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A-Based on computations with conformationally rigid substrates the ambiguities involved in the geometrical 
analysis of pseudocontact shifts are demonstrated. The minimal agreement factors R and the corresponding 
lanthanide positions (usually more than one) are extremely dependent upon the chosen structural data for the model 
substrate and on the errors of the experimental shift values. It is observed, that a dafcrcncc or improvement of R 
factors of less than 3% is not signilicnnt in most cases. This is so, even on the basis of Ytterbium induced “C shifts, 
which are found to be more accurate than ‘H shifts and free from contact contributions within the experimental error. 
Using lanthanide induced shifts some “C signal assignment problems are discussed. The computed minima for five 
substituted norbomanols indicate a lanthanide position with an L.. .O distance of d = 2.5 A for the secondary 
alcohols and an orientation avoiding gauche interactions with the two neighbouring C-C bonds. Similar computed 
results are obtained with five bicyclic ketones, except for an L . . . o tistancc from 3 to 4 A increasing tith stetic 
hindrance. The particular problems with the analysis of symmetrical compounds like cyclohexyl derivatives are 
pointed out. 

Numerous publications have been concerned with the 
application of lanthanide induced NMR shifts? to the 
evaluation of molecular geometries in solution.’ Compara- 
tively little attention has been paid to the important 
question: which factors in this method could lead to an 
underdetermination of the analysi&” Besides focusing 
on these points we wanted to explore the use of 
lanthanide induced “CMR shifts,’ including some “C 
signal assignment problems. 

Bicyclo(2.2.l)heptanes provide suitable models for 
testing the reliability of structural predictions based on 
LIS values.6 Their geometry is well defined and the only 
conformational problem to be solved is the localisation of 
the lanthanide ion and its principal magnetic axis. Using 
mainly naturally occuring monoterpenoids bearing methyl 
groups in different positions, which drastically alter the 
steric environment of the OH-donor group,’ we hoped to 
find well defined lanthanide positions which could then be 
applied to the analysis of substrates with flexible 
geometries. 

Methods. Relative LIS values were obtained by incre- 
mental addition of weighed shift reagent (LSR) to 
substrates dissolved in CCL/CDCI, containing TMS and 
subsequent shift measurements by either PFT (“CMR) or 
CW (‘HMR) technique. The slope (LIS) of shifts versus 
LSR concentration and its standard deviation were 
calculated using regression analysis programs. In a few 
cases, where small amounts of scavengers (e.g. 
stereoisomers) were detectable, LIS values were normal- 
ized to one particular observed nucleus X (LISx = 140). 
Extensive investigations* have shown that the standard 
procedure for evaluation of LIS is justified within certain 
experimental limits,*b referringjmainly to concentrations, 
where only the L& complex Iin equilibrium with free 
substrate S is observed. It is i particular advantage of 

tAbbreuiotions: L, lanthanide ion; LSR, lanthanide shift 
reagent; S, substrate; dpm, dipival methanato; fod, heptiuor- 
dimethyloctanedionato; LIS, lantha ide induced shift (normalized 
for LSR: S = I : I); r, linear correla P on coefficient; n, number of 
experimental values; for other explhnations see text and Fig. 2. 

“CMR measurements, that owing to the sharp lines in the 
‘H-decoupled spectra accurate LIS can be obtained with 
molar LSR: S ratios of less than 0.10. In all cases straight 
lines were observed with correlation coefficients r Z 0.99. 

One of the major problems in LIS analysis that dictates 
the choice of the proper shift reagents are the contrii- 
tions of contact shifts and, eventually, complex formation 
shifts.2 We have used mainly Eu(dpmh for ‘H and 
exclusively Yb(fod)l for “C measurements; for these’ 
reagents the predominance of dipolar pseudocontact 
shifts has aptly been demonstrated.3”e” A positive test 
for a pseudocontact shift mechanism is illustrated in Fig. 
1, where for isobomeol “C shifts induced by Pr(fod), 
(literature values”) are plotted versus those induced by 
Yb(fod),. A linear correlation (r = 0.9898) is obtained 
although the contact shift power of Pr as compared to Yb 
is known to be 1 I : I *8.e*“c This ratio combined with the 
corresponding pseudocontact shift power ratio (=O&) 
which is obtained from the slope of our plot allows the 
calculation of the contact contributions to observed LIS 
values. Even for the Cl in isobomeol, which is known to 
be particularly susceptible to contact shifts,” this 

tpr-LIS 

Fig. I. Correlation between Pr and Yb induced “C shifts for 
isobomeol 1. L.east square line calculated without Cl and C2. 

Similar results were obtained with norcamphor 6. 
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Table 2. Dependence of agreement factor(R) and L position on model geometry (explanation see text) 

R (6) L pwition 

A B C d(x) w? d”) 

0 u 3.0 b.b 2.8 Ibb 348 

2) ..3.2 ti -3.8 3.6 129 276 

3) b.3 3.1 a? 4.6 lob 90 

b) 1.7 - 3.0 142 300 

5) 2.2 2.8 1Sb 296 

the L . . . 0 distance. If one does not rely upon the absolute 
smallest agreement factors R one finds solutions (P rel. 
minima in R) with similar L-Positions based on all three 
substrate geometries (see Table 2, line 4 and 5). The 
occurence of geometrically entirely different minima is, 
on our experience, a quite common feature in an LIS 
analysis. 

An even more severe obstacle to unambiguous struc- 
tural predictions can be seen in the errors of the 
experimental LIS values. Computation of minimal R 
factors for norcamphor, based (a) on the experimental 
LIS values, then on LIS values which are equally (b) 
enhanced or (c) diminished by the threefold LIS- 
standard deviation + (+3s. or -3s,, respectively) show 
substantial differences in the “best” L position (Table 3). 
These differences are nearly prohibitive for any safe 
predictions if one allows for a systematic LIS deviation 
by (d) enhancing the higher LIS-values by 3s. while 
lowering the smaller LIS-values by 3s. or (e) the reverse 
of procedure (d). It should be noted that this example, 
which would render differences of R below 3% meaning- 
less, is based on quite accurate “C-LIS measurements 
(s, = 21% to 23%). Literature data on experimental LIS 
errors are sparse, but some recent HMR data indicate LIS 
deviations of - + 10%.U 

An additional difficulty involved in the LIS analysis of 
flexible geometries lies in conformational changes follow- 
ing complexation.” The rejection of poor solutions on the 
basis of Hamilton R factor lest? requires for example 
for norcamphor a ratio of RJR,,, B 2.29 or R, L 3*45%, if 
one wants to have a confidence level of at least 90%. 
Moreover, the proposed procedure with a dimension of 
only b = 1 is probably too liberal and the systematic errors 
discussed in this paper have to be taken into account.= 

Bicycle (2.2.l)heptanols -2. Five isomeric alcohols (1 to 
5) were investigated using both Yb(fod), induced “C 
shifts and Eu(fod), induced ‘H shifts (Tables 4 and 5). ‘H 
signal assignments for 2Sf7 were obtained by decoupling 
experiments, and confirmed by comparison of coupling 
constants; isobomeol(1) ‘HMR data were taken from the 
literature.U The original “C signal assignments for Cl and 
C7 in isobomeol (l)m have been debated,” but the 
criticism was based upon Eu induced shifts contaminated 
by contact contributions. The analysis with Yb induced 
shifts furnished agreement factors of 17.2% for the 
reversed” assignment, whereas R = 2% (# = 6.8%) was 
obtained for the original assignment,m which was sup. 
ported by Tl measurements.” The I-Me and the 
7.syn-Me signals in 1 on the other hand can only be 
distinguished on the basis of Tl data,w since LIS analysis 
based on either assignment leads only to the too small R 
difference of between 2.0% and 3.95%, respectively. For 
similar reasons, the S-exolendo-Me ‘H-signals in exe- 
isofenchol (2) are not distinguishable by the LIS method 
(which in view of their similar LIS values has little 
influence on the subsequent geometry analysis). Further 
examples, where interchange of signal assignments does 
not alter either R values nor L positions significantly 
enough, are included in Tables 4 and 5. 

The Cartesian coordinates needed for the geometry 
computation were taken from electron diffraction dataI 
for the skeleton; Me and OH groups were attached using 
standard geometries; Me proton coordinates were ob- 
tained as the center of the circle described by rotation 
around the C-Me bond.U*‘bb The LIS geometry analysis 
with isobomeol(1) furnished the rather unique result of a 
single minimum for the L position, which is quite similar 
for both ‘H literature value? and ‘)C shifts (Table 6). 

Table 3. Agreement factor R and L position as function of error in LIS (explanation see text) 

R (#) L position ') 

(d) (b) (a) (c) (0) d(x) P(O) a(") 

+3s, 
+3e. ,+ 0 -3sa 

-30, 

-30, +3sll 

1) u 5.7 4.5 3.0 a.7 4.2 94 go 

2) 7.3 J& 2.3 4.0 3.1 4.6 100 90 

3) 6.2 2.2 u 2.5 4.3 4.6 94 go 

4) 5.7 3.4 2.2 19 5.5 4.6 90 90 

5) 9.C 3.8 4.8 6.3 ti 5.0 98 90 

*) L-positioIU ve chose .1) l lmilrr am possible for the e&e of corn- 

parison of R factorm. A smaller R factor (3.7s) Is observed In CL- 

. . (d) for mother L pomition (d-2.8 2, Lb128', ~13349 

l?ZT VOL. 31 NO. 17-K 
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Table 4. “C shifts’ and “C LB vahesb for J-5 

c-1 c-2 c-3 c-4 c-5 o-6 o-7 
I 

Imobonle0l 6 46.96 79.39 40.57 45.12 27.44 34.07 46.36 

? Lrs 48.02 107.78 50.74 28.52 17.20 22.48 33.63 

l o 26 . 1.1 3.0 1.2 6.9 4.0 1.6 

.X0.. 6 49.54 75.94 38.17 47.20 37.39 50.58 39.86 

1B0fmnch01 LIS 71.05 156.44 69.78 40.77 24.81 31.58 50.44 

? a= 1.3 0.3 2.0 2.0 2.7 4.6 3.0 

mdo- 8 49.61 76.20 35.31 48.18 37.65 43.71 44.02 

I~OfumhOl LIS 45.38 95.66 41.73 23.94 24.63 36.16 2l.vo 

2 l . o 1.8 2.1 2.5 2.8 3.0 1.9 1.5 

de-O-F.zb 6 54.10 79.13 44.73 52.54 38.88 41.42 41.74 

ohmahydr*t.1Zs 47.66 110.90 48.27 26.60 23.49 28.% 30.03 

4 l a 0 1.3 1.1 2.1 1.7 2.8 0.5 6.0 

.NlO- 6 49.33 84.81 39.32 48.23 26.32 25.28 41.27 

F.nohol LIS 46.90 96.05 41.48 24.00 23.00 34.11 23.00 

2 . . ' 1.0 1.2 1.6 3.3 1.9 2.0 2.0 

no-1 l ~~-7-.yn’ m-7-m&i 

20.22 11.44 20.61 

33.48 37.46 15.92 

6.6 1.4 4.0 

l4.- 1 W*-5-.mio M.-5-*ro 

16.77 26.66 31.01 

55.64 12.40 14.23 

1.2 2.6 5.3 

M.-l nc5-ondoHc5--uo 

19.38 26.14 31.79 

29.27 20.75 12.16 

1.9 1.9 3.6 

nc2 **-5-uldo wc)_uc. 

34.59 29.45 35.31 

59.59 17.36 9.98 

0.9 0.1 2.1 

W.-l* m-3-.lldb I(.-*em 

19.63 20.47 30.87 

27.92 34.11 18.06 

2.6 2.0 1.6 

4 *T)(s - (PP). b) LIS l.n (pm/Q), wh*xr Q-(ua(foa)3)/(Sub~trta); mubmtrrta aoncentmtion, .rlM, 

Wfd, conemtr~tion fI"ml 0 to -0.09N1 l o1vontr ccl4 + 10$ = (mtuxkxd) l lO$ C6F6 (lock): 30%. 

c) stanard dwiation in LIS(%),‘) Signal. hr Y. pomsibly to b. 5.ntw.u. 

Table 5. ‘H shifts’ and ‘H LIS vahesb for 2-5 

___- 
H-l 

Me- 1 

H-?-ax0 

IlO-2-ax.3 

n-3-em 

Ha-3-sxo 

H-3-sndo 

,:e-3-sndo 

II-4 

e-o- 

Isofsnchol 

% 

6 LIS 
_.. __.__ 

1.15 16.0 

3.33 29.4 

1.65 21.2 -1.6 7.9 

1.65 8.0 

- 

1 

, 

. 

.1.4= 15.4 

-1.4s0 5.2 

1.0 l 4.0 

1.0 ' 3.2 

-1.2' 6.9: 

w1.2= 5.8 

*1.35= 18.5 

-1.7c 9.0 

_ _ 

-1.6' 15.7 

_ _ 

mIda- 

~sofenchol 

a 
6 LIS 

1.0s ' 9.2 1.1 l 10.4 

3.75 21.7 3.2 24.4 

1.28 15.6 

-1.4' 9.2 

1.0 l 5.1 

0.8 l 11.0 

.1.25c 4.9 

_ _ 

1.0 3.7 

1.03 l 6.6 

_ _ 

-l.7c 15.3 

*1.35= 5.5 

l.o* 3.2 

1.08 6.1 

1.1= 6.6 

2.0= 14.7 

- _ 

- _ 

_ _ 

-1.67' 14.8 

NndO-“-FBlX- 

hsnbydrmts 

4 
6 LIS 

in bF+d. a) LIS ~a (pp/Q). uimcd Q=(Eu(fod)3)/(Submtrmta)t 

.ub.tr.te concmtr~tion 0.4W, B~(fw,)~ conc.Mr.tim. fron 0 to 0.14,Q 

.01rsntr cm4 l 1% m, 40°C. 0) Fro. utrqm1nt10n or LIS to (LSR)PO. 

‘) si,yn.ls hare possibly to be intmrohmged. 

)liseing ai-, w.re not ,mmbiyou.ly dstmctrbl. .t lm LSR conC.Xltrmtionm. 
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Table 6. Minimal agreement factors R and corresponding L positions for Bicyclo(2.2.l)heptaaols t-5 (Torsional 
angle 0 : C3-C2-0-L) 

2129 

,6b) 

2.5 
130 

271 

11 

I.5 

2.2 

130 

261 

11 

7.5 

15.2 

3.0 

130 

76 

8 

6.3 

14.4 

2.b 

168 

287 

6 

lb.2 

35.1 

However, inspection of extensive tabulations of R as a 
function of d, q and p (not shdwn) discloses a very flat 
minimum”; e.g. R < 5% is obse ed for 2.0 A <d c 3.8 A 
with cp and g angles bet een 235”. . .256” and 
140”. . .104”, respectively. Ana ysis with exe-(2) and 
endo-isofenchol (3) yields one 

1 

‘stinct minimum only on 
the basis of ‘H shifts, wherea the more accurate “C 
shifts show the presence. of two ,minima (Tables I and 6). 
The second minimum can only be excluded, if one 

cm 

2.6 

132 

246 

9 

2.1 

6.8 

. 
2.4 

127 

273 

9 

3.2 

7.9 

. 
2.6 

123 

70 

9 

5.5 

17.7 

. 

3.4 

715 

83 

9 

lb.5 

b1.5 

CMR 

b 

3.6 

105 

232 

9 

3.b 

0.4 

CMSI 

b 

4.4 

95 

138 

9 

4.5 

16.1 

cm 

b 

2.4 
154 

212 

9 

10.3 

25.8 

0) 
(9 
P) 

(S) 

(%c) 

(IO 
(“) 
(7 

Ircl 

(2) 

(X) 
(“1 
(9 

($1 

W) 

0) 
co) 
(7 

(%) 

(%) 

. b 

2.6 4.2 (XI 

155 91 (“) 

60 lb0 (“) 

9 9 

6.6 6.7 (%) 

26.b 27.7 (%I ! 

assumes similar steric requirementdO for Eu(fodh and 
yb(fodb. 

With ‘H shifts of &fenchene hydrate (4) only one good 
minimum is obtained, whereas the “C values indicate a 
second nrinimum at a sterically less favourable position 
(Table 6). Although ‘H analysis sutfers in this case from 
less accurate LIS and signal assignments, which on the 
basis of signitkance tests of the R-factors=” are not 
conclusive, the results suggest a substantially longer 
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Table 7. “C shifts’ and “C LIS valuet? for640 

I 

i 

c-l C-Z C-3 C-4 C-S C-6 C-7 

49.73 216.94 45.12 35.37 27.24 24.18 37.64 

59.2 151.5 60.9 30.0 23.0 23.7 32.2 

1.7 0.7 1.2 1.5 3.5 2.1 2.9 

52.09 216.76 41.37 46.47 36.10 37.27 41.21 

2.008 5.102 I.966 1.023 0.776 1.000 1.102 

0.9 0.6 0.3 0.7 2.0 -- , 1.3 

50.08 221.80 46.89 46.21 23:24 24:57 35.06 

1.572 3.840 1.474 0.702 0.592 0.810 0.755 

0.9 0.5 0.3 0.3 1.4 1.1 1:2t 

57.39 218.06 43.09 43.16 27.10 29.93 46.63 

58.4 154.0 64.3 30.5 21.8 33.3 32.1 

0.8 0.9 1.0 1.6 1.1 1.3 1.2 

Cl C-2 C-3 C-4 C-5 0-6 57 

53.95 222.00 47.22 45.33 25.00 31.82 41.62 

l.SB5 3.694 1.585 0.815 0.627 0.858 0.814 

1.4 0.7 0.8 0.2 0.5 1.3 013 

txplulatLOM ..a Tootnot*m to fmb19 4 

L . . .O distance d for this tertiary alcohol. The very 
limited ‘H shifts of endo -fenchol 5 (Table 4) yields values 
ofR<lO%onlyforL... 0 distances d > 4.4 A. “C shifts 
(Table 5) lead to more realistic L positions (Table 6), 
although application of the basic symmetric coordinate? 
might not be justified in this case. 

In summary, the most probable L-positions indicate, 
that in the secondary alcohols the L ion approaches the 0 
donor atom to -2.5 A.” The L ion is found to be as close 
as 2 A to the van der Waals radii of neighbouring groups. 
The effects of Me groups, particularly in the 1 and the 
7-syn positions on cp and p seem to follow the principle of 
least steric hindrance,~~*6c” and the LSR complex 
consistently avoids positions which are gauche to both the 
C2-Cl and C2-C3 bonds. 

Bicyclo(2.2.l)heptanones-(2). Yb(fod), induced “C 
shifts (Table 7) were analyzed for five bicyclic substrates 
(6-10, Table 8) with a varying steric environment around 
the CO group. The basic geometry of the norbomyl 
substrate was obtained in the same way as described for 
the alcohols, since available structural dataaO=’ indicate 
only minor geometry distortions upon introduction of 
carbonyl groups into an sp’ carbon framework. 

With the least hindered norcamphor (6, Table 7) one 
minimum is found for an L position with d = 3 A, and two 
other minima with longer distances, the latter essentially 
coexisting, as inspection of the detailed R = f(d, p, cp) 
tables reveals. The last two minima were not reported in 
an ‘H-LB literature analysis- and, in view of the results 
with compound 7 are probably computational artifacts. 
The “C spectrum of fl-fenchocamphorone (7) poses some 
interesting assignment problems. The analysis for Cl to 
CS was straightforward using off resonance decoupling, 
specific deuteration at C3 and shift rules. Literature shift 
incrementPa predict C7 to resonate at substantially 
higher field than C6; the R significance tesP6 with the 
observed LIS values gave only a probability for rejection 

".-5-.x0 H.-5-.ndo 

31.13 26.58 

0.359 0.556 

2.0 I.8 

Me-*exo m-3-.ndo 

23.33 21.51 

0.934 l.OOC 

1.7 -- 

Hm-r-syn IIs-7-mto H.-l 

19.72 19.14 9.26 

24.2 14.4 40.0 

2.0 1.7 0.7 

ne-3-es0 ns-3-•do He-l 

23.33 21.68 14.62 

0.936 1.000 0.934 

1.0 __ 0.8 

of this assignment of 9O-95%, but the corresponding 
distance d = 2.0 A is unrealistically small. The geometry 
computation with the revised C6/C7 values (Table 8) 
gives, as with structure 6, a minimum at long distance (as 
usual at the expense of a small C-O-L /3 angle, see p. 2126 
with an exe orientation to the bit cloheptane; but the 
more realistic minimum lies at 2.8 K distance (Table 7). 

The literature. assignment’ for C5 and C6 in cam- 
phenilone (8) has to be reversed in view of an LIS R factor 
improvement from 9.65% to 4.27%. From the computed 
three minima (Table 7) the one at 2.2 A distance can be 
disreyded as being too short compared with X-ray 
data; ’ the other two could be interpreted so as to reflect 
an equilibrium between exe and endo orientation. These 
ambiguities, which may have their origin in different 
populated L orientations, but which cannot be resolved by 
the LIS method show up even more in the geometry 
analysis of camphor 9, which arrives at four different 
minima (Table 7), one of which resembles the only L 
position cited in an ‘H LIS literature6’ analysis. Again, for 
fenchone (10) (Table 7) the minimum at d = 2.4 A can only 
be excluded as being too short for this most hindered 
ketone. 

Ketones might be expected to lead to better defined L 
positions, since the electron donating orbitals are geomet- 
rically fixed, as opposed to C-O single bonds in alcohols. 
In fact, the most acceptable L positions for the ketones 
are found nearly perpendicular to the C3-C=O plane 
(mostly on the endo side). The effective L . . . 0 distance 
seems to increase from 2.8 to almost 4 A with increasing 
steric hindranceti In view of the many minima found 
particularly with the uubonyl compounds these conclu- 
sions are considered to be only tentative. 

CycIohuyI d&&es. The geometry analysis with 
symmetrical compounds like 4-t-butylcyclohexanone (11) 
or the methyl ether (12) (LX!3 values Table 9) can proceed 
by either (a) counting nuclei, which are identical by 
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Table 8. Minimal agreement factors R and corresponding L positions for Bicyclo(Z.Z.l)heptanones 610 (Torsional 
angle q : C3-C2-O-L) 

* 

. b 0 

3.0 3.6 4.4 (X) 

142 129 104 (“1 

300 278 88 (“) 

6 6 6 

1.7 1.6 1.7 (5) 

6.3 5.9 6.2 WI 

. b 

2.8 4.8 

148 91 

234 91 

8 8 

1.0 3.5 

2.4 8.4 

. * 2.2 

6 169 

m 156 

P a 

It 4.3 

0 16.7 

mnl 

b 0 

3.4 3.6 

124 128 

104 244 

8 8 

4.3 4.3 

16.9 16.1 

CIlR 

. b c d 

d 2.4 3.2 4.0 4.4 

0 164 127 114 110 

0 322 12 283 73 

P 9 9 9 9 

R 6.6 5.0 4.6 4.6 

1 19.5 14.8 13.5 13.7 

. b 

d 2.4 3.4 

6 180 124 

0 - 92 

n 9 9 

II 3.4 4.5 

e 13.6 17.7 

(a 
(9 
(9 

(%) 

(%) 

0) 
(9 
(9 

(%I 

M) 

(X) 
(“1 
(9 

W) 

(SC) 

(Jo 
PI 
(9 

(%) 

(%I 

symmetry, independently (e.g. signals for the ring computation on 11, based on structural data from the 
literature,“” and following procedure (a) indicated R 
va~uqs below 2.1% for distanceb ranging,from 2.0 to 5.0 A. 

ily leads to L positions in a plane ecting the ring (Table It is noteworthy, that for the realistic distances d < 3 A (cf 
lo), whereas (b) can generate 
cited in the iiterature.“b 

ymmetric positions, as ketones & to l@) oaly one orientation is obtained, which 

furnish quite different 
avoids gauche interactioa with the C.-C,, bonds; a similar 
situation holds for the ether 12 (Table 10). 
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Table 9. NMR shifts and LIS values for cyclohexyi derivatives 11 and 12 

zua.19 46.88 3z.bb 

141.3 57.02 26.54 

0.4 1.1 1.8 

-o-ml C-l 02.6 

55.08 71.13 29.80 

0.509 0.578 0.379 

1.0 2.2 1.3 

96.23 40.96 27.63 

20.39 9.46 5.60 

3.3 b.8 6.1 

C-3.5 C-b C-7 C-8,9,10 

21.09 47.93 32.79 27.59 

0.375 0.246 0.151 0.111 

2.3 1.7 6.4 5.8 

a) Cozumntratioass mbatrmte (S).O.31& (Yb(fml)3).0 to O.OSSII; 27%. b) (S)=3.b% (YL+-@~)-O to 

0.2bw; 30%. 0) (S).l.lM, (Tb(foa)))-o to 0.~5q -80%. 0th.~. .xphn.tioru . . . footnot~m to t.bl.. 

4 and 5. 

Table IO. Minimal agreement factors R and corresponding L positions for cyclohexyl compounds 11 and 12 
(Torsional angie cp: C2Cl-GL) 

mm cm 

. b 

2.8 2.4 5.0 (II) 

164 159 91 (“) 

270 270 90 (O) 

9 6 6 

3.2 0.3 1.4 (S) 

8.9 0.8 3.7 (%) 

CMR 

. b 

3.8 4.6 0) 

95 118 (“I 

241 61 (“) 

6 6 

1.6 3.1 (%) 

3.8 7.5 ($) 

-AL. 

~&MHZ HMR spectra were measured on Varian instruments 
A60 and EM360 (decoupling experiments). 22.63MHx “CMR 
spectra were recorded on a Bruker HX90 spectrometer connected 
to a Nicolet IOSO computer; digital resolution was 0.06 or 
0.03 ppm. Calculations were carried out using a FORTRAN IV 
program on the Telefunken TR440 of the Rechenzentrum der 
Universitat des Saarlandes. 

Solvents were dried prior to use over NaOH or molecular sieve: 
shift reagents were used as purchased. The bicyclic alcohols and 
ketones were obtained as tJescribed previously or were 
commercial products: their purity ~8s checked by GLC and 
improved by recrystaUiition or sublimation, if necessary. 4- 
tmns-t-butyl-cyclohexanoI was obtained 99.5% pure from the 
commercial stereoisomeric mixture by column chromatography 
on neutral A&O,; the corresponding ether (12) was prepared (97% 
pure by GLC) by reaction of I 8 aImho ahd 0.2 g BF, - OEt, in 
2Omi Et,0 with a tenfold excess of CHIN, in lOOmI EtlO.Y 
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