potential 
magnitude of the upfield shift is indicated by the extreme 
cases of compound 3 (6.197.3 ppm) and the natural 
product haplophytine (4; Ar =aryl system) (6 
197.2 ppm), which may be contrasted with cyclohex- 
anone (6 212.04). In spite of the fact that a-substitution 
of ketones by alkyl groups normally leads to a downfield 
shift of the CO carbon signal (uide infru), compounds 3 
and 4 have their ketonic carbon signals shifted upfield by 
IS ppm relative to cyclohexanone, and these signals ap- 
pear in the region normally associated with a, /3-unsat- 
urated ketones.5” 
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“For a preliminary account of part of this work. see Ref. I. 
bChemical shifts are given in ppm relative to internal TMS, 

differential shifts are given for solutions in the same solvent, 
usually CDCI,. with positive values denoting deshielding effects. 

‘Chemical reactivilies of cyclic ketones are also affected by 
the presence or absence of a-bond eclipsing interactions and 
their relief in the transition state.’ The striking similarity between 
the variation of the rate of borohydride reduction of cyclic 
ketones with ring sizesb and that of carbonyl chemical shift lends 
support to Stothers’ interpretation. 

The origins of these upfield shifts are of intrinsic 
interest and also have relevance to the application of 13C 
NMR spectroscopy to structure determination. We have 
sought to determine their structural source by com- 
parison of the CO carbon chemical shifts of compounds 
of types 1 and 2 with each other and with related 
compounds and by consideration of the structural factors 
that have previously been observed to affect the CO 
carbon chemical shifts of cyclic ketones. We first discuss 
these observations and then consider the present results 
in relation to them. 

Factors influencing the carbonyl carbon chemical shifts 

of cyclic ketonesb 

There is a marked variation of CO carbon shielding in 
cycloalkanones with ring size.4 In cyclohexanone and the 
large ring ketones (>C,,) the shieldings are comparable 
to those of acyclic ketones. However, for cyclopent- 
anone and medium-sized rings (C, to Cl ,) the CO carbon 
signal is at significantly lower field, with the deshielding 
effect being most pronounced for the 5, 8- and 9-mem- 
bered ring ketones. In cyclobutanone the CO carbon is 
shielded relative to cyclohexanone. 

It has been reported6 that there is a good linear cor- 
relation between the shifts in some cyclic and bicyclic 
ketones and the n+ r* transition energies and thus 
concluded that the excitation energy plays a dominant 
role. However, Stothers’ has questioned whether a good 
linear correlation exists in general. He has related ring 
size effects to the preferred conformation of the respec- 
tive rings and proposed that the CO grpups that have 
minima1 a-bond eclipsing interactions with adjacent C-H 
and C-C bonds are the most deshielded.4.c I1 is clear that 
one or more additional factors must be involved, since 
cyclobutanone and cyclopentanone have CO chemical 
shifts (S 209.1 and 220.5 ppm, respectively) that are 
widely different, although neither experiences any ap- 
preciable a-bond eclipsing. It may be suggested that 
angle strain is such a factor. The departure from sp2 
hybridization at the CO carbon associated with increased 
p character of the carbon orbitals utilized in C-C bond 
formation leads to increased s character in the hybrid 
carbon orbitals utilized in C-O bond formation. With this 
change the C-O bond becomes less polar, as evidenced 
by the dipole moments for the 4-, S- and &membered 
rings (2.76, 2.86 and 3.08 D, respectively).9 This reduc- 
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but it is clear that it has the opposite sign to that in the case 
of cyclic hydrocarbons. Thus in a series of I- 
heterosubstituted camphenilones (7), upfield shifts of - 0.3 
to - 14.1 ppm in the CO carbon chemical shift relative to 
camphenilone itself (7, X = H) are observed.23 This 
p-shielding of ketones is readily explicable as a dipole 

effect resulting in destabilization of the polar resonance 
contributor of the CO group (cf 8). Such an interpretation 
is in accord with the fact that the b-gauche effects of 
bromine in exe- and endo-3-bromonorcamphor (- 6.0 and 
- 5.5 ppm, respectively”) are appreciably less than the p 
eclipsed effect of bromine in l-bromocamphenilone (7. 
X = Br) (- 9.2 ppm23). An analogous effect on CO 
stretching frequencies is well known in IR spectroscopy.*’ 
The effects of OH and amino substitution in 7 are relative- 
ly small (- 1.3 and -0.3 ppm, respectively), but this is 
attributable to the countervailing effect of H-bonding. 

Endocyclic heteroatom effects in 6-membered rings 
have been extensively studied by Lambert, Hirsch, 
Havinga and their coworkers.26 In N-alkyl- and N- 
acylpiperidines the nitrogen exerts a small /3 shielding 
effect (- I. 1 to - I .4 ppm) at C.3 relative to cyclohexane (S 
27.2 ppm’“).’ A shielding effect of a similar magnitude 
(- 1.0 to - 1.1 ppm) is observed at C.3 in the corresponding 
4-piperidinones relative to C.2 in cyclohexanone (S 
42.0 ppm).4 However, the p shielding effect is significantly 
greater (- 3.0 to -4.6ppm) at C.5 in N-alkyl and 
N-acyl-3-piperidinones and larger yet (- 6. I to - 7.9 ppm) 
at the CO carbon (C.3) relative to C.3 (F 27.1 ppm) and Cl 
(S 212.0ppm) in cyclohexanone.4 respectively. Both 
inductive and electrostatic effects are probably operative 
in these cases, with predominant importance of the latter at 
CO carbon. 

The y-effects of heteroatom substituents in cyclo- 
hexanes are again dependent on the nature and orientation 
of the substituent.20*27 Axial heteroatom substituents give 
rise to a y-gauche shielding effect in the range -5.5 to 
- 7.5 ppm (e.g., OH - 6.9 ppm), comparable to that of a Me 
group (-6.5 ppm). Equatorial oxygen and other first row 
substituents can engender an upfield shift of - I to 
- 3.5 ppm (e.g., OH - 2.3 ppm); this significant yanfi effect 
is not observed in the case of an equatorial Me substituent 
(AS - 0.2 ppm). However, there is a striking reversal of this 
effect if C, is tertiary, when a y-anti deshieldirrg effect of 
2.54 ppm is observed. Related effects have been observed 
in bicyclo[2.2.l]heptane and bicyclo[2.2.2]octane and their 
A5 analogues,2’V2” where substitution of OH at C.2 leads to 
y-gauche and y-anti shielding effects at the corresponding 
secondary sp3 carbons of - 7.5 to - 9.5 ppm and - 2.3 to 
- 5.2 ppm, respectively.’ The effects of OH substitution at 
C.2 on the tertiary carbon C.4 are small and of variable sign 
([AS1 G 1.1 ppm). In the bicyclo[2.2.l]heptane series an 
exe-2-OH group leads to significant shielding (-3.9, 

‘Because of an anomaly in the spectrum reported” for 
N-methylpiperidine in CDC13, we have recorded this spectrum 
again and find 6 56.6 (C.21, 26.1 (C.3). 23.9 (C.4) and 46.9ppm 
(N-CH,): these values have been used in the present discussion. 

‘Analogous, but smaller, effects are observed at sp2 carbon. 

- 2.9 ppm) of C-7 but an endo-2-OH group has little effect at 
this carbon (- 0.7, - 0.3 ppm). In these latter cases the bond 
relationship is neither gauche nor anti. In the case of 
bicyclo[2.2.2]octane, substitutionof an OHgroupat tertiary 
C.2 leads to a y-anti deshielding effect (aide s~pra).*~ 
Substitution of an OH group at C.l of bicyclo[2.2.2)octane 
gives rise to a negligible y-anti effect (- 0.2).22 

In the few cases where the y effects of heteroatomic 
substituents at the CO carbon of cyclic ketones have been 
examined they have been found to be shielding.22*M Thus 
the y-gauche effects of C.4 oxygen substituents at the CO 
carbon (C.2) of the adamantanones 9 fall in the range of 
- 0.7 to - 3.2 ppm; however, the effects are smaller than 
those at the corresponding carbon in the adamantanes 10 
(-5.9 to -6.6 ppm), although halogen substituents give 
rise to more similar effects in the two series. For the case of 
4-hydroxy-2-adamantanone (9, X = OH) the effect is 
smallest (-0.7 ppm); this is probably due in part to a 
compensatory deshielding effect resulting from H- 
bonding. The y-anti effects of C.4 oxygen substituents at 

9:Y=O X x 
10: Y = Hz 11: Y=O 13: Y=O 

12: Y =I-& 14: Y = H, 

the CO carbon (C.2) in the bicyclo[2.2.2]octanones 11 
(- 3.5 10 -4.9 ppm) are more shielding than in the 
bicyclo[2.2.2]octanes 12 (-0.2 to - 0.5 ppm). The 
enhanced effect here is probably due to hyperconjugative 
donation of lone-pair electrons to the CO carbon, an 
interpretation that also accounts for the enhancement of 
the CO carbon shielding in the adamantanones 13 (- 2.6 to 
-4.3 ppm) relative to the adamantanes 14 (- I.1 to 
- 1.3 ppm).*’ Related y-gauche and y-anti effects have 
been observed for bicyclo[3.2. I]octan%-ones and bicyclo- 
[3.3.1]n0nan-9-0nes.‘2b*W 

Endocyclic heteroatoms in 6-membered rings exert a 
y-shielding effect at C.4 relative to cyclohexane.2” In 
tetrahydropyran and N-alkyl and N-acyl piperidines this 
falls in the range - 2.6 to - 3.4 ppm. Similar y-effects are 
observed at C.4 of the corresponding I-hetera-3- 
cyclohexanones relative to C.2 of cyclohexanone. In the 
case of the corresponding I-hetera&yclohexanones the 
y-shielding effects at the CO carbon (C.4) relative to C. 1 of 
cyclohexanone are enhanced (- 4.3 to - 6.0 ppm). Since in 
both the piperidine and the 4-piperidinone cases 
quaternization of the nitrogen leads to yet greater 
shielding, it is unlikely that hyperconjugation or 
homoconjugation is important here, and the shielding 
effects most probably have their major origin in 
electrostatic interaction.26 

The a-effects on the chemical shifts of CO carbon 
resulting from y-alkyl or y-heteroatom substitution in 
cyclic ketones appear to be small and we do not discuss 
them here. 

The final structural factor that we consider is the 
influence of an ethylenic double bond. It has long been 
recognized that introduction of an cr&ethylenic double 
bond into a ketone results in an upfield shift of the CO 
carbon signal by cu. 10 ppm-an effect that is most simply 
interpreted in terms of increased electron density at the CO 
carbon resulting from conjugation5” Introduction of a 
&y-ethylenic double bond can also lead to increased 
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Table 3. 13C NMR chemical shifts of ketonic carbon in bicyclo[2.2.2]octan-2-ones 

8 
7 

5 -4 4 3 

6 1 

20 

l-Me 

3 -;.1e 

4-W 

1,4-Me2 

3,3-Me2 

3,4-Me2 

e, cis-5,6-Me - 2 

1,5,5-Me3 

3,3,4-Me3 

endo- 3 , m, c&-5,6-Me3 

exo-3 endo -P-P- cis-5,6-Me3 

4,6,6-Me3 

3,3, endo _, e_-5,6-Me4 

1,5,j, _ anti-g-Me 
4 

1,5,5, syn-a-Ne4 

3-OAc 

3-OAc-1,3-Me2 

3-OH 

3-OH -~-MC 

4-011 

endo-6-Cl 

exo-6-C 1 - 

endo-S-C02H 

217.?b ,,216.7’3, X6.9! 

217.e, 216.gf 

217.9 

220.1 

216.6 

216.9 

221.9 

219.9 

216.8 

217.8 

222.2 

220.3 

219.6 

216.3 

221.3 

217.2 

217.7 

212.4 

212.6 

21Y.6 

220 7 . 

213.3 

211.4 

212.9 

216.4 

214.3 -2.6 

0.2 

3.4 

-0.1 

5.2 

3.2 

0.1 

0.1 

3.5 

3.6 

2.9 

-0.4 

4.5 

0.5 

1.0 

-5.3 

-5.1 

1.9 

3.0 

-3.5 

-5.9 

-4.4 

-0.5 

cndo-6-CO2II-endo-3-OII-1,3-Me2 216.3 -1.4 

j-ox0 211.4 -5.5 

!! 

C - 
C - 

II 

C - 

C - 

il - 

!I 
C 

il 

!! 

c - 

h 

C 

d 

aDifferentia1 shifts of ketonic carbon relative to bicyclo[Z.Z.Z]octan- 

:-one; positive values denote deshielding effects; comparisons are made 

between data from the same Laboratory. %resent work. CRef. 1.5~ . GRef. 28. 

CRef. 31. LRef. 22. &Ref. 32. hRef. 21. 

values observed for bicyclo[2.2.2]octanone itself from 
several different Laboratories vary from 217.7 to 
216.7 ppm, presumably reflecting differences in solution 
concentration and temperature. Wherever possible the 
differential shifts used for the analysis of structural effects 
have been calculated by comparison of data from the same 
Laboratory, but clearly little significance can be attached 
to differential shifts that are < I ppm. 

Comparison of the saturated keto lactone 15 with 
bicyclo[2.2.2]octanone shows that the introduction of the 
l- and 3-Me groups together with the lactone ring leads to 
an upfield shift of -9.6ppm. As discussed in the 
Introduction cr-Me substitution in cyclic ketones leads to /3 

deshielding effects that are of smaller magnitude than in the 
cases of the corresponding hydrocarbons. For bicyclo- 
[2.2.2]octanone substitution of I- and 3-Me groups results 
in downfield shifts of 0.2 and 3.4 ppm, respectively. 
Comparison of Id and lh with It and li, respectively, 
shows that the deshielding effect of l-Me substitution in 
these unsaturated keto lactones is 1.0 and 1.7 ppm, 
respectively. The effect of the 3-Me substituent in 15 is 
expected to be less than that in bicyclo(2.2.2loctanone 
itself because of geminal substitution. indeed, comparison 
of 3-acetoxy-I ,3-dimethylbicyclo[2.2.2]octanone with 3- 
acetoxybicyclo(2.2.2loctanone reveals that in this case the 
combined effect of l- and 3-Me substitution is very small 
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Table 4. “C NMR chemical shifts of sp’ carbons in bicyclo[2.2.2]oct-S-en-2-ones 

6CDC13 
Ref. 

c.2 C.5 C.6 

I-Me 

endo-3-Mc 

exe-3-fIc - 

4-Me 

3,3-Me2 

1 ,&?,a-Me3 

4,7,7-Me3 

1,3,8,8-Me4 

cndo-3-OAc-1 ,exo-3-Me2d - 

212.9 

212.4 

213.5 

(0.4)s 

214.1 

(1.7) 

215.1 

(2.7) 

212.1 

(-0.3) 

216.7 

(4.3) 

213.5 

(0.6) 

211.6 

(-0.8) 

213.1 

CO.71 

207.8 

i-5.1) 

137.1, 

13G.8 

136.7 

136.0 

136.0 

141.5 

138.6 

138.3 

140.6 

147.1 

134.9e 

llb.5 

128.3 

133.Y 

127.2 

128.1 

127.7 

126.1 

132.3 

127.13 

124.1 

133.3c 

a 

b 

aPresent work . bRef. 15~. CFigures in parentheses are differential 

shifts of ketonlc carbon relatrvc to bicyclo[Z.Z.Z]oct-5-en-2-one; 

positive values denote deshielding effects; comparrsons are made 

between data from the same Laboratory. iAcetoxy1 carbonyl signal at6 

169.9 ppm. eIndividual assignments provisional, 

(0.2 ppm). However, this may be partly due to a change in 
the preferred orientation of the acetoxyl group a 
circumstance not duplicated in IS. Thus the deshielding 
effect of the two Me groups in 15 may be estimated to lie in 
the range 0.2-3.5 ppm, leading to a range of - 10 to 
- 13 ppm for ths shielding effect of the lactone ring, The 
sign of this p effect is in accord with previous observations 
on the effects of a heteroatom substituents on ketonic 
carbon chemical shifts, but its magnitude is exceptionally 
large. It may be compared with the effect of - 5.3 ppm 
engendered by substitution of a 3-acetoxy group in 
bicyclo[2.2.2]octanone. Factors that may contribute to this 
increase in magnitude are (i) increased electrostatic 
interaction due to the rigidly held orientation of the lactone 
CO group with respect to the ketonic CO group and (ii) 
distortion of the geometry of the bicyclo[2.2.2]octanone 

system due to the presence of the lactone ring (the 
existence of such distortion has been indicated by ‘H NMR 
studies2). 

Comparison of IS with its unsaturated analogue la 
shows that introduction of the ethylenic double bond leads 
to an upfield shift of - 5.6 ppm; this falls within the range 
-4.3 to - 6.0 ppm observed for a large number of 
bicyclo[2.2.2]octanones (see Tables 3 and 4). As discussed 
previously the /I-olefinic carbons of simple fi,v- 
unsaturated cyclic ketones are usually shielded relative to 
the corresponding olefin and the v-olefinic carbons are 
deshielded. Thus for bicyclo[2.2.2]oct-S-en-2-one the 
oletinic carbon signals are at 136.8 and 128.3 ppm, 
straddling the value (134.1 ppm) for bicyclo[2.2.2]octene, 
and Stothers”’ has assigned these to C.5 and C.6, 
respectively, on the basis of comparison with the olefinic 
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carbon chemical shifts of dmethylbicyclo[2.2.2]oct-5-en- 
2-one and the expectation that the C.4 Me group will 
deshield C.5 and shield C.6 as in other olefinic systems. 
The olefinic carbon signal assignments of the other 
bicyclo[2.2.2]octenones with a C.4 Me substituent in Table 
4 followed on this basis. We have confirmed these 
conclusions by comparison with the olefinic carbon 
chemical shift for l-methylbicyclo[2.2.2]oct-j-en-2-one. 
where in accord with expectation the C.l Me group 
deshields C.6 and shields C.5. The effects of the bridgehead 
Me are satisfyingly analogous in the C.l and C.4 cases: C. 1 
substitution leads to shifts of the C.5 and C.6 signals by 
-0.3 and 5.4 ppm, respectively, while C.4 substitution 
leads to shifts in these signals of 4.7 and - 0.6ppm, 
respectively. The olefinic carbon signals of the other 
bicyclo[2.2.2]octenones with a C. I Me substituent in Table 
4 are assigned on a similar basis. It is of considerable 
interest that comparison of the olefinic carbon chemical 
shifts of Id with le and of lh with li shows that 
introduction of a C.1 Me group into le and li leads in each 
case to an appreciable downfield shift (4.8.5.2 ppm) of the 
lower field olelinic carbon signal and a small upfield shift 
(- 0.2, - 0.6 ppm) of the higherfield olefinic carbon signal. 
It is therefore concluded that in the cases of Id, le. lh, and 
li the lower field olefinic signals must be assigned to C.6 
and the higher field signals to C.5.” 

These assignments were confirmed in the case of li by 
examination of Ii-1.5~&,’ whose proton-noise decoupled 
spectrum showed a strong singlet at 133.0 ppm and a weak 
triplet at 129.5 ppm, demonstrating that the higher field 
olefinic carbon signal is that of C.5.’ The other olefinic 
carbon assignments in Table 2 follow from this conclusion, 
as was confirmed in the case of Id by examination of its 13C 
NMR spectrum with single proton decoupling at the 
resonance frequency of the higher field proton signal. This 
led to collapse of the lower field olefinic carbon signal from 
a doublet to a singlet, while the higher field olefinic carbon 
signal remained as a doublet, establsihing that the former 
carbon signal arises from C.6, since the proton-proton 
coupling pattern in the ‘H NMR spectrum of ld establishes 
that the higher field olefinic proton signal arises from the 
proton at C.6.’ 

The upfield shift of the C.5 and the downfield shift of the 
C.6 signals in le and li relative to the corresponding carbon 
signal in bicyclo[2.2.2]oct-5-en-2-one (and analogous 
effects in la-ld and If-lh relative to l-(methylbicyclo- 
[2.2.2]oct-S-en-2-one) must arise in part from substituent 
effects, particularly of the lactone ring. It seems unlikely, 
however, that the lactone substituent effect would be large 
enough to account for the overall effects observed. It may 
therefore be suggested that the distortion of the geometry 
of the bicycIo[2.2.2]octenone system upon introduction of 
the lactone ring referred to above also plays a role by 
decreasing the homoconjugative interaction between the 

‘The possibility that there is a “cross-over” in the relative signal 
positions in each pair of compounds upon C.1 Me substitution and 
that the C.6 signals of lcand liare at higher field than the C.5 signals 
is remote since this would require differential shifts on Cl Me 
substitution (- 3.0 and - 4.3 ppm at C.5 and 7.6 and 8.9 ppm at C.6) 
that are much greater in absolute magnitude than in the cases cited 
above. 

‘Compound Ii-1 S-d, was prepared by treatment of o-cresol+- 
d,” with methyl hydrogen maleate and red lead oxide in benzene.2 

‘The ‘H NMR spectrum of Ii-I.5d2 revealed that the C.5 olefinic 
proton of Ii also resonates at higher field than the C.6 olefinic 
proton. 

ethylenic double bond and the ketonic carbonyl group. If 
indeed this is the case, strength is lent to Stothers’ view that 
the upfield shift of the CO carbon signal in bicyclo[2.2.2]- 
octenone relative to bicyclo[2.2.2]octanone is due in part 
only to homoconjugation. 

Returning to the ketonic carbon chemical shifts of these 
lactones, we discuss next the effect of substituents at C.7 
(Table 2). For both the onfi- and syn-7-bromo compounds 
Id and 11, the ketonic carbon signal is shifted upfield 
relative to that in la by - 3 to - 4 ppm. Similar y upfield 
shifts are observed in the case of the 6-chlorobicyclo- 
[2.2.2]octanones (Table 3), although here the syn isomer 
has the greater effect, syn and anti-7-carbomethoxy 
substituents also give rise to similar upfield shifts (- 2.4, 
- 2.5 ppm). These similarities of y-syn and y-anti effects 
are reminiscent of the y-effects of second row heteroatoms 
on the CO carbon shifts of other ketones (de supra) and 
presumably result coincidentally from a combination of 
different factors. As expected the y-effects of the anti-Me 
and phenyl substituents in lb and lc on the ketonic carbon 
signal are small ( < I ppm). 

In summary the exceptionally high field signals of the 
ketonic carbons of the keto lactones 1 can be accounted for 
in terms of a combination of shielding effects engendered 
by one or more of the following structural features: lactone 
(- IO to - 13 ppm). ethylenic double bond (- 4 to -6 ppm), 
and C.7 bromo or carbomethoxy substituent (- 2.5 to 
- 4 ppm). In general the combination of these is little offset 
by the combined deshielding effect of the C.l and C.3 Me 
groups (0.2-3.5 ppm). In the extreme case of le ( = 3) the 
combination of effects results in an upfield shift of 20 ppm 
relative !o bicyclo[2.2.2]octanone. 

The ketonic and olefinic carbon chemical shifts of 
compounds 16a-l,34.35 related to the keto lactones 1, are 
listed in Table 5. These will not be discussed in detail but 
the following features may be noted. Fusion of an 
anti-5-membered cyclic anhydride ring at a saturated two 
carbon bridge in bicyclo[2,2,2]octanones and bicyclo- 
[2.2.2]octenones shields the CO carbon by - 6 to - 7 ppm; 
the effect of a syn-anhydride ring is also strongly shield- 
ing (- - 8 ppm). The ethylenic carbons of the unsaturated 
anhydrides have similar chemical shifts and cannot be 
differentiated. Conversion of an anfi-anhydride ring to the 
corresponding dimethyl ester results in a reduction in CO 
shielding (1.6 ppm) and an upfield shift (- 2.5 ppm) of the 
signal of one of the ethylenic carbons, in the single case 
examined. Similar conversion of a syn-anhydride ring also 
results in reduction in CO carbon shielding (3.1 ppm). 
Introduction of a second ethylenic double bond into the 
bicyclo[2.2.2]octenone system to give a bicyclo[2.2.2]octa- 
dienone results in an upfield shift of the ketonic CO signal 
( - - 8 ppm) that is larger than that which results from 
introduction of an ethylenic double bond into the 
bicycloI2.2.2loctane system (- 4 to -6 ppm). This again 
indicates that homoconjugation is not the only factor 
leading to these upfield shifts, since attenuation of this 
effect would be expected on introduction of the second 
ethylenic double bond. The proposal’29 that variation in 
bonding parameters can also be an important factor (ode 
supru) could account for the present observations, since 
the dienone system must be considerably more strained 
than the enone system. It is also noteworthy that the effect 
on the ketonic CO carbon chemical shift of a 
carbomethoxy substituent on one of the ethylenic double 
bonds of the dienone system is essentially independent of 
whether the carbomethoxy group is /J-or y-to the ketonic 
group, once more suggesting the intervention of factors in 
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Table 5. 13C NMR chemical shifts of sp* carbons in bicyclo[2.2.2]octane derivatives 16 

C.2 C.S,6,7,& Other C-O 

172.5,170.1 

R - AC 206.6 172.3,170.3,170.1 

134.5,133.7 172.0,169.3 

R = Ac 201.4 134.9,134.0 171.4,17O.U,169.4 

134.9,131.5 171.7,171.2,169.8 

173.4.171.7 

173.1,170.3 

6 

199.6 135.7.135.3 169.7 
134.4.133.1 

H 16i R = C02Me 204.5 -__ 142.7,138.8, 

16j W-W R 
135.5,134.5 

= 0 C02Et 204.4 142.3,139.3, 
135.6,134.6 

164.8 

164.3 

H 16k R = CO2Me 204.8 _.,W 146.3,136.6, 164.3 
161 

R = 
C02HE 

205.7 
135.1,134.3 

. .._ 147.5,13714, 
136.3,136.0 

167..6 

2111 CDC13 unless otherwise specified. %ome individual assignments uncertain, 

see text. CIn DMSG-&. %ignals at 6 210.7, 173.9, and 171.5 ppm in DMSO-d6. 

51, 6#soD. 

addition to homoconjugation: in this case it is likely that 
electrostatic interaction is such a factor. 

3-Azacycloalkanones (2) 
The ketonic carbon chemical shifts for the 3- 

piperidinones ta-g, 17a and 17h3*26 and 3-pyrrolidinones 
2hq” are given in Table 6 and 7. respectively. As 

17s 17b 

mentioned earlier, the nitrogen in N-alkyl- and N- 
acylpiperidines exerts a small p-shielding effect (- 1.1 to 
- 1.4 ppm) at C.3 relative to cyclohexane.26 Lambert 260 

has suggested that this may reflect the Pople-Gordon 
alternation of sign for charge polarization with a large 
attenuation with increased distance.37 The b-shielding 
effect of the nitrogen in the 3-piperidinones 2a-g is 
considerably greater; for the N-alkyl and N-benzyl 
derivatives it falls in the range - 5 to - 6 ppm and increases 
to - 7 to - 8 ppm in the N-acyl derivatives. For the N-acyl 
derivatives 17a and 17b the shielding effect falls in the 
former range. This downfield shift relative to the 
N-acyl-3-piperidinones 2d-g is readily attributed to a small 
deshielding effect of the substituent at C.2 in 17a and 17b. 
In the case of 17a this must result from a combination of /3 
deshielding and y shielding effects of the side chain; in that 
of 17b it would be expected that the C.2 substituent would 
exert only a @ deshielding effect and the fact that its 
ketonic CO carbon signal is upfield from that of 1711 
presumably reflects changes in the geometry of the 
3-piperidinone system on closure of the lactam ring. The p 



Carbonyl carbon chemical shifts in the “C spectra of cyclic ketones 

Table 6. “C NMR chemical shifts of carbonyl carbons in 3-piperidinones 2a-g. 1% and 17b 

,CLKl. 
3 Ref. 

1099 

j 0 

C-IT Za 
N __ 

h 
:b __ 

2C 
-_ 

‘d -* 

2e 

?f 
*_ 

2g *.. 

17a -_- 

171, --_ 

K 

cti 3 

Cl12Cfl3 

Ci12C~II 5 

COCH j 

cocblts 

CO 2 Me 

CO2Et 

c.3 N-C=0 

205.9 

(-b.l)i 

ZU6.7 

(-5.3) 

2Ob.b: 

(-5.2) 

ZUj.8 

(-b.2) 

ZU5.1, X4.6! 

(-6.9, -7.4) 

2Uj.0e 

(-7.0) 

1u4.15 

(-7.9) 

205.1 

(-6.9) 

2us.4 

(-6.6) 

204.9 

(-7.1) 

207.2, 206.9d 

t-4.8, -5.1) 

105.8 

(-6.2) 

a 

c - 

169.6, 1o9.4d c 

169.45 3 - 

1:o.g 3 - 

155.7 3 _ 

155,4 i - 

155.2 a 

169.9, 169.7d c - 

173.5 c‘ 

ERef. 26c . LFigures in parentheses are differential shifts of ketonic carbon 

in Za-i relative to cyclohexanone (6 212.0 ppm4); negative values denote -.. . 
shielding effects. LPresent tiork. ~TNO signals arise from conformational 

isomerism about the N-CO bond; cf. ref. 36,. %bove coalescence temperature 
for conformational isomers.ftster carbonyl signals at 6 172.7 and 172.2 ppm. 

shielding effect of the nitrogen in the 3-pyrrolidinones’ 
2&p is again large and greater in the case of the N-acyl 
derivatives (- 8 to - 9 ppm) than in that of the N-alkyl and 
N-benzyl derivatives (- 4 to - 6 ppm). 

The large B shielding effect of nitrogen in compounds 
2a-p, 17a and 17b at the ketonic CO carbon relative to that 
at C.3 in the N-alkyl- and N-acyl-piperidines indicates that 
one or more additional shielding mechanisms are involved. 
We suggest that the most important factor is a 
dipole-dipole interaction analogous to that discussed 

‘The differential shifts are calculated relative to the cyclopenta- 
none with the same alkyd substitution pattern; a value of S 
222.7 ppm was taken for 2,2dimethylcyclopentanone based on the 
values reported’50 for cyclopentanone (6 219.4 ppm), 3-methyl- 
cyclopentanone (6 218.7 ppm), and 2,2,4-trimethylcyclopentanone 
(8 222.0 ppm). 

‘In these terms, the similarity of the ketonic CO carbon chemical 
shifts for the members of the rotamer pairs 2d.2j and 17s reflects 
the remoteness of the negative (oxygen) end of the amide dipole 
from the ketonic CO group. 

earlier in relation to the /3-shielding effect of a-heteroatom 
substituents on the CO carbon of cyclic ketones. In the 
present case this is symbolized by the resonance 
contributor 18. Here the dihedral angle between the C.3-0 
and C.2-N bonds is - 120“, while in the case of 7 the 
corresponding angle is - 0”; however, calculation shows 
that the dipole interaction remains significant ( - 40% of 
that for a nitrogen substituent with a dihedral angle of 0’). 
The larger effect in the N-acyl derivatives relative to the 
N-alkyl and N-benzyl compounds can be ascribed to a 
further electrostatic effect symbolized by resonance 
contributors of type 19.’ 

-0 
/ ‘R 

18 19 
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Table 7. 13C NMR chemical shifts of carbonyl carbons in 3qyrrolidinones 2h-p 

bCllCL_ 5 ._ 

Zh 
I_ 

2i 
.,-, 

2j 
_.v 

Zk 
L_ 

21 
_” 

2m 
_I 

2n 
-- 

20 
.._ 

2P _- 

I\ 

Cl1 (’ II 
2.6 5 

CO*CI13 

COCH3 

CH3 

CH2C6115 

CO2CH3 

CH3 

CH2C6tl j 

C02CH3 

c.3 K-C=0 

L13.3 

(-0. I)? 

,10.5 

(-8.9) 

?10,0, 210.2~ 

(-9.4, -9.2) 

217.9 

(-4.8) 

217.2 

(-5.5) 

215.0 

L-7.7) 

155.6 

169.6, 16Y.& 

155.2 

218.5 

(-4.2) 

-118.0 

(-4.7) 

214.4 155.8 

(-8.3) 

aFigures in parentheses are differential shifts of kctonic carbon in 2h-J 

relative to cyclopentanone (6 219.4 ppm 15a -.. - 
) and in Zk-p relative to 

?,2-dimethylcyclopentanone (estimated 6 222.7 ppm, ice-text) ; negative 

values denote shielding effects. b -Two signals arise from conformational 

isomerism about the N-CO bond; cf. ref. 36. 

These interpretations are in accord with the CO- 
stretching wavelengths in the IR spectra of the 
3-piperidinones and 3-pyrrolidinones. In the former these 
are at 5.80 CL, relative to 5.85 p for cyclohexanone, and in 
the latter at 5.665.70 CL, relative to 5.74 p for cyclopenta- 
none. These shifts can again be attributed to dipole-dipole 
interactions.25 The IR spectral data also indicate that 
another interpretation that might have been invoked to 
account for the 13C NMR data, viz. interaction of the 
unshared pair of electrons on nitrogen with the CO 7~ 
system, as symbolized by the resonance contributor 20, is 
not the major factor in the p-shielding effect of the 
nitrogen. For although this would account for the ‘?Y NMR 
spectral observations, it would be expected to result in a 
shift of the CO-stretching bands to longer wavelengths in 
the IR spectra. Furthermore, it would be anticipated that 
the 13C NMR effect would be smaller for N-acyl than for 
N-alkyl or N-benzyl derivatives. The relative unim- 

‘y2qJo- (+--Jo 

I+ 
R 

0 

0 21 
20 

22 

portance of the interaction symbolized by 20 is in 
conformance with theoretical calculations.38 However, it 
is possible that such an interaction may contribute to some 
extent in the case of the N-substituted 3-azacycloalka- 
nones as witnessed by comparison with the corresponding 
3_oxacycloalkanones, 21z6’ and alkyl derivatives of 22.39 
The CO carbon chemical shifts of these compounds show 
fl-shieldingeffectsrelative to the correspondingcycloalka- 
nones that are appreciable (- 3 to - 5 ppm) but slightly less 
than those for the analogous N-alkyl-3-azacycloalkanones. 
If dipole-dipole interaction had been the only factor in 
causing these effects, it would have been anticipated that 
the 3-oxa compounds would show the greater effect, 
because of the greater electronegativity of oxygen. It is 
possible that the interaction symbolized by 20 plays an 
additional role in the case of the 3-aza compounds, but not 
in that of the 3-oxa compounds, because of the greater 
electronegativity of the heteroatom in the latter. 

In the two cases, 29 and 2g, where comparison data are 
available,26b the presence of the ketonic CO group ap- 
pears to have a negligible effect on the chemical shifts of 
the amide or urethane CO carbons. This insensitivity 
may reflect the additional conjugation of the latter CO 
groups with the ethoxy and phenyl groups, respectively. 

We are now in a position to assess the factors that 
contribute to the exceptionally high field chemical shift 
(6 197.2 ppm) of the ketonic CO carbon in haplophytine 
(4). It may first be noted that this incorporates the 
tetrahydroindolizine-3,8(2H,5H)dione system 17b (see 



Carbonyl carbon chemical shifts in the “C spectra of cyclic ketones 1101 

23a( = 4) 23b( = 4) 

23a), whose ketonic CO carbon has been found to have a 
chemical shift of S 205.8 ppm. This CO group also forms 
part of an N-methyl-3-piperidinone system that has been 
found to result in an upfield shift of the CO carbon signal 
of - -6 ppm in the parent system. Alternatively, of 
course, this system (S 205.9ppm) may be taken as the 
point of departure (see 23b) and the effects of the lactam 
nitrogen assessed from the shielding effect of the lactam 
nitrogen in tfb ( - - 6 ppm). In relation to the latter 
dissection it may be noted that the ketonic CO carbon 
chemical shift of 24a h:.s been observed to be shifted 
upfield by - - 5 ppm upon introduction of an axial a- 

Y 
OAC 

24s: X=H 

24b: X = NHCOCHJ 

24~: X = NHCOzCHl 

Ph 

25 

carboxamido or a-carbomethoxyamido substituent as in 
24b and 24~“ The geometrical relationship of the C.9-N 
bond and the ketonic CO bond in these comDounds is 
analogous to that of the corresponding bond’s in 23b. 
Thus the effect of the two N atoms in 4 may he estimated 
to result in a chemical shift of 6 - 200ppm for the 
ketonic CO carbon. As in the case of the simpler system 
discussed earlier, the N substituents also exert a con- 

“The exact position is uncertain because of overlap with 
another carbonyl-stretching band; in haplophytine derivatives 
where such overfiap does not occur, the band is at - 5.75 ~1. 

“As in the case of the &y-unsaturated ketones discussed 
earlier a significant upfield shift may be expected to result from 
the presence of the aromatic ring. although this may be only due 
in part to homoconjugation. 

“Only the sp’ carbon ‘T NMR chemical shifts of the bicyclo- 
[2.2.2]octane derivatives are referred to here; those of the 3- 
azacycloalkanones3c~42 will be discussed elsewhere in relation to 
their other spectroscopic properties. 

siderable effect on the IR ketonic CO stretching band, 
which occurs at - 5.72 cl,” an extraordinarily short 
wavelength for a 6-membered cyclic ketone. This very 
large hypsochromic shift in the case of 4 is attributed to 
the combined electrostatic effects of both of the N 
atoms. 

Further, secondary factors that would account for an 
additional uptield shift of the ketonic CO carbon in the 
“C NMR spectrum of 4 are as follows: (i) enhancement 
of the electrostatic effect of the lactam nitrogen because 
of its interaction with the aromatic ring I, (ii) homocon- 
jugation” of the ketonic CO group with the aromatic ring 
I, and (iii) homoconjugation of this group with the 
aromatic substituent designated as Ar in 4. Deshielding 
effects that could partially counteract these may be 
associated with (i) the B-effect of the Ar group as an 
a-substituent, which would, however, be partially com- 
pensated by a strong countervailing y-effect and (ii) the 
incorporation of the ketonic CO group at the C.9 position 
of a bicyclo[3.3.l]nonane type system [cf 6 (216.8 ppm) 
with cyclohexanone (212.0ppm)l. It is cIear that no 
quantitative assessment can be made of the magnitude of 
these various additional factors, but it can be concluded 
that a combination of these together with the major 
electrostatic effects of the N atoms can account for the 
chemical shift of the ketonic CO carbon of 4. In con- 
clusion, we draw attention to compound 25, which shows 
CO carbon signals at 6 191.3 and 193.0ppm.” Although 
individual assignments have not been made, either signal 
is at extraordinarily high field for a bicyclo(heptan-7-one 
derivative. It is of interest that several of the factors that 
we have invoked to account for the ketonic CO carbon 
chemical shift in 4 are operative also in the case of 25. 

Chemical shifts of sp’ carbon atoms“ 

The chemical shifts of the sp’ carbons in the ‘?Z NMR 
spectra of compounds 1,15,16 and related bicyclo(2.2.2]- 
octane derivatives are recorded in Tables 8-10. The 
assignments are based on the multiplicities of the signals 
in off-resonance single frequency decoupled spectra, on 
comparison of the spectra with each other and with the 
spectra of related compounds reported by other workers, 
and on known types of substituent effects. In the case of 
the methylene carbons of the hydroxy and acetoxy 
compounds in Table 9, the assignment must be con- 
sidered as tentative. We shall not discuss the chemical 
shifts of the sp’ carbons in detail, but we draw attention 
to the following aspects: 

(i) The a deshielding effect of a l-Me substituent on 
C.1 in bicyclo[2.2.2]octanone and its derivatives is small 
( < I.5 ppm) and often negligible: the fl deshielding effect 
at C.6 and C.7 is larger (4.5-9 ppm) and is dependent on 
the hybridization of these carbons and the nature of their 
substituents, if any. 

(ii) Comparison of bicyclo[2.2.2]octanones with the 
corresponding bicyclo[2.2.2]octenones shows that the 
presence of the A5 ethylenic double bond shields C.3 
(- 3 to - 5 ppm) and CH,(I) (- - 2.5 ppm), while it 
deshields C.I (5.5-7 ppm) and C.4 (3-5 ppm). 

(iii) The C.3 signal of 3-hydroxybicyclo[2.2.2]octan-2- 
one is shifted slightly (-0.5 ppm) upfield in 3-hydroxy-3- 
methylbicyclo[2.2.2]octan-2-one; this may be compared 
with the downfield shift (2.1 ppm) of the C.2 signal of 
2-methylbicyclo[2,2,2]octan-2-01 relative to that of bi- 
cyclo[2.2.2]octan-2-o12mb and the downfield shifts of the 
C.2 signals of endo-2-methyl-exe-2-norbornanol and exo- 
2-methyl-endo-2-norbornanol relative to those of their 
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Table 8. “C NMR chemical shifts of sp carbons in kefo lactones 1 and IS” 

c.1 

C.3 

C.4 

C.? 

C.8 

CH3(0 

CH3(3) 

OCH3 

la __ 
- 

lbb IC Id le If lg lh lit 1 G -_ -_ __ -,_ -_ -- -,?. -- __ 

40.8 54.0 54.2 55.9 55.5 54.1 51.4 SO.4 48.9 42.2 

80.3 78.0 80.2 80.1 79.6 79,s 80.0 79.9 80.0 85.2 

46.7 53.2 46.9 45.6 46.6 46.7* 46.2* 47.4 47.7” 43.5 

36.9 43.8 50.6” 51.9* 43.1 50.7 49.5 52.5 48 Of . 33.2’ 

40.4 48.1 49.9* 51.4* 49.4 47.7* 45.3* 44.5 42.3 40.1 

17.1 15.8 15.9 16.5 - 17.5 16.0 15.2 ” 19.8 

17.9 18.0 18.3 17.9 17.7 18.0 18.1 16.3 la.1 15.4 

52.5 53.7 52.7 - 

!Assignments are in accord with the multiplicitres in single frequency off-resonance 

decoupled spectra: the assignments of signals for a given compound that are marked with 

asterisks may be interchangeable. bignals at 6 10.7 and 17.5 ppm are assigned to Cl13(7) 

and CH3( 8)) respectively. SAssignment of C.l signal is based on the spectrum of li-1,5-d2; 

see text. signals at 6 15.3 and 33.4” ppm are assigned to C.5 and C.6, respectiwvkly. 

Table 9. “C NMR chemical shifts of sp3 carbons in bicyclo[2.2.2]octan-2-ones and bicyclol2.2.2]oct-S-en-2-ones 

RI = H b 
CH3 Cl13 H CH3 II H Hb Cl13 Cli3 CH3 

R2 = H H t1 OAc OAc OH 011 H II 11 OAC 

17~ = H H H H CH3 H CH3 fl II II CH3 

R4 - H H CH3 tl ii H H H fl CH3 H 

c.1 42.3 

c.3 44.7 

c.4 27.9 

C.5 24.7 

C.6 23.4 

C.7 23.4 

C.8 24.7 

CH3(11 - 

CH3(31 - 

CH3(8) - 

CH3CO 

42.4 44.3 42.0 

44.5 41.9 75.8 

28.1 39.1 33.5 

25.5 22.8 19.8 

30.9 29.3 25.6 

30.9 47.6 23.0 

25.5 31.3 21.3 

20.2 20.3 - 

- 30.0,30.4 - - 28.8.31.: - 

20.8 22.3 - 22.3” 

42.3 al.3 

83.9 76.1 

35.2 35.0 

21.8 19.4 

31.0* 26.8 

30.1* 23.1 

19.0 21.2 

20.3 - 

21.5 - 

41.8 48.6 

75.6 40.5 

38.2 32.4 

21.9* 

25.4 

22.i* 22.5 

20.6 24.3 

23.3 

49.0 50.6 48.3 

40.5 36.8 79.7 

32.3 44.3 39.4 

30.3 47.2 

26.0 35.4 

17.6 17.6 

29.0 

19.9 

17.8 

22.0” 

aSee footnote a in Table 8. %f. ref. 15~. 
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Table IO. 13C NMR chemical shifts of sp’ carbons in compoulrds 16 

16a 
‘TV 

16b 16C 16d 16e 16f lb& 16h lbi 16jc 16k 
.-- 7-f. -iv-l e-Y *.,- -.-.., ..-.. ___.. 

C.l 

C.3 

C.4 

43.9 44.9 49.9 50.4 50.3 44.2 47.4 55.9 57.2 57.2 56.7 

73.7 80.2 70.7 77.0 79.4 40.9 37.8 75.4d b7.8 67.9 68.4 

40.0* 39.0 44.8 43.2* 42.6 30.8 41.0* 45.1 48.4 48.5 51.7 

c.5 17.9 18.7 - - - 24.3 31.4 - - - 

C.6 25.1 26.1 - -- - 30.4 47.7 - - - 

c.7 46.0 46.2 46.5 47.0 49.5 47.5 46.6 - - - 

c.8 40.8* 41.8 42.0 42.j* 44.5 44.2 42.2” - - - 

CH3(1) lb.9 17.2 14.5 14.7 15.6 17.5 17.5 15.2 14.9 lb.9 14.2 

C113(3) 23.1 21 .a* 25.4 23.4 21-75 - - 22.@’ 2b.8 26.8 27.1 

CH3CO - 21.1* - 21.2 21.75 * - 22.5” - - - 

CH30 - 52.1 - 48.5 

%ec footnote a in Table 8. %ignals at 6 29.0 and - 29.8 ppm are assigned to CH3(5). %ignals 

at 6 14.2 and 61.0 ppm are assigned to the ethoxyl carbon atoms. %ignal is considered to bc 

superimposed on CDC13 signal. %uperirnposcd signals. 

parent 2-norbornanols (3.2 and 4.3 ppm, ~espectively).z’b 
A similar geminal effect has been observed in the case of 
3,3-dimethylbicyclo[2.2.2]octan-2-one, whose C.3 signal 
is shifted to higher field (- 1.3 ppm) relative to that of 
3-methylbicyclo(2.2.2]octan-2-one.’J’*2’” It is of parti- 
cular interest that one of the methylene carbon signals of 
3-hydroxybicyclo[2.2.2)octan-2-one is shifted to lower 
field relative to the C.5-4 methylene carbon signals of 
bicyclo[2.2.2]octan-2-one. This has been assigned to C.6 
since this corresponds to the only one of the C.5-8 
signals in bicyclo[2.2.2]octan-2-01 that undergoes such a 
shift relative to bicyclo[2.2.2]octane.*“’ In the latter case 
the differential shift is only 0.4ppm, whereas in the 
former it is 2 2.1 ppm. Although full analysis must await 
unambiguous assignments of the methylene carbon sig- 
nals of the former compound and related compounds 
(tide supra) it can be suggested that dipolar interactions 
and/or H-bonding effects in the a-ketol and its congeners 
affect their “C NMR spectra because of the influence 
they exert on the conformation of the bicyclo[2.2.2]oc- 
tan-2-one system. 

EXPERIMENTAL 

The preparation of compounds lo-i and IS* and compounds 
2b, Zc, 2d, 2g. 17a and 17b’* has been described, as has the 
isolation of 4.l’. The preparation of compounds Zb-p.” &-I.“,” 
and the compounds whose spectra are listed in Table 9 will be 
described elsewhere. 

The “C NMR spectra of these compounds were obtained with 
Varian UT-20 or XL-100 spectrometers in the Fourier transform 
mode with proton noise decoupling and. in most cases, with 
off-resonance single frequency decoupling. These spectra were 
recorded in CDCll solutions (5-10%) with TMS as internal 
reference. unless otherwise stated. The spectra of the other 
compounds in Tables I-IO are from the references cited. 
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