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sun. The progress of the mission in solar 
latitude is shown in Fig. 8. Each spacecraft 
is spin stabilized and carries about 30 kg of 
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most unique opportunity to compare re- 
sults from two spacecraft simultaneously 
operating in two different places, both 
spacecraft carry a standard "core" of ex- 
periments weighing about 17 kg. The re- 
maining 13 kg in spacecraft A need not 
necessarily be the same as in spacecraft B. 

The advantages of this method are that 
the use of two spacecraft permits the reso- 
lution of space and time ambiguities, it is 
possible to reach solar polar latitudes, the 
Jovian magnetosphere can be looked at on 
the way, and the spinning spacecraft ren- 
der the measurement of particle ani- 
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There is ample evidence that an explor- 

atory journey out of the ecliptic to high so- 
lar latitudes would be highly rewarding. 
Rather simple experiments could lead to 
major advances in our understanding of 
solar wind physics, of cosmic-ray modu- 
lation, of the structure of the inter- 
planetary magnetic field, of solar particle 
propagation, of interplanetary dust, and of 
the basic nature of the sun itself. 
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strumentation. Each new method attracts 
specialists who generate new descriptions 
of the molecules under investigation. Typi- 
cally, these new methods are not quickly 
assimilated into the chemical community 
due, in great part, to the time lag between 
understanding the experiment and obtain- 
ing funds for the purchase of new equip- 
ment (3). 

Hinckley's recent description (4) of a 
convenient sample modification with para- 
magnetic ions has run counter to this 
trend. The additional cost of the experi- 
ment need not exceed $1, the required 
chemicals are readily available, and the ex- 
periment can be performed in two to four 
times the period normally used to obtain a 
single NMR spectrum. The most impor- 
tant feature of the Hinckley report is that 
the interpretation of the modified proton 
NMR signal frequencies in terms of the 
structure of the compound under investiga- 
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tion seems to be as quick and easy as the 
acquisition of the spectra. Indeed, the qual- 
itative understanding of the spectra is so 
easy that more than 800 papers have cited 
this technique as an adjunct device for 
structure determination by the fifth anni- 
versary (December 1974) of the original re- 
port (5, 6). 

The majority of the authors of these ac- 
counts deal explicitly with pragmatic 
"proof of structure," while a small, but 
competent, minority express concern 
about the validity of the various pragmatic 
schemes. These critical observers note that 
a theory for chemical shifts induced by 
paramagnetic ions had been in existence 
for more than 15 years and that the ubiqui- 
tous claims of structure determination 
were sweeping most of this theory aside. 
Nineteen different groups of investigators 
have independently attempted to answer 
this objection by incorporating some of the 
mathematical expressions of the theory in 
computer programs which link structure 
and theory. 

In this article, we first point out the 
theory and dissect the portion or portions 
required for a meaningful interpretation. 
Then we describe a typical experiment, 
show representative spectra, and discuss 
the computer methods used to assess struc- 
ture. Finally, we mention the errors that 
can creep into these interpretations. 
Enough details and examples are provided 
to indicate whether the technique offers ad- 
vantages for a particular kind of research. 

A definition of molecular conformation 
is mandatory. In present usage, we intend 
that a proper three-dimensional descrip- 
tion of the molecule under investigation be 
considered the molecular conformation. In 
some cases the determination of con- 
formation for a molecule will involve only 
the assignment of cis and trans geometries 
about olefin linkages or across rings. In 
more elaborate examples, the determina- 
tion of conformation will involve assess- 
ment of the geometry about carbon-carbon 
single bonds as well as the determination 
of the configurations at chiral centers. 

0O40mole Eu(thd)3/mole C16H160 

The Experiment 

Experiments of the sort introduced by 
Hinckley are performed in a two- or multi- 
step sequence of operations. In the first 
step, a conventional NMR spectrum of a 
substance containing at least one Lewis 
base site is obtained. We refer to this mate- 
rial as the substrate. The spectrum of the 
substrate consists of many lines displayed 
as a function of frequency and is analyzed 
in terms of line positions (chemical shifts) 
and repeated spacings (coupling constants) 
(7). In the second step, a particular para- 
magnetic ion, a rare earth chelate, is added 
to the same solution and a new spectrum is 
obtained. Inspection of this new spectrum 
reveals different chemical shifts but the 
same coupling constants. The altered 
chemical shifts usually, but not always, 
cover an increased frequency range. If a 
second portion of rare earth chelate is add- 
ed, the perturbation of chemical shifts is 
even greater. This property has led to the 
invention of the descriptors lanthanide 
shift reagent (LSR) and lanthanide ion in- 
duced chemical shift (LIS). 

Even though all of the lanthanide ions 
produce paramagnetic effects (8), euro- 
pium, praseodymium, and ytterbium give 
the most easily interpretable spectra. The 
ions are prepared for use in aprotic sol- 
vents by chelation of lanthanoid(III) cat- 
ions with anions of bulky f-diketones. 
Various considerations go into selecting 
the best diketone-lanthanide pair for a par- 
ticular experiment (9). The useful diketone 
ligands have the property of shielding the 
lanthanide ion from the solvent and sub- 
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strate. This shielding may be viewed 
whimsically as wrapping the paramagnetic 
ion in a ball of wax. Foremost among the 
diketones are dipivaloylmethane (DPMH) 
(1) (4, 10) and 1,1,1,2,2,3,3-heptafluoro- 
7,7-dimethyloctane-4,6-dione (FODH) (2) 
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(11). These chelates are crystalline, well- 
characterized materials that can be han- 
dled in the same way as any other research 
laboratory chemical (12). 

No consistent description of the state of 
aggregation (for example, monomer or di- 
mer) of the LSR in solution is available. 
The extent of this problem was revealed at 
a symposium on LSR's, held at the Ameri- 
can Chemical Society Meeting in Dallas, 
April 1973 (13). Whatever their intimate 
description, these chelate complexes have 
the ability to disperse NMR signals more 
than 100 parts per million without severe 
loss in sensitivity or resolution. 

Separation of the NMR signals in a 
complicated molecule can be dramatic. An 
example of the effect produced by the se- 
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Table 1. Best-fit lanthanide substrate arrays for 
six different LIS data sets. 

Dis- Refer- R Dis- 
Data set e tance Rho Phi 

ence (%) (A) 

Yb(DPM)3 (48) 1.3 3.33 57. 141. 
Eu(fod)3 (29) 3.6 3.50 62. 140. 
Eu(fod)3 (49) 4.5 3.50 54. 130. 
Yb(fod)3 (49) 4.9 3.50 52. 128. 
Eu(DPM)3 (50) 1.1 3.47 58. 137. 
Eu(DPM)3 (51) 4.2 3.46 52. 150. 

quential addition of an LSR, such as 
Eu(DPM)3, to an NMR solution of the tet- 
racyclic epoxide 3 is shown in Fig. 1 (14). 

3 

We discuss the configuration and con- 
formation of this epoxide later. For now, 
notice that each addition of LSR produces 
a single spectrum and that the total shift is 
a function of added LSR. This happens 
only if a rapid exchange between the lan- 
thanide and substrate is taking place. The 
NMR time scale is such that these ex- 

change rates are 100 per second or greater. 
Notice also that each resonance can be 
tracked through a series of dispersed 
spectra and assigned an index (expressed 
as induced shift per mole of substrate per 
mole of LSR). These indices can be ob- 
tained by various data reduction methods, 
some of which may be more accurate than 
others. The problem of finding an opti- 
mum method has been reviewed by several 

investigators who reported at the Dallas 

symposium (13). 
Lest this one illustration, the contents of 

this article, and our enthusiasm lead you to 
conclude that LSR experiments are a pan- 
acea, we must offer some caveats. The 
proper combination of substrate and shift 
reagent must be selected; a convincing in- 
terpretation can best be made of the 

spectra of monofunctional (that is, one 
Lewis base site) molecules; the solvent is 

usually carbon tetrachloride, benzene, or 
chloroform. These limitations are relaxed 

by the finding that many compounds have 
a preferred site of LSR complexation and 
are thereby effectively monofunctional (15) 
and that lanthanide ions in water can be 
used for the study of biological systems 
(16). In the latter case, the lanthanide ion is 
not used as a chelate complex, but the in- 

terpretation of the induced shifts follows 
the same rules. 

A Physical Model 

In order to deduce a structure from an 
NMR spectrum, the chemist considers sig- 
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nal intensities, chemical shifts, and cou- 
pling constants, probably in that order. 
The relative intensities are informative be- 
cause each hydrogen atom in the molecule 
gives rise to a unit signal. Chemical shifts, 
determined by the environment of the nu- 
cleus, indicate such features as olefinic, al- 
dehydic, and aliphatic groups quickly and 
reliably (17). In principle, the combination 
of intensity measurements and chemical 
shift determination permits a sorting and 
counting of the various hydrogen atoms in 
a molecule. In fact, this task can be experi- 
mentally demanding and becomes virtually 
impossible for medium-sized organic 
molecules (for example, those containing 
10 to 30 carbon atoms consisting of pri- 
marily saturated C-C bonds) since many 
resonances occur at approximately the 
same frequency. In the event a Lewis base 
site is present, addition of the LSR will in- 
crease the difference in frequency of the 
various absorptions and will facilitate the 
sorting and counting. Thus, the outcome of 
a shift reagent experiment, consisting of in- 
tensities and induced chemical shifts, ren- 
ders trivial the distinction between sub- 
strates containing different numbers of hy- 
drogen. 

Isomers contain the same number of 
atoms and might present a special problem 
in interpretation, especially if the various 
isomers show similar LIS indices. Fortu- 
nately this problem does not often emerge. 
Paasivirta has examined many bicyclic al- 
cohol isomers and found that every com- 

pound gave a distinct set of LIS indices 
(18). Williamson et al. have examined 
the LSR characteristics of all of the 
hexanols and reached the same conclusion 

(19). We have studied several sets of 
stereoisomers and have not yet observed 
two compounds with the same set of LIS 
indices (20). 

Since these results suggest that the LIS 
indices are characteristic of a molecule, it 
would seem possible to use pattern recog- 
nition techniques to deduce the structure of 
the substrate (21). In the limit an appropri- 
ate algorithm could function with no a pri- 
ori structural information. In current prac- 
tice, pattern recognition is facilitated by in- 

corporation of information about possible 
substrate structures early in the mathemat- 
ical process. 

An intellectually economical model for 

understanding the chemical shifts induced 

by paramagnetic ions was provided by 
McConnell and Robertson (22) 13 years 
before Hinckley's account of the LSR ex- 

periment. They derived a two-parameter 
equation to describe the magnetic field per- 
turbation ( zH/Ho) due to a point dipole. 

( A/ = K (3 cos20 - 1) () 
ri 3 

a 

Fig. 2. (a) Three-dimensional plot of the func- 
tion (3 cos2 0- l)/r3; (b) partial cross section 
along the principal axis showing the contours of 
equal shift perturbation. 

where r, is the distance from a point dipole 
to the ith nucleus, 0i is the angle between 
the principal axis of the dipole and the line 
from the dipole to the ith nucleus, and K is 
a constant. This equation is simplified, but 
it is sufficient for precise interpretation of 
virtually all of the reported LIS data sets 
(23). Since the algebraic form of this dipo- 
lar axially symmetric field is the same as 
that of a d:2 atomic orbital, the three-di- 
mensional plot of the function (Fig. 2) 
looks like the atomic orbital (24). Figure 2 
also shows a cross section along the princi- 
pal axis and indicates several contours of 
equal field strength. Those closest to the 
center represent the greatest field strength. 

The computer approaches to inter- 
pretation of the LIS results (19, 25-43) are 
built on the assumption that an oriented 
complex is formed between the lanthanide 
(L) and the substrate (S). The basic inter- 
action, ignoring stoichiometry, is that 
shown in Eq. 2. 

L + S L-S (2) 

Since the steric relation between the lan- 
thanide and the substrate is not known ini- 
tially, different investigators typically test 
various lanthanide-substrate arrays and 
ask whether they represent reasonable 
complexes. Although the mechanics of the 
determination of the "best" description 
can vary markedly in detail, the resulting 
lanthanide-substrate structures are similar. 

In the next section we discuss one partic- 
ular algorithm (31), PDIGM (44), and 
some examples of its use. We then com- 

pare the various methods which accom- 

plish similar analyses, and comment on 
some of the limitations of the LSR method 
for structure determination. 

Computer Simulation of the LSR Result 

All reported calculations link the calcu- 
lated and observed LIS indices by this hy- 
pothesis: The observed shifts are caused by 
the dipolar interaction and contain ran- 
dom errors. No other physical causes for 
the shift are admitted. We discuss the limi- 
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tations imposed by this regularizing hy- 
pothesis in the section "Probable Errors in 
the Model." Our approach is to test pos- 
sible L-S arrays as follows. We assume 
that the lanthanide has an axially sym- 
metric field, that the principal magnetic 
axis coincides with the lanthanide-hetero- 
atom line of centers, and that a single set of 
internal coordinates represents adequately 
the L-S complex. A test structure for the 
substrate is described via Cartesian coor- 
dinates with the coordination site at the 
origin. A lanthanide is provided at fixed 
distances d from the origin, and its location 
is systematically varied through the polar 
angles p and 95. At each incremental lan- 
thanide location, a set of ri and oi for Eq. 1 
is generated and an unscaled set of LIS in- 
dices (AH/H),i is calculated. These are 
scaled to the observed values ( AH/H)oi by 
a linear least squares procedure. We assess 
the fit with the agreement factor R (Eq. 3) 
(45, 46). If the observed induced shifts are 
known to different degrees of reliability, 
relative weights can be introduced into the 
definition of R (45). 

R = [ (obs.-calc.)2 1/2 
Z-(obs.)2 (] 

) 

The locus of the lanthanide positions for 
a constant d is a sphere centered on the ori- 
gin of the coordinate system. The R values 
for each incremental location of the lan- 
thanide ion can be used to plot contours of 
equal fit on the sphere (47). Since the con- 
tours are monotonic and regular, the plot 
is an easily used visual aid. Typically there 
are regions in which the agreement is as 
good or better than the error in the experi- 
mental indices, and regions in which the 
agreement is clearly worse. 

The agreement factor R is a quantity 
useful in hypothesis testing (46). The mini- 
mum R factors (MINR's) for two different 
molecular models can be utilized to form a 
statement about the probability that one 
model is to be preferred over the other, 
with the assumption that the chemical shift 
perturbations are caused by an axially 
symmetric dipolarfield and random errors 
only. 

The precision of the interpretation of 
LIS data can be calibrated with the rigid 
substrate 2-adamantanol (4). 

4 
The Yb (DPM)3 shift data for 2-adaman- 
tanol (48) and the calculated indices for the 
best fit array are shown in Fig. 3. The 
MINR of 1.3 percent was found for the 
ratio of the observed to the calculated 
values shown on the formula in Fig. 3C. 
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Since the precision of the experimental 
data is about 2 percent (49), this agreement 
factor is intuitively reasonable. 

The LIS behavior of 2-adamantanol is 
the subject of several independent investi- 
gations. The use of different shift reagents 
and even different data reduction schemes 
causes the absolute values of the induced 
shifts to cover a large range. We find that 
the precision dictated by any of these data 
sets ranges from 1.1 to 4.9 percent (Table 
1). Thus, we conclude that the precision of 
the L-S structure does not depend sensi- 
tively on the experimental parameters se- 
lected. Even though the precision of any 
particular L-S array may be high, the ac- 
curacy of the description need not be as 
high. 

Structural differences exist in the inter- 
pretations of this L-S pair which are given 
by Cockerill and Rackham [correlation of 
shift with distances only (50)], Demarco 
(29), Farid (32), Uebel (28), and ourselves 
(31). Variation in details of the reporting 
of the L-S structures makes it difficult to 
compare exactly the results of Demarco, 
Farid, Uebel, and ourselves, but the re- 
ported oxygen-lanthanide distances are 
3.0 i 0.2 A and the C-O-L bond angles are 
125? + 6?. There is no question that some, 
if not all, of the L-S structures are in- 
accurate, especially since any two inter- 
pretations of these data give slightly differ- 
ent results. Unfortunately, no external 
standard for accuracy is agreed upon, and 
we must use precision to fix our results. 

We have found that the contour plots for 
most substrates are essentially independent 
of details of the method used to convert 
observed chemical shifts into relative shift 
indices. The contours (but not the MINR 

(A) Coordinate system. For illustration, 2-ada- 
nol is shown as oriented for the calculations sum- 
d in Table 1. (B) Agreement factor plot for the 
i lanthanide distance of 2.9 A, using Yb(DPM)3 
The contours show regions of constant agreement 
The outer contour is at 15 percent, and the inner 
r is at 3 percent; the contour intervals are 3 per- 
C) The LIS values (calculated/observed) for 2- 
ntanol at the lanthanide position of best fit. The 
.ta used are from Yb(DPM)3. 

values) are insensitive to deviations of 0.1 
A in the specification of the internal 
coordinates and to deviations of 0.2 A in 
location of the lanthanide. Adjustment of 
the internal coordinates causes apparent, 
but statistically insignificant deviations, in 
the minimum agreement factor when the 
L-S array is in the region of a "best" solu- 
tion (52). 

Three factors alter the contour plots 
(and the agreement factors) strongly. 
These are (i) the structure of the substrate, 
(ii) the assignments of the resonance sig- 
nals, and (iii) the conformation of the 
molecule. These three cases result from a 
formal alteration of the internal coordi- 
nates of some of the nuclei in the substrate 
by an angstrom or more. Changes of this 
magnitude inform the investigator of im- 
portant three-dimensional features of the 
L-S array, especially the topology of the 
substrate. Thus, Eq. 1 provides the basis 
for a method of probing the structure of 
molecules in solution. Before discussing 
nine examples of structure determination 
using shift reagents, we want to put this 
procedure for the study of the topology of 
molecules in perspective. The LSR method 
does not provide ab initio determination of 
structure at this time. Instead, we propose 
a structure and test its suitability via its 
LSR behavior as correlated by Eq. 1 or 
some variant. Concurrently we must al- 
ways consider all of the ancillary informa- 
tion at our disposal; among other things, 
this could be empirical formula, spectro- 
scopic data, chemical reactivity, or steric 
constraints. Even in the cases where this in- 
formation seems redundant, prudence dic- 
tates that all of the evidence be examined 
for self-consistency. 
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Examples 

This LIS potential for structure veri- 
fication is exemplified by the three meth- 

ylated acrylonitriles 5, 6, and 7. Each iso- 

N 

%,C H 

CH3 H 

5 

N 

H 

H CH3 
6 

N 
XC CH3 

H H 
7 

mer was purified and its NMR spectrum 
was dispersed with Yb(DPM)3. The three 
resonances in each molecule were followed 
as a function of added shift reagent, and 
the data were reduced to the values in Fig. 
4 (53). These LIS data sets for the three 
substrates were each tested against the 
three structures. The MINR values for the 
nine combinations of structure as a func- 
tion of the data are displayed in a three by 
three array (Table 2). Four of the nine 
combinations are readily rejected, but five 
possible descriptions remain. 

This ambiguity arises because the num- 
ber of independent variables in the compu- 
tation is four (the empirically determined 
scale factor and the three positional pa- 
rameters for the lanthanide), and we have 
only three observations (54). Hypothesis 
testing via the agreement factor ratio is 
precluded by the number of degrees of 
freedom (-1). In two of these cases 
MINR's corresponded to unreasonable Yb 
positions. When the physically justifiable 
constraint of C-N-Yb linearity was ap- 
plied, the results are unambiguous (Table 
3) (55). 

Spectral interpretation for the cy- 
clooctatetraene dimer epoxide 3 looks like 
a more demanding problem, but the struc- 
ture determination is actually made easier 

by the observation of 16 signals. The com- 
pound was made by the epoxidation of the 
all-cis cyclooctatetraene dimer, a sub- 
stance of impeccable characterization (56). 
We accepted the hydrocarbon framework, 
and then formulated a heirarchy of struc- 
tural questions (see Fig. 5): (i) Is the epox- 
ide between C-5 and C-6 or between C-3 
and C-4? (ii) Is the epoxide ring parallel or 

perpendicular to the cyclobutane ring? (iii) 
Is the cyclobutane ring planar or folded? 

(iv) Are the assignments of the resonances 
correct? 

The answer to the first question is trivial. 
The symmetry of the C-5 to C-6 epoxide is 
such that it would exhibit only eight groups 
of resonances. We observe 16 resonances, 
so we must select the C-3 to C-4 epoxide 
(Fig. 5, c and d) as the starting point for 
our LIS discussion. The parallel: per- 
pendicular distinction was made by eval- 

uating the MINR's for the two molecules 
and by hypothesis testing on the MINR ra- 
tio. The ratio, 30/6 or 5, allows us to reject 
the perpendicular isomer at the 99.9 per- 
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Fig. 4. Observed LIS values for methylacrylo- 
nitriles 5, 6, and 7. Values for each compound 
are scaled so that the most shifted proton reso- 
nance has relative value 10.00. 

a 

ST? 

0 

b 

c d 

Fig. 5. The conformations considered for com- 
pound 3. (a) The C-5-C-6 isomer. (b) The C-3- 
C-4 epoxide perpendicular to ring isomer. (c) 
The C-3-C-4 epoxide parallel to ring isomer. (d) 
With the cyclobutane ring twisted 20?. 

Table 2. Minimum R values (%) for binary com- 
binations of methylacrylonitrile models 5 to 7 
with sets of relative slopes; no restraint of lan- 
thanide positions (53). 

LIS data set 
Model 

5 6 7 

1-CH3 2.8 14.4 0.3 
cis-2-CH3 6.0 22.6 2.5 
trans-2-CH3 29.2 0.7 23.9 

Table 3. Minimum R values (%) for binary com- 
binations of methylacrylonitrile models 5 to 7 
with sets of relative slopes; collinearity restraint 
imposed on lanthanide positions (53). 

LIS data set 
Model 

5 6 7 

1-CH3 2.9 31.7 9.7 
cis-2-CH3 6.0 26.6 2.8 
trans-2-CH3 29.3 1.5 27.1 

Table 4. The LIS data and results for methylbi- 
cyclooctenols 8 to 11. LIS data for the four 
compounds 8 to 11, tentatively described as 
compounds A to D, not necessarily respectively. 

LIS data set 
Resonance 

A B C D 

Assigned resonances 
H-l 3.22 2.52 2.38 2.73 
H-2 3.62 2.61 1.54 1.48 
H-3 4.71 3.78 1.61 1.82 
H-4 6.18 5.88 5.76 5.97 
H-5 10.00 10.00 10.00 10.00 
H-6 4.54 7.66 6.30 4.66 
CH3 7.60 2.52 2.95 6.83 

Unassigned resonances 
H-7, 8a 2.3 2.5 7.4 8.0 
H-7, 8b 2.0 2.0 2.2 3.9 
H-7,8c 2.0 2.0 2.2 3.9 
H-7,8d 1.7 2.2 3.5 

cent confidence level. The decisions about 
ring fold and assignments are coupled; 
reorganization of the cyclobutyl ring might 
alter the r and 0 relationships (Eq. 1) in the 
cyclobutyl and distal rings, perhaps 
enough to reorder the assignment of sig- 
nals. We found through a systematic ex- 
ploration that reversing two assignments 
of Fig. 1 and folding the ring by 20? gener- 
ates a MINR of 5 percent. The substrate 
topology is best represented by structure 
d of Fig. 5. 

The correction of the resonance assign- 
ments for this epoxide was found by scan- 
ning the computer output. This suggested 
that permutations of assignments could be 
detected during computation and that 
automatic assignment of all resonances 
could be made by the AUTO-ASSIGN feature 
of our program. This automatic feature of 
the program makes assignments for each 
incremental lanthanide position in such a 
way as to minimize R (Eq. 3). Clearly 
these possible assignments must be con- 
sidered in terms of other knowledge (such 
as chemical shifts, coupling patterns, and 
the like). 

Auto-assignment of partial data sets can 
be advantageous, as shown by the follow- 

ing example. Willcott, Davis, and Holder 
(57) studied a set of four bicyclo[2.2.2] 
octanols (8 to 11) and determined their 
structures by a series of carefully related 
chemical reactions. They concurrently 
raised the question of whether the LIS data 
for each molecule could be interpreted in 
terms of an unambiguous configuration 
(57). Before this question can be answered, 
several features of the four NMR spectra 
must be considered. The seven resonances 
which can be assigned via the usual correla- 
tions are those of partial structure 12. 

CH3 
OH 

8 

CH3 

OH 

9 

CH3 
H 

10 

OCH 
CH3 

11 12 

The ethano bridge resonances are similar 
in the unperturbed spectra and are strongly 
coupled to several other resonances. At the 
highest concentrations of LSR, these eth- 
ano resonances, although well separated, 
are so complex as to preclude assignment. 
Thus, the summary of the Eu(DPM)3 re- 
sults in Table 4 is divided into seven as- 
signed and four unassigned signals. In- 

spection of the MINR's found using only 
the seven assigned resonances allows us to 
deduce only one structure of the four 
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(Table 5). The use of auto-assignment 
makes the further structure determination 
straightforward. We enter the four poorly 
determined ethano resonances, make opti- 
mum matches, and obtain Table 6. At this 
point, the ambiguities have been removed 
and a structure proof results. 

Less than a week was required for the 
experiments and interpretation. The chem- 
ical proof of structure was more lengthy 
(57). Of course they both give the same re- 
sults and complement each other very well. 
As the limits of the LIS method are clari- 
fied, we expect it can and will supplant 
some long and difficult chemical proofs of 
structure. 

Thus far we have considered small rigid 
substrates (the acrylonitriles), a large sub- 
strate of unknown configuration and of 
limited conformational mobility (the cy- 
clooctatetraene dimer), and a set of rigid 
molecules of unknown configuration (the 
bicyclooctenols). Descriptions of these 
proposed molecular shapes were verified 
from the LIS data via the dipolar equation. 
The use of supplementary information to 
guess structures saves both time and effort 
and can make the LSR method succeed in 
more difficult problems. For instance, the 
conformation of a flexible molecule was 
determined by combining information 
from the nuclear Overhauser effect (NOE), 
the coupling constants, and the LIS data in 
the following example. 

The California sea hare Aplysia califor- 
nica concentrates the tetrahaloterpenoid 
catabolite 13 in its digestive tract (58). We 
used the LIS method to help fix the topolo- 
gy of the epoxide 14 derived from this alco- 
hol. 

Cl 
HC3 CH3 OH 

5 . 
' 

1 

Br Br 

13 
Br 

CH3 

CH3 " CH3 

Br H 

14 
In this way we determined which of 
eight racemic stereoisomers best represent- 
ed the alcohol. The cis disposition of the H 
and CH3 on the epoxide ring were demon- 
strated by an NOE measurement (58). 
After account was taken of the trans olefin 
(from the H-H coupling of 15 hertz) (17), 
only the relative configuration of the 
groups at C-6 remained to be settled. The 
results of dispersing the spectrum with 
Yb(DPM)3 at 220 megahertz are shown in 
Fig. 6. 

The molecular models were constructed 
sequentially; we added pieces of the model 
as soon as we understood the already con- 
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structed portions of the molecule. The first 
model for the PDIGM calculation includ- 
ed only the epoxide ring, the substituent H 
and CH3 groups, and a set of dummy hy- 
drogens corresponding to rotamers about 

Table 5. Minimum R values (%) for binary 
combinations of models 8 to 11 with data sets 
for compounds A-D, including only the seven 
assigned resonances. 

LIS data set 
Model 

A B C D 

8 4.7 21.5 11.6 5.3 
9 38.0 9.0 7.8 31.0 

10 33.0 5.0 5.2 30.0 
11 15.6 20.8 12.9 4.1 

Table 6. Minimum R values (%) for the critical 
combinations of models 8 to 11 with data sets 
for compounds A-D, including the seven as- 
signed resonances and allowing automatic as- 
signment of the four ethano bridge resonances. 

LIS data set 
Model 

A B C D 

8 4.8 30.4 
9 14.0 9.2 

10 30.4 5.8 

4.32 
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H3C H H 
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0.66t 
H3C 
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Fig. 6. The Yb(DPM)3 induced shifts for epox- 
ide 14. 
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Fig. 7. The angular dependence of the H-6 LIS 
for compound 14. 0? is for the conformation 
shown. 

the C-4 and C-5 bond. The experimental 
LIS shifts for the ring H and CH3 groups 
could be simulated by a variety of lantha- 
nide locations ranging over at least 0.5 A. 
In spite of the abundance of lanthanide 
fits, we found the behavior of the calcu- 
lated shift perturbation of the CH2 group 
at position 5 to be patterned so that only 
the assignment of H-5 (7.06 ppm) to the 
3000 and H-5' (4.32 ppm) to the 60? con- 
formations was reasonable. In addition the 
magnitudes of the spin-spin couplings J5 4 
and J5 4 accord well with this assignment. 

A second cycle of this approach was 
used to calculate the shift for H-6 (see 
graph of Fig. 7). In this case the LIS de- 
scription alone was ambiguous; the 60? and 
3000 conformations were similar in calcu- 
lated shift. Even the values of J5, 6 and Js, 6 
were ambiguous, corresponding to those 
expected for a skew and gauche con- 
formation, respectively, a condition met by 
either rotamer. The LIS data, though, tell 
us that the couplings to H-5 and H-5' are 
ordered so that only the conformation 15 
fits in all respects. 

H R 

y 
CH3 

H H 

15 

This fixed the conformation of H-6 in our 
model, an unanticipated bonus. The con- 
figuration at this center was revealed when 
the geminal dimethyl groups at position X 
gave good fits, while the geminal dimethyl 
groups at Y did not (59, 60). 

Probable Errors in the Model 

We have intended this article as an in- 
dication of the utility of a new tool for 
structure determination, not as a treatise 
for the NMR specialist. Nevertheless, we 
feel compelled to at least mention the er- 
rors that exist to some extent in all of the 
schemes for correlating structure and LIS 
data. We supply leading references to criti- 
cal discussions of each of the points. 

The performance of the experiment can 
introduce sizable errors in the LIS values 
before the calculation. LaMar and Faller 
(61) and Bleaney et a. (62) have both of- 
fered advice about optimizing the experi- 
ment by using several lanthanides, and 
have provided rules for selecting the best 
ones. Specific methods for the data reduc- 
tion of a measured set of induced shifts are 
available from Shapiro (63). 

All of the stereochemical interpretations 
of the LIS experiment have utilized only 
the dipolar (pseudocontact) shift. The oth- 
er principal component of the induced 
shift, the contact shift, has been either ig- 
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nored or played down. The contact shift is 
caused by unpaired spin density at the res- 
onating nucleus. This spin density is trans- 
mitted through chemical bonds. As an ex- 
ample, the Ni(II) induced shifts in some 
aminotroponates reported by Eaton, Phil- 
lips, and Caldwell are dominated by the 
contact shift (64). A comprehensive inter- 
pretation of the contact shift requires a cal- 
culation of the free spin densities, a non- 
trivial task. The LIS's of 13C, '4N, and '9F 
resonances frequently contain a sizable 
contact shift contribution (65). Fortunate- 
ly, incursion of the contact shift in struc- 
tural interpretations of the LIS proton 
experiment is reflected primarily in the 

accuracy of the L-S description. The 

precision remains high (66), and most 
structural decisions can still be confidently 
made. 

Crystal properties have been determined 
for several LSR's and LSR-substrate com- 
binations. The single crystal structures (67) 
and the magnetic susceptibility tensors 
(68) do not possess axial symmetry; that is, 
there is no principal magnetic axis with the 
mathematical form of Eq. 1. A general 
form of the dipolar interaction without the 
axial symmetry restriction is given by Eq. 
4, 

A,H/Ho = Kl(3 cos2x- l)/r + 

K2 sin2X cos 24l/r3 (4) 

where r, x, and A are the spherical polar 
coordinates of the nucleus if the para- 
magnetic center is at the coordinate origin 
and the polar axis is taken to be any one 
of the principal magnetic susceptibility 
axes. 

The deduction of the form of the mag- 
netic interaction in the liquid phase must 
involve the averaging of all possible orien- 
tations of the L-S complex. For instance, 
upon rotation about a (Fig. 8) this average 
takes the form of Eq. 1 (36, 69). 

Even if the substrate B-X-Y (Fig. 8) is 
rigid, another mobile aspect of the L-S 
complex can be treated in the computation 
by integrating (averaging) over the angle 3. 
This refinement has been published by Ar- 
mitage et al. (36), and a comparable al- 

gorithm has been reported by Wing, Ue- 
bel, and Andersen (28). Internal motions in 
the substrate, for example, methyl rota- 
tions, must be accounted for by averaging 
over all positions any proton can occupy 
during the NMR experiment. Most inves- 
tigators have concluded that an "average" 
H at the geometric center of the methyl 
proton array is acceptable (70). At this 
time it appears that substrate con- 
formational problems involving several in- 
ternal degrees of freedom cannot be solved 
by LIS data alone unless there is a consid- 
erable bias in favor of one form. The Aply- 
sia californica epoxide (60) seems to be 
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Fig. 8. Schematic representation of possible 
types of mobility in the L-S complex. L repre- 
sents the lanthanide, B is the Lewis base site, 
and X-Y is the remainder of the substrate. 

such a case, as is adenosine triphosphate 
(33) and chloroquine (34). 

The Lewis base coordination site is usu- 

ally assumed, although not required by the 

theory, to lie on the principal magnetic 
axis of the lanthanide. Roberts et al. (35) 
and Ammon et al. (26) have tested this as- 

sumption by allowing the axis orientation 
to vary; they found that it is usually within 
a few degrees of passing through the Lewis 
base. We have observed one curious ex- 
ception in 1-methyoxyxanthone, 16. 

CH3 

0/ 

16 16 

0 OH 

01 
17 

This substrate gave MINR's of about 15 

percent for coordination assumed either to 

carbonyl or to methyl, but an MINR of 4 

percent was obtained when a "coordina- 
tion site" midway between the two groups 
was chosen. The similarity to a 1,3-biden- 
tate ligand is obvious. When l-xanthol, 17, 
is used as the substrate, the DPM ligands 
are displaced and an insoluble chelate is 

precipitated, corroborating the role of a bi- 
dentate ligand (71). A rigorous treatment 
requires the proper orientation of the prin- 
cipal magnetic axis. 

Prognosis 

Most of the considerations which go into 
understanding the LSR experiment have 

just been mentioned. A rigorous inter- 

pretation requires perhaps a dozen funda- 
mental parameters, all of which must be 

adjusted for the individual case. Two fac- 
tors prevent this elaborate optimization. 
First, we rarely have enough observable 

signals. Second, we have the problems of 

experimental error, so that adjustment of 
some parameters causes changes in the 

computed values which are smaller than 
these errors. 

How, then, do we use the LSR experi- 
ment to study structure? We can suggest a 

posture by recalling some of the history of 
the molecular orbital (MO) methods. 
Huckel described a limited model for MO 
calculations and advocated its use in spite 
of its limitations. The Hilckel calculations 
served to initiate many chemists in MO 

methodology, and frequently gave "cor- 
rect" answers. After a reasonable time, the 
limitations of Htlckel theory became an 
impediment to a sophisticated understand- 
ing of MO's, and improvements were add- 
ed to the computational method. The con- 
current increase in computing capabilities 
has allowed creation of powerful semi- 
empirical methods and ab initio proce- 
dures. However, both of these types of cal- 
culations rely on Htlckel theory to make 
the initial guess of a trial function. The 
LSR calculations might be expected to be- 
have in the same way. The basis of all of 
the computations will be an L-S structure, 
and the improvements (analogous to semi- 
empirical MO methods) will be added to 
these. 

At this time it seems to us essential to 
accumulate as much experience with the 
LSR method as possible in terms of a min- 
imum model. Refinements must be in- 
troduced as failures to achieve inter- 
pretation occur. In this way the resolution 
of the L-S structure and the improvement 
of the dynamic description will come 
about. In the meantime, the large number 
of successful applications of the simple 
model should encourage its continued use 
(72). 
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3 years from a radical group claiming to 
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At a time when radical groups of the left 
and right, active in the middle and late 
1960's, are quiescent or busy with internal 
problems, the NCLC has been actively 
demonstrating against prominent Ameri- 
can scientists and intellectuals at scientific 
gatherings, in university lecture halls, and 
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their laboratories. For certain scientists, 
phone calls-sometimes information-seek- 

ing, sometimes harassing-from persons 
identifying themselves as from NCLC or 
one of its related organizations have be- 
come a common, and for some a daily, fact 
of life. Moreover, the group's tactics, its 
choice of targets, and its apparently gener- 
ous funding have raised suspicions about 
its true backing and goals among scientists 
and others who have followed its activities 

closely (see box). 
The NCLC is a large, well-disciplined 

organization with perhaps 200 members (it 
claims 1000), with "cells" in some 20 
American cities and another dozen or so in 

Europe and in Latin America. The cells 
communicate directly to the group's head- 
quarters in a rundown building in the gar- 
ment district in New York City through an 
elaborate system of Telex links. The Euro- 
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