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Related Molecules. Analysis of Vicinal NMR Coupling Constants in 

The vicinal proton-proton coupling constants of the stereoisomers of 2,4-dimethoxybicyclo[3.3.l]nonan-9-one 
(1) were calculated with the empirically generalized Karplus equation; 18 combinations of CH30 rotamers for 
each stereoisomer were used to obtain the conformer distribution. For the 1R,2S,4R,5S isomer (IC), the observed 
JH2HS1 vicinal coupling constant (3.90 Hz) was well reproduced (3.85 Hz) by the MMz'-calculated composition of 
82 % chair-chair and 18% boat-chair conformers. 

The empirically generalized Karplus e q ~ a t i o n , ~  which 
reproduces vicinal 3JHH coupling constants with standard 
deviation of ca. 0.4 Hz, adds a new prospect to the ap- 
plication of molecular mechanics calculations. Because 
molecular mechanics can rapidly minimize a large number 
of structures,4-6 one should be able to calculate the average 
H-C-C-H coupling constants of a complex conformational 
mixture with high precision. The previous limitation on 
'H NMR analysis to rigid molecules now appears to have 
been r e m ~ v e d . ~  We report here the application of the 
combined techniques to a stereochemical problem in- 
volving a number of rotamers. 

The three possible configurational isomers of 2,4-di- 
methoxybicyclo[3.3.1]nonan-9-one (la-c) have been iso- 
lated.srg All of them were assigned chair six-membered 
rings based on the lanthanide-induced shift analysis of 'H 
NMR spectra.8 However, some ambiguity remained for 
the syn-diaxial isomer IC, since the possibility of its being 
in boat-chair (RC) conformation with two methoxy groups 
in equatorial positions could not be excluded. The euro- 
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pium atom appeared to coordinate with all three oxygen 
atoms of these substrates, and the coordination might have 
shifted the conformational equilibrium from the BC to- 
ward the chair-chair (CC) conformer. There are reasons 
for believing that the BC conformation of IC should be 
more stable than the CC conformer. Thus, in addition to 
the obvious relief of repulsive interaction between the 
syn-diaxial methoxy groups in going from CC to BC, the 
boat cyclohexanone ring in the latter lacks the flagpole 
interaction of a boat cyclohexane. Raber'O has estimated 
that bicyclo[3.3.1]nonan-9-one (2) contains 22% of the BC 
conformer in solution a t  room temperature, based on 
lanthanide-induced shift studies. This BC content is 
considerably higher than that of bicyclo[3.3.l]nonane (3) 
( 5  f 4% at 65 OC)." 

Molecules with the ring system of 3 usually exist in the 
CC conformation, but because of their flattened, extended 
structure arising from the nonbonded C,-C, interaction, 
the conversion of the CC into the BC form is more rapid 
than in cy~lohexane . '~-~~ While the introduction of an 
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Table I. 
2,4-Dimethoxybicyclo [ 3.3.1 ] nonan-9-ones 1 

‘H NMR Coupling Constants (Hz) of 

l a  I C  l b  

’JH,H, obsd ca. 5.0 ca. 2.0 ca. 5 (ca. 2 )b  
calcda CC 4.55 1.91 4.65 (2.09)b 

BC 9.21 2.77 9.14 (3.31)b 
av 4.55 2.08 4.66 (2.10)b 

calcd CC 6.22 2.15 6.15 (2.24)‘ 
BC 3.78 11.17 3.94 

av 6.22 3.85 6.15 (2.27)‘ 

calcd CC 10.29 4.10 10.27(3.80)d 
BC 2.35 4.95 2.27 (4.88)d 
av 10.29 4.27 10.25(3.80)d 

3JH,H,, obsd 6.35 3.90 

(11.19)‘ 

3JH ,H 32 Obsd 11.72 4.88 

*JH ,,H ,, obsd 13.67 15.62 

equation., Dihedral angles are based on the MMB’-cdcu- 
lated structure. Hydrogen positions are ~ o r r e c t e d . ~  
Distribution of CH,O-C rotamers is taken into account. 
See text. JH,H,. ‘ JH,H,,. JH,H,,. 

a Calculated using the empirically generalized Karplus 

endo substituent a t  C3 shifts the equilibrium entirely to 
BC,15-17 the effects of C2 (C,) substituents are less well 
understood. A 2-hydroxy group, either R or S, does not 
alter the preference for the CC conformation in 2.1aJ9 In 
9-thiabicyclo[3.3.1]nonane-2,6-dione (4, X = S, R = O)20a 
and 2(R),G(S)-dichloro- (4, X = SO2, R = C1)20b and 2- 
(R) ,G(S)-dinitrat0-9-thiabicyclo [ 3.3.11 nonane 9,g-dioxides 
(4, X = SO2, R = ON02)20c the bicyclic skeletons are 
skewed but still have the CC conformation.21 Compound 
2 has the CC conformation in the crystal even when an 
axial chloro group is p r e ~ e n t . ~ ~ , ~ ~  

We have determined the 400-MHz lH NMR and the 13C 
NMR spectra of 1a-c, and our analysis of them provides 

(14) (a) Metryukov, V. S.; Belikova, N. A. J. Mol. Struct. 1979,52, 
211-224. (b) Osawa, E.; Aigami, K.; Inamoto, Y. J. Chem. SOC., Perkin 
Trans. 2 1979, 172-180. 

(15) van Koningsveld, H. Cryst. Struct. Commun. 1981,10,723-729, 

(16) (a) Peters, J. A.; Baas, J. M. A.; van de Graaf, B.; van der Toom, 
J. M.; van Bekkum, H. Tetrahedron 1978,34,3313-3323. (b) Peters, J. 
A.; van der Toorn, J. M.; van Bekkum, H. Ibid. 1975,31,2273-2281. (c) 
Peters, J. A.; Remijnse, J. D.; van der Wiele, A.; van Bekkum, H. Tet- 
rahedron Lett. 1971,3065-3068. (d) Appleton, R. A.; Egan, C.; Evans, 
J. M.; Graham, S. H.; Dixon, J. R. J. Chem. SOC. C 1968,1110-1115. (e) 
Senda, Y.; Ishiyama, J.; Imaizumi, S. J. Chem. SOC., Perkin Trans. 2 1981, 
90-93. 

(17) Heteroatom derivatives: (a) Jeyaraman, R.; Thanaraj, A. E. In- 
dian J.  Chem. 1980,19B, 521-522. (b) Peters, J. A.; Peters-van Crane- 
burgh, P. E. J.; van der Toorn, J. M.; Wortel, T. M.; van Bekkum, H. 
Tetrahedron 1978,34,2217-2222. 

(18) Marvell, E. N.; Knutson, R. S. J. Org. Chem. 1970,35,388-391. 
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A. D. U.; McCabe, P. H.; Macdonald, M. A.; Sim, G. A.; White, D. N. J. 
Acta Crystallogr., Sect. B 1979, B35,669-675. (b) McCabe, P.’H.; Sim, 
G. A. Ibid. 1981,37,1943-1945. (c) McCabe, P. H.; Sim, G. A. J. Chem. 
SOC., Perkin Trans. 2 1982, 819-821. 

(21) The hydrocarbon analogue, bicyclo[3.3.1]nonan-2,6-dione, prob- 
ably also is skewed in view of the transannular reaction between C2 and 
C6: Bishop, R.; Parker, W.; Stevenson, J. R. J. Chem. SOC., Perkin Trans. 

(22) Webb, N. C.; Becker, M. R. J. Chem. SOC. B 1967, 1317-1321. 
(23) Introduction of N and/or S a t  the 3 and 7 positions to give, for 

example, 3,7-dimethyl-1,5-diphenyl-3,7-diazabicyclo[3.3.l]nonan-9-one 
leads to exclusive BC conformation in solution24 and in the solid.25 We 
concentrate here on carbocyclic systems. 

(24) Takeuchi, Y.; Scheiber, P.; Takada, K. J. Chem. SOC., Chem. 
Commun. 1980, 403-404. In the summary of this paper “3,7-dialkyl- 
1,5-diazabicyclo[3.3.l]nonan-9-ones” should read “3,7-dialkyl-1,5-di- 
phenyl-3,7-diazabicyclo[ 3.3.llnonan-9-ones”. 

(25) Pantaleo, N. S.; van der Helm, D.; Ramarajan, K.; Bailey, B. R.; 
Berlin, K. D. J. Org. Chem. 1981, 46, 4199-4204. 
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Figure 1. lH NMR spectra of IC in CDC13 at  400 MHz. (a) 
Original spectrum. (b) Irradiation at  2.7 ppm (HI and H5). (c) 
Irradiation at  3.7 ppm (H2 and H4). 

Table 11. 13C NMR Chemical Shiftsa of 1 
carbon I C  l a  l b  

C, (C,) 51.30 49.57 49.46 (49.95) 
C, (C,) 83.57 76.55 78.39 (80.94) 

31.85 34.73 32.72 
27.20 30.23 (27.79) C, (C,) 32.29 

c7 18.74 20.37 19.61 
c9 215.45 214.09 215.24 
CH,O 56.34 56.18 56.07b 

a At ambient temperature in CDCl,, in ppm from 

c3 

internal Me,Si. Only one signal was observed. 

evidence for the existence of the BC conformer of IC in 
solution. 

Res ul t s 
‘H NMR Spectra of 1. At 400 MHz, sufficient reso- 

lution was obtained for the interesting peaks. For la, 
where the CC conformation with two equatorial substitu- 
ents should be dominating, the assignment of H3 protons 
is straightforward (Table I); higher field triplets a t  1.98 
ppm have a large coupling constant (11.72 Hz) with the 
axial H2, hence they are assigned to H32. Thus the lower 
field counterpart a t  2.45 ppm is due to H31. 

For IC, two broad peaks at 3.74 and 2.70 ppm are as- 
signed to H2 (H4) and H1 (H5), respectively (Figure la). 
The two double triplets centered at 2.34 and 2.10 ppm 
should be assignable to the two H3 protons. Small vicinal 
coupling constants in these two peaks (3.90 and 4.88 Hz, 
Table I) give the strongest evidence for the predominant 
CC conformation for IC, since the BC conformer should 
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have a coupling as large as that of H2H32 of la for one of 
H3 protons trans to H2. The observation of practically 
identical coupling constants in these triplets prompted 
decoupling experiments. Irradiation a t  H1 (2.70 ppm) 
simplified the 2.10 ppm peak but did not affect the 2.34 
ppm peak (Figure lb), indicating that H1 and the proton 
a t  2.10 ppm are coupled by a W mechanism. The W 
coupling is further supported by irradiation at  Hz (3.73 
ppm): the two H3 peaks became an AB quartet, with the 
higher half at  2.34 ppm of significantly lower intensity than 
the lower half due to broadening by small coupling (Figure 
IC). These observations suggest that the six-membered 
ring carrying these protons is predominantly in the chair 
form (hence CC) wherein H1 and HSequatorid (H31) are ca- 
pable of W coupling. In the boat form (BC) this coupling 
would be lost for either of the H3 protons. Hence the 2.34 
ppm peak is assigned to HSarid (H32). 

The order of chemical shifts for the H3 protons, equa- 
torial higher than axial, is the reverse of the usual order 
in a chair cyclohexane ring. This anomaly can be explained 
by the effect of the electronegative substituent. An axial 
electronegative substituent like methoxy shifts the adjacent 
axial proton to lower fields and the equatorial to higher 
fields.26 In contrast, equatorial electronegative substitu- 
ents usually shift adjacent protons in the same direction 
(higher field), and hence no anomaly for the H3 protons 
of la was observed. 

The proton NMR spectrum of the asymmetric lb was 
too complex to analyze, hence the proposed CC confor- 
mation is based on its 13C NMR spectrum. 

'3c NMR Spectra of 1. Room-Temperature Spectra. 
We wished to see whether 13C NMR data (Table 11) were 
consistent with the indication from 'H NMR that IC is 
predominantly in the CC conformation in solution. The 
assignment was straightforward for la and IC, based on 
the combination of the splitting pattern at  the off-reso- 
nance decoupling condition, the relative intensities, and 
the substituent effect of the methoxy group. 

The situation is slightly more complicated for lb where 
the C1/C5, C2/C4, and c6/c8 pairs are not equivalent. The 
C2/C4 and CG/c8 pairs can be differentiated by chemical 
shift considerations. Thus, the chemical shifts of C2 and 
C8 of lb are expected to be close to those of la, while the 
shifts for C4 and c6 of lb are close to those of IC. Of the 
two signals due to C2 (C,) of lb, the high-field one is at- 
tributed to Cz, which has the equatorial methoxy group. 
This criterion cannot be applied to the C1/C5 pair since 
the chemical shift difference in lb is very small (ca. 0.5 
ppm). A relaxation studyz7 provides some clue to differ- 
entiating the two resonances on which this tentative as- 
signment is based. 

The Cz (C,) resonance of lc  appears at  a lower field than 
that of la, which may seem anomalous for the predomi- 
nant CC conformation of lc.28929 However, this anomaly 
can be explained by considering the effects of the a- and 
y-methoxy groups. If the substituent effect of a methoxy 
group on 13C resonances of a cyclohexane ring approxi- 
mates that of a hydroxy group?O a similar anomaly can be 
found in hydroxy steroids3' and hydroxydecalin~.~~ In 
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these compounds, the a-effect of a hydroxy group does not 
depend primarily on whether the substituent is axial or 
equatorial but rather on the number of y-gauche carbon 
atoms bearing hydrogen that can interact with the hydroxy 
group. One such interaction will cause an upfield shift of 
about 3.5 ~ p m . ~ O  The axial methoxy groups on Cz (C,) of 
IC do not have such y-gauche carbon atoms while the 
equatorial methoxy groups on C2 (C,) of la do have such 
a y-gauche carbon for each (c6 and C,). Hence the a-effect 
should shift the Cz (C 4) resonance of IC downfield from 
that of la. However, the Cz resonance depends not only 
on the C2 methoxy group (a-effect) but also on the C4 
methoxy (y-effect). In hydroxy steroids, the y-effect 
caused by an axial hydroxy group (-3.5 ppm) is much 
smaller than that caused by an axial methyl group in cy- 
clohexane (-8.6 ~ p m ) . ~ ~  The y-effect is further reduced 
to almost null when the y-carbon atom does not bear hy- 
drogen that can interact with the hydroxy g r o ~ p . ~ '  Since 
C2 of IC does not bear a hydrogen atom capable of inter- 
acting with the C4 methoxy group, the effect of the C4 
methoxy group on the Cz resonance should be very small, 
if any. Thus, the combined cy- and y-effects lead to the 
prediction that the Cz (C,) resonance of IC should be at  
a lower field than that of la. The relative locations of the 
C1 (C,) and c6 (C,) resonances of la and IC can be ex- 
plained on a similar basis. In hydroxy steroids, the @effect 
of a hydroxy group (+9.3 ppm) varies with the number of 
y-gauche interactions between the hydroxy group and the 
y-carbon atom connected to the p-carbon atom in question 
(-2 ppm for each in t e ra~ t ion ) .~~  Thus, the resonance of 
C1 (C,) of la, with one such proton on c6 (c,) should be 
upfield from that of IC, which does not have such a proton. 

The upfield shift (ca. 5 ppm) of c6 (c,) of la compared 
with that of IC also supports the proposed structure. Thus, 
C6 and C8 of la are y-gauche to the methoxy group on Cz 
(C,) whereas those of IC are antiperiplanar, so that the 
resonance of the former is upfield from the latter. If IC 
were in the BC form, its C6 (C,) resonance should be at  
about the same field as that of la since c6 (C,) of the 
former are also in a y-gauche relationship to a methoxy 
group. 

The observed chemical shifts for IC do not fit the BC 
form. The Cz (C,), C3, and C7 resonances of a hypothetical 
BC form (BC-3) of bicyclo[3.3.l]nonane are expected to 
shift upfield by 7 ppm as compared with those of CC-3; 
a smaller but a similar upfield shift is predicted for the 
c6 (C,) resonances. Since there should be no effect of the 
methoxy groups of IC in a BC form to shift these carbon 
resonances lower than those of la, this difference between 
the BC and CC forms should be reflected in the chemical 
shifts of substituted species. Thus, if IC were largely in 
a BC conformation, its I3C resonances, particularly c6 (c,), 
would have been upfield from the corresponding reso- 
nances of la. Thus the data indicate that the BC con- 
former of IC is not predominant in solution. 

Low-Temperature Spectra. Previous investigations 
of 13C NMR spectra of 3,28 2,28 and hydroxybicyclo- 
[ 3.3.1]nonanesm at various temperatures indicated that the 
interconversion of conformers was too fast to be observed 
by dynamic NMR. With the expectation that substitution 
of the cyclohexanone moiety of 2 with two methoxy groups 
should affect the interconversion barrier, low temperature 
13C NMR spectra of IC were recorded in CS2-tetrahydro- 
furan-d, (1:l). As the temperature was lowered, peaks 
other than the one due to the methoxy carbon gradually 

(26) Bhacca, N. S.; Williams, D. H. 'Application of NMR Spectroscopy 
in Organic Chemistry. Illustrations from the Steroid Field"; Holden-Day: 
San Francisco, 1966; Chapter 8. 

(27) A detailed analysis of TI  values of 1 will be reported elsewhere. 
(28) Schneider, H.-J.; Lonsdorfer, M.; Weigand, E. F. Org. Magn. 

Resonance 1976,8, 363-367. 
(29) In a monosubstituted cyclohexane, the a-substituent chemical 

shift of methoxy is 52.9 for equatorial and 47.7 Hz for axial isomers.33 
(30) Schneider, H.-J.; Ansorge, W. Tetrahedron 1977, 33, 265-270. 
(31) Eggert, H.; Van Antwerp, C. L.; Bhacca, N. S.; Djerassi, C. J.  Org. 

Chem. 1976, 41, 71-78. 

(32) Grover, S. H.; Stothers, J. B. Can. J. Chem. 1974, 52, 870-878. 
(33) Schneider, H.-J.; Hoppen, V. V. J. Org. Chem. 1978, 43, 

3866-3873. 
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Table 111. Conformational  Energies and Interconversion 
Barriers o f  Bicyclo[ 3.3.1 Inonane ( 3 )  and Derivatives as 

Calculated by M M 2 '  (kcal /mol ,  25 "C, D = 1.5 (gas)) 

Th le  IV. Relative Steric Energies (kcal /mol)  o f  CH,O-C 
Bond  Rotamersa  in IC, at Dielectric Cons tan t  ( D )  1.5 and 

10.0 As Calculated by M M 2 '  

barrier 
BC-CC CC+BC 

3 4.67 7.6 
2 2.61 7.1 
I C  0.52a ( 0.88)a7 7.0' 
6 0.09 7.3 

a Part i t ioned a m o n g  nine CH,O-C rotamers (Table  IV). 
Dielectric cons tan t  10.0. Refers  to t h e  ro tamer  B 

(Table  IV). 
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Figure 2. Torsional energy surface of IC (rotamer B) obtained 
by driving C3-C2-C1-C9 and C3-C4-C5-C9 dihedral angles from 
80' t o  -30" and from -80" to 30", respectively. 

broadened, and the half-width was ca. 6 Hz at  -120 0C.34 
Because of instrument limitations we could not reach the 
coalescence temperature. From the half-width, however, 
the maximum AG* value can be estimated to be below ca. 
8 kcal/mol under the assumption that this process is an 
exchange between two sites of equal population. This 
estimate is in accordance with the values reported for the 
ring inversion of cyclohexanone and substituted cyclo- 
h e x a n o n e ~ . ~ ~  

Combined Molecular Mechanics and Generalized 
Karplus Equation Calculation of IC. While both lH 
and 13C NMR spectra of IC can be qualitatively explained 
in terms of the CC conformer, the possibility of rapid 
equilibrium with a small proportion of BC conformer still 
cannot be excluded. In order to assess this possibility, we 
utilized the combined molecular mechanics-generalized 
Karplus equation technique.36 As the empirical force field, 
we used M M ~ ' . ~ ~  This force field originates from Allinger's 
M M ~ ~  but has been slightly modified for a harder torsional 
potential. 

Test calculations of 2 and 3 with MM2' using MM2 het- 
eroatom parameters gave acceptable results (Table 111) 
Noteworthy is the good agreement of the calculated (-30.71 
kcal/mol) with the observed (-30.5 f 0.6 k~al /mol)~ l  heat 
of formation of CC-3. For 1, nine combinations of rotamers 
around the two CH30-C bonds are taken into account 

(34) In a typical example, the half-width of the C1 (C,) signal was 1.3 
Hz at  0 "C and 6.4 Hz a t  -120 "C with a digital resolution of 0.5 Hz. 

(35) Jackman, L. M.; Cotton, F. A., Eds. "Dynamic Nuclear Magnetic 
Resonance Spectroscopy"; Academic Press: New York, 1975; Chapter 14. 

(36) MNDO performed unsatisfactorily for the conformational behavior 
of 1. 

(37) Jaime, C.; Osawa, E. Tetrahedron 1983,39, 2769-2778. 
!38) (a) Allinger, N. L. J. Am. Chem. SOC. 1977, 99, 8127-8134. (b) 

Allinger, N. L.; Yuh, Y. H. QCPE 1980,12, 395. 
(39) Carbonyl and ether parameters were transferred from MM2. 
(40) The BC-CC differences for 2 and 3 appear too large compared to 

experimental observation.lOJ1 However, large uncertainties in the ex- 
perimental values preclude further assessment. 

(41) Parker, W.; Steele, W. V.; Watt, I. J. Chem. Thermodn. 1977,9, 
307-310. 

boat-chair ch air-c hair 

1.5 10.0 1.5 10.0 
D =  D =  D =  D =  

A 0.97 
B 0.29 
C 0.55 
D 2.65 
E 2.33 
F 4.70 
final relative 0.52 

popula t ion  30.99 
ster ic  energies b 

1.50 
0.66 
1.07 
3.42 
3.01 
5.46 
0.88 

18.49 

0.11 
0.10 
0.00 
3.36 
3.25 
d 

0.00 

69.01 

0.00 
0.20 
0.13 
4.15 
4.10 
d 

0.00 

81.51 

a Methoxy-r ing carbon rotamer conformat ions  as seen 
f r o m  the top of  a chair  s ix-membered ring: 

Popula t ion  weighted. S y m m e t r y  numbers  were taken  ' A t t e m p t e d  i n t o  a c c o u n t  in  the popula t ion  calculation. 
minimizat ion led spontaneously to the corresponding 
boat-chair conformer.  

(Table IV). Six of them (A-F) are unique. The confor- 
mational energy of IC given in Table I11 is based on the 
energy partitioning over these r ~ t a m e r s . ~ ~  Conformational 
energies of 3,2, and IC are small and decrease rapidly in 
this order as expected, and the population of the BC 
conformer can be significant for IC. The height of the 
barrier for the interconversion of CC into BC (7.0 kcal/ 
mol), obtained from the calculated torsional energy surface 
(Figure 2), agrees with the estimate from 13C NMR (AG* 
< 8 kcal/mol). 

The calculated interconversion energy (BC-CC) of IC 
was 0.52 kcal/mol for vapor phase, but the energy of such 
a polar molecule should be considerably different in CDC13. 
Following Allinger,4943 we treated the dielectric constant 
in the electrostatic potential term as an adjustable pa- 
rameter. The best agreement between the observed and 
calculated 3&H values was obtained when this parameter 
was increased from 1.5 (vapor phase value) to 10.0. At this 
point, the interconversion energy was 0.88 kcal/mol, which 
corresponds to an 18% population of the BC conformer 
(Table IV).44 

(42) About 20 subroutines were added to the QCPE version of MM2 
so that all possible rotamers arising from the rotation of up 

to 10 specified bonds are minimized and vicinal coupling constants across 
up to 5 specified bonds computed, all automatically in one job. 

(43) Allinger, N. L.; Chang, S. H.-M.; Glaser, D. H.; Honig, H. Isr. J. 
Chem. 1980,20, 51-56. 

(44) This value is about twice as large as the bulk dielectric constant 
of CHC13 (5.0). For comparison, Allinger recommends 7.5 for an effective 
D of benzene (D = 2.3).38b I t  should be noted here that the adjustment 
of the dielectric constant is not a general solution of the problem. For 
example, MM2 never gave correct stability order for IC even if the di- 
electric constant was changed over a range of 20. Nor did the adjustment 
of D work when the atomic charges as obtained by MNDO calculations were 
used in place of the bond moment scheme in M M ~  and MM~'. On the other 
hand, our success in reproducing the experimental coupling constant does 
not necessarily mean that the effective dielectric constant of CDCl, 
should always be taken as 10. The inadequacy of the fixed bond moment 
approach used in MM2 (and in MM2') to calculate electrostatic potential 
has been ~ r i t i c i z e d , ~ . ~ ~ ~  and no serious physical significance should be 
attached to the conventional treatment of dielectric constant as a variable. 
(a) Philip, T.; Cook, R. L.; Malloy, T. B. Jr.; Allinger, N. L.; Chang, S.; 
Yuh, Y. J. Am. Chem. SOC. 1981,103,2151-2156. (b) Dosen-Mikovic, L.; 
Jeremic, D.; Allinger, N. L. Tetrahedron 1981,37,3455-3461. ( c )  Meyer, 
A. Y. J. Comput. Chem. 1981,2,384-391. (d) Dosen-Micovic, L.; Jeremic, 
D.; Allinger, N. L. J. Am. Chem. SOC. 1983,105,1716-1722,1722-1733. 
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Table V. Key Dihedral and Valence Angles and Nonbonded Distances in Bicyclo[3.3.l]nonane (3) 
and Derivatives As Calculated by MM2Ia  

3 , b  cc 2, cc IC' CC IC' BC 6 CC 6 BC 

C,-C,-C,-C,, deg 54.4 (53 .1 )d  52 .5  52 .0  1.8 49 .8  2.4 

c,c,c,, deg 112 .4  ( 1 1 3 . 2 ) d  112 .9  114 .5  112.0 116 .4  112 .1  
c , . . . c , ,  a 3.16 (3.06) '  3 .16  3 . 1 5  3 .72  3.17 3 .73  

O...O, Me.,.Me, A 3 .00  3 .49  

C ,  -C,-C,-C,, deg -43.8 ( -44 .0)d  -44 .1  -44.9 -53.7 -39.9 -52.3 

C,-.C,, A 2.56 2 .56  2.60 2 .56  2.63 2.56 
H,;..H,,, a 1 . 9 5  1 . 9 5  1 . 9 3  1.96 

In the gas phase. M M 2 '  values (unparenthesized) essentially agree with those of M M 2 ,  ref 14a. Refers to the 
rotamer B. Electron diffraction at 6 5  "C, ref 14a. 

Vicinal coupling constants for the protons on the 
methoxy-substituted cyclohexane ring of 1 (Table I) were 
computed based on MMn'-calculated H-C-C-H dihedral 
angles and the generalized Karplus equation (CAG- 
PLUS).3,45 For each CC or BC conformer, the calculated 
coupling constant is the sum of partitioned contribution 
from the nine CH30-C rotamers (Table 11, A-F). 

m 

i 
Jcc = CniJY 

Eni = 1 
i 

where m = 9 and ni is the fraction of the ith rotamer with 
the calculated coupling constant Ji. For the "average" 
coupling constant, the summation extends over all rotam- 
ers of CC and BC conformers (m = 18).42 

Compound la can be used as the internal standard to 
check the ability of the generalized Karplus equation to 
reproduce experimental coupling constants for these sys- 
tems, since we can completely ignore the BC conformer 
for la ( M M ~ '  predicts that the CC conformers of la should 
be at  least 6 kcal/mol more stable than the BC). The 
experimental constants should be identical with those 
calculated for CC, and this expectation was realized for 
JHIHz and JH2HS1, while the calculated JH2HB was marginally 
underestimated. 

With IC, the agreement between the observed and the 
calculated constants are better. Especially noteworthy is 
J H  H31, since the calculated J values are quite different for 
C e  and for BC and should best reflect the conformer 
composition. Taking the standard deviation of the Karplus 
equation into account, we consider the computed compo- 
sition (18%) of BC conformer in IC as the upper limit of 
the estimate. 

Discussion 
The predominance of the CC form in the conformational 

mixture of IC may appear surprising, since the OH and 

(45) The empirically generalized Karplus equation is parameterized 
based on mi3-calculated geometries. Since MMZ' gives geometriea aa good 
as M M ~ ? ~  the Karplus parameters should be transferable to MMZ'. Cal- 
culated hydrogen coordinates were further corrected3 before computing 
H-C-C-H dihedral angles. According to Haasnoot (personal commu- 
nication), 'hydrogen positions obtained by MM1 displayed systematic 
errors when comparison is made of the calculated proton-proton torsion 
angles and the valency angles involving protons with corresponding 
neutron diffraction studies. These errors were attributed to the "hard" 
proton nonbonded potentials in combination with the rather "soft" va- 
lency bond angle potentials prescribed for mi. Perusal of all neutron 
diffractions studied (about 60) yielded a very consistent pattem for the 
hydrogen positioins which was translated into the guidelines: (a) meth- 
ylene groups have a (local) Cz. symmetry with a H-C-H bond angle of 
107.6'; (b) methine protons have equal bond angles to the heavy atoms." 
Whereas MM2 uses "softer" hydrogen (and MMZ' even softer), these cor- 
rections were nevertheless carried out in our calculations. The effect of 
the correction is, however, small. Haasnoot states that a random error 
of lo in the torsion angle leads to an increase of the rms deviation be- 
tween calculated and experimental coupling constants in the data set 
containing 315 couplings of 0.1 Hz. 

CH3 groups have similar van der Waals' radii,& and two 
syn-diaxial methyl groups on chair cyclohexanone usually 
lead to significant deformation of the ring.47 Actually, 
syn-diaxial o-0 repulsions in cis-1,3-cyclohexanediol and 
its acetate are about half those of the corresponding 
CH3-CH, interactions in cis-1,3-dimethylcyclohexane,48 
owing to the smaller steric size of the oxygen lone pair 
compared with that of the C-H bond.49 

The calculated skeletal structural features of CC-lc are 
almost identical with those of the parent molecule 2 (Table 
V). Inspection of the calculated structure reveals that the 
extra strain caused by introducing two methoxy groups 
onto 2 to produce IC was absorbed into the substituents 
as indicated by elongated C-0 bonds (1.429 A for Cz-O, 
1.422 A for OCH,), a large CH,-0-C angle (113.8'), and 
several close H-H contacts involving methyl groups. The 
0-0 nonbonded distance is 3.00 A, longer than the Cz-C4 
distance (2.60 A). The Cz-0 and C4-O bonds are not 
parallel but make an angle of 16' to each other. Probably 
this nonparallel arrangement of two strong C-0 bond 
dipoles is highly effective in relieving the strain. I t  may 
be pertinent to cite here the complete absence of a 1,3- 
syn-planar arrangement of two OH groups such as 5 in 

H%2H 

,5 

cc BC 

B 

c c - 2  cc- g 
sugar alcohols in crystals.50 In 5,  the formation of an 
intramolecular six-membered hydrogen-bonded ring would 

(46) (a) DeTar, D. F.; Tenpas, C. J. J. Chem. SOC. 1976,98,4567-4571; 
J. Org. Chem. 1976, 41, 2009-2013. (b) Miiller, P.; Perlberger, J. C. J. 
Am. Chem. SOC. 1976, 98, 8407-8413; Zbid. 1976, 97, 6862-6863. (c) 
Miiller, P. Chimia 1977,31, 209-218. (d) Gorrie, T. M.; Engler, E. M.; 
Bingham, R. C.; Schleyer, P. v. R. Tetrahedron Lett. 1972, 3039-3042. 

(47) Burkert, U.; Allinger, N. L. Tetrahedron 1978,34, 807-809. 
(48) Eliel, E. L.; Allinger, N. L.; Angyal, S. J.; Morrison, G. A. 

'Conformational Analysis"; Interscience: New York, 1965; p52. 
(49) (a) Breuker, K.; Kos, N. J.; van der Plas, H. C.; van Veldhuizen, 

B. J. Org. Chem. 1982, 47, 963-966. (b) Thompson, H. B.; Wells, M.; 
Weaver. J. E. J. Am. Chem. SOC. 1978. 100. 7213-7219. (c) Dale. J. 
'Stereochemistry and Conformational Analysis"; Verlag Chemie: New 
York, 1978; p 184-189, 204-206. 

(50) References 49c, p 107. 
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have placed the two C-0 dipoles into a highly repulsive 
"close-and-parallel" situation. Note that the g+g- ar- 
rangement of the 0-c-c-c-0 unit in 5 appears similar 
to that in CC-lc, but that in the latter some freedom of 
deformation allowed the conformation to remain as the 
predominant component. 

Returning to the effect of 2,4-substituents on the CC-BC 
equilibrium in 2 or 3, we might expect that replacement 
of methoxy in IC by methyl groups (to give 6) would shift 
the equilibrium toward the BC conformation. According 
to MM2' calculations (Table 111), BC-6 should be as stable 
as CC-6, whose bicyclic skeleton is enormously deformed 
(Table V). Calculatioins predict that for cis-2(a),4(a)-di- 
methoxy- and cis-2(a),4(a)-dimethylbicyclo[3.3.l]nonane 
(7 and 8), CC is more stable than BC by 2.4 and 2.3 
kcal/mol, respectively. 

Conclusions 
Agreement between the observed and calculated JHzH3, 

coupling constants of IC indicates that its solution in 
CDC1, contains up to 18% of the BC conformer. Both 
dynamic 13C NMR and molecular mechanics calculatioins 
indicate a very low interconversion energy barrier for CC - BC for IC (7-8 kcal/mol). The combined use of mo- 
lecular mechanics and the empirically generalized Karplus 
equation appears to be a useful technique for studying the 
conformation of flexible molecules. 

Experimental Section 
Materials. The configurational isomers of 1 were prepared 

as reported.8 
NMR Measurements. 'H NMR spectra were taken on a 

JEOL FX-400 spectrometer at 400 MHz, using Me4& as internal 
standard and CDC13 as solvent. 

Ambient-temperature 13C NMR spectra of 1 were recorded on 
a JEOL FX-9OQ spectrometer at about 35 "C in CDC13 a t  22.5 

MHz at a concentration of about 10% (v/v). The spectral width 
was typically 5000 Hz with 8K data points for acquisition. A pulse 
width of 15 ms (45O) and a delay of 3 s were used. 

Low-temperature 13C NMR spectra of IC were obtained in a 
1:l mixture of CS2 and tetrahydrofuran-d8 by using a concentration 
of 10% (v/v). Measurement conditions were similar to those at 
ambient temperature except that the spectral width was 2000 Hz. 

(1R ,2R ,4S,55)-2,4-Dimethoxybicyclo[ 3.3.lInonan-9-one 
(la): NMR 6 3.43 (false quintuplet, H2, H4, 2 H, J = 5.86 Hz), 
3.33 (a, OCH,, 6 H), 2.79 (br, HI, H5, 2 H), 2.45 (d tr, H31, 1 H, 
JHZHS1 = 6.35 Hz, JHBIH = 13.67 Hz), 2.34-2.29 (complex, HTe, 1 
H), 1.98 (d tr, H32, 1 A, J H z H  = 11.72 Hz, JHa1HB2 = 13.67 Hz), 
1.92-1.79 (complex, HB and d8, 4 H), 1.55-1.49 (complex, H7a, 1 
H). 

(1RS ,2RS ,4RS ,5SR )-2,4-Dimethoxybicyclo[ 3.3.lInonan- 
9-one (lb): NMR 6 3.78 (false quintuplet, H4, 1 H, J = 5.86 Hz), 
3.67 (br, H2 1 H), 3.33 (8 ,  OCH3, 3 H), 3.30 (s, OCH,, 3 H), 2.84 
(br, H1, 1 H), 2.71 (br, H5, 1 H), 2.40-2.32 (complex, H31, H32, 2 
H), 2.18-2.05 (complex, H6, 2 H), 1.99-1.74 (complex, Ha, H7e, 3 
H), 1.57-1.50 (complex, HTa, 1 H). 

(1R,2S ,4R ,55)-2,4-Dimethoxybicyclo[ 3.3.lInonan-9-one 
(IC): NMR 6 3.74 (br, H2, H,, 2 H), 3.32 (s, OCH3, 6 H), 2.70 (br 
s, HI, HE, 2 H), 2.34 (d tr, H32, 1 H, J H ~ H ~ ~  = 4.88 Hz, J H ~ ~ H ~ ~  = 
15.62 Hz), 2.10 (d tr, H31, 1 H, J H ~ H ~ ~  = 3.90 Hz, JH31H3z = 15.62 
Hz), 2.07-2.01 (complex, H6, Ha, 4 H), 1.89-1.78 (complex, H7e, 
1 H), 1.62-1.56 (complex, H7a, 1 H). 
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The reaction of phenyl(tribromomethy1)mercury (4) with benzaldehyde-a-13C results in benzal-a-13C bromide 
and CO. The generality of this deoxygenation was shown by treatment of other aldehydes and ketones with 
mercurial 4 (1.81, benzene, 80 "C, 4 h): [RCHO (% CO)], Ph (461, Et  (35), i-Pr (39), t-Bu (19); [RCOR'(% CO)] 
Ph, Ph (6), Ph, Me (15), Me, Me (16), Et, n-Bu (19), Me, c-C3H5 (20), c-C3H5, c-C3H5 (20), cyclohexanone (38), 
cyclopentanone (19), norcamphor (46). Additional products in selected cases include (for acetophenone) a- 
bromostyrene, (for cyclohexanone) 1-bromocyclohexene and 1,l-dibromocyclohexane, (for norcamphor) 2,2- 
dibromonorbornane, 1,2-dibromonorbomie, 2-bromo-2-norbomene and 1-bromonorbomene, and (for pivaldehyde) 
l,l-dibromo-2,2-dimethylpropane. The yields of CO from the treatment of a series of benzaldehydes with mercurial 
4 (1.81 benzene, 80 "C, 20 h) are given in parentheses: ArCHO (% CO), 4-Me0 (81), 4-Me (61), 3-Me (55), H 
(50), 4-F (46), 3-Me0 (58), 4-C1 (46), 4-Br (47), 3 4 1  (34), 3,4-Cl2 (27). A Hammett-type correlation of log 
(yield)/(yield),, vs. u gave p = -0.50 (r  = 0.94). 

The production of carbon monoxide has been noted in 
the alcoholysis of haloforms under strongly basic condi- 
tions.'P2 A variety of evidence from these studies suggests 

~ ~~ 

(1) (a) Hermann, M. Liebigs Ann. Chem. 1855,95, 211. (b) Hine, J.; 
Pollitzer, E. L.; Wagner, H. J. Am. Chem. SOC. 1953,75, 5607. (c) Hine, 
J.; Ketley, A. D.; Tanabe, K. Ibid. 1960,82,1398. (d) Skell, P.  S.; Starer, 
I. Ibid. 1959, 81, 4117. (e) Ibid. 1962, 84, 3962. (0 Skell, P. S.; Rei- 
chenbacher, P. H. Ibid. 1968,90, 2309. (9) Sanderson, W. A.; Mosher, S. 
H. h i d .  1961,83,5033. (h) Landgrebe, J. A. Tetrahedron Lett. 1965,105. 
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the formation of an intermediate alkoxyhalocarbene which 
can break down to the corresponding carbocation and CO 
in a one- or two-step process. 

:CX2 + RO- - ROCX - R+ + CO + X- 
By analogy, a similar alkoxyhalocarbene (2) has been 

-X- 

(2) Closely related is the hydrolysis of chloroform in aqueous base: 
Robinson, E. A. J. Chem. SOC. 1961, 1663. 
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