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Structure Elucidation with Lanthanide-Induced Shifts.
The Use of Bound Shifts and High-Symmetry Substrates
Sir:

Nuclear magnetic resonance spectroscopy has become a
basic and essential structural tool during the past 20 years.
Hinckley’s discovery! of lanthanide-induced shifts (LIS),
which are a function! -2 of molecular geometry, suggested the
possibility that the NMR technique might develop into a liquid
state structure elucidation method as powerful as solid-state
crystallographic techniques. Unfortunately, this possibility has
not yet been realized.’* We report here an experimental and
computational approach which we believe represents a major
advance in the use of LIS as a rigorous method for structure
determination. Not only do we obtain experimental NMR data
which are in excellent agreement with molecular structure, but
we can now for the first time accurately predict the LIS be-
havior of a substrate independently of the experimental data
for a particular compound. Since no adjustable parameters are
involved, the comparison between calculated and experimental
LIS provides a far more accurate and reliable assessment of
a proposed structure than has been available previously.

The problems involved in structural interpretations of LIS
are most easily discussed in terms of a simplified form of the
pseudocontact equation' ~* such as given below:

Ab; = k(3 cos?2b; — 1)/r;3 (1)

This is for a hypothetical lanthanide shift reagent (LSR)
substrate complex such as illustrated in Figure 1. Thus, the
induced shift, Ag;, depends on: (1) r;, the distance between the
metal ion and the nucleus of interest, (2) 6;, the angle sub-
tended by the line connecting the metal ion and the observed
nucleus and the line representing the LSR magnetic axis (as-
sumed here to be equivalent to the bond between the lanthanide
ion and the heteroatom X), and (3) a constant, k, which should
be a characteristic property of the particular LSR.

The difficulty in applying eq 1 lies in the fact that, of the four
parameters, only Ad; is measured directly; even here most
workers have utilized relative shifts for LIS.#-® The problems
associated with estimating values for r; and 6; can be seen in
Figure 2, which illustrates the case of a complex with an al-
cohol. In order to obtain values of 8; and 7; it is necessary to
specify the geometric coordinates of both the metal ion and the

Figure 1. Representation of the geometric relationship between the lan-
thanide ion L and a hydrogen atom in terms of distance and angle from
the magnetic axis for a complex of an organic substrate where X is the
binding site.

O

N
i
o

Figure 2. Representation of the geometric relationships in a complex of
an alcohol in which conformational flexibility is available for both the
lanthanide ion (w; ) and for a hydrogen of interest on the organic substrate
(wn).

observed nucleus relative to the oxygen atom. However, the
bond length R x and the C-X-L bond angle are both unknown
asis wy, the angle of rotation about the carbon-oxygen bond.
Similarly, it may be difficult to specify the exact location of
the observed proton. While bond angles and bond lengths for
organic molecules can be estimated with reasonable accura-
cy,!% one cannot ignore the different available conformations
(i.e., the appropriate value or values of wy). Earlier workers
have used a variety of unjustified simplifications and most
commonly have treated these “constants” as variable param-
eters in their shift optimizations.*

We have attempted to overcome these difficulties by careful
selection of substrates, observed shifts, and experimental and
computational methods. In order to reduce uncertainty in the
location of the lanthanide ion, we have turned to substrates in
which the metal ion should lie on the line defined by the C-X
bond: it is therefore possible to specify that ¢ = 0; w no longer
has any relevance. Thus, three parameters have been reduced
to one, and only the L-X bond distance (R x) need be con-
sidered. We have also attempted to reduce the other problem
shown in Figure 2 (i.e., conformational mobility of the organic
moiety as illustrated by wy) by turning to conformationally
restricted molecules. We further decided to utilize substrates
with a high degree of symmetry in order to simplify analyses
of spectra and structural computations. The compounds which

N N
i I
C

c

LR=H;2 R=CH;
3, R=CH; 4, R =iCH,
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Tablel. Calculated and Observed Values of Bound Shifts (4,)
for 3-Alkyl-1-adamantanecarbonitriles Complexed with
Eu(fod);4?

1 2R= 3R= 4R=i-
H Caled® (R=H)Y CHy)¢ CHs)4 CiHy)H
a 825 8.20 8.23 8.17 8.46
a’ 825 — 8.25 8.16 8.45
b 3.17 3.18 3.23 3.20 3.34
c 340 3.33 3.41 3.38 3.49
¢ 3.40 — 3.39 3.35 3.46
d 254 2.46 2.48 2.48 2.55
d 254 — 2.50 2.47 2.55
a  221¢ — 2.20 2.19 2.28
(2.21)/
8 1.53¢ — — 1.56 1.60
(1.81)/

a All studies were conducted with 0.2 M substrate in CCly con-
taining 1% MesSi. Spectra were obtained on a Varian A-60 NMR
spectrometer operating at 60 MHz. The chart paper was carefully
calibrated, and accuracies in shifts were assured by use of audio
sidebands. Samples were prepared by the incremental dilution tech-
nique described in ref 12a. ¢ Shifts are in parts per million. ¢ From
eq 1 using k = 7.60 X 102, R . = 1.89 A, and SGM coordinates (ref
10). 4 Observed values of A; were obtained independently for each
compound using the LISA2 computer program (ref 12b). ¢ Calculated
using coordinates based on 2,2,3,3-tetramethylbutane (ref 16).
/ Calculated using SGM coordinates (ref 10).

meet these criteria and which we have used to initiate our
studies are the 3-alkyl-1-adamantanecarbonitriles (1-4).!!

A key feature of our approach has been to use absolute,
rather than relative, values for the induced shifts; this, in turn,
allows us to obtain specific and reproducible values for both
k and Rin. The magnitudes of the LIS were obtained by
nonlinear regression analysis!2 of the NMR data which allows
isolation of the shift components arising from the various
species present in solution.!2:!> The observed shifts are the
weighted averages (eq 4) of the shifts for the species indicated
in the equilibria of eq 2 and 3 (where L = LSR and S = sub-
strate; [So] is the total concentration of substrate in all
forms).

K
L+S=LS )
K3
LS+S=LS, 3)
LSl . 2(LS)]
Dbt sy Mt sy & @

We have restricted our analyses to the LS species (thus using
the bound shift, A|)!2 because it is only this complex which can
reasonably be expected to possess (or at least closely approx-
imate®) the axial symmetry assumed in eq 1. The actual ap-
proach used involves the separate analysis of the Eu(fod);-
induced shift of each proton in a substrate (cf. structure 5) to
obtain the corresponding values of A}, A,, K|, and K. Par-
ameterization of eq | was then accomplished by independent
analysis of the adamantane skeletal protons of 1-4 to afford
values of k and R N for each compound. The mean values of
these parameters (k = 7.60 X 102; R n = 1.89 A) were then
used in the subsequent predictions for A values of all protons
for a given substrate. These results are summarized in Table
I together with the A|’s determined independently for each
compound. Clearly the agreement between calculated and
experimental values is very good.

We next turned our attention to the side chains of 2-4. Since
no single conformation of the side chain should be preferred,
the predicted LIS for a particular proton was calculated as the
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Table II. Statistical Analysis of Deviations between Calculated
and Observed Values of Bound Shifts (4,)¢
2(R= 3(R= 4(R=-
1(R=H) CHy) C;Hs) C3Hy)
Table I, R® 0.0101 0.0057 0.0114  0.0260
Table I, % 1.44 0.76 1.32 2.63
error?
Free float, R¢ 0.0052 0.0054 0.0055  0.0069
Free float, % 0.92 0.68 0.78 0.69
error¢

2 Where R is the agreement factor as defined in ref 7; % error refers
to the weighted average of the absolute values of the individual percent
errors. ® Raw error is the difference between the calculated and ob-
served values in Table I. ¢ Errors obtained when each compound is
analyzed independently according to eq | with k and R N both treated
as variable parameters.

arithmetic mean of the LIS for each available (stable) orien-
tation.'* While we were able to accurately predict the LIS for
the a-protons, the errors incurred for the 8-protons were sub-
stantial. Careful consideration of structures 3 and 4 indicates
that the 8-methyl groups have no conformations available
which alleviate the gauche interactions with the methylene
groups of the adamantane moiety; relief of these steric inter-
actions should be manifested as deformations in bond angles
and bond lengths.!5 Based on the structure calculated by Al-
linger for 2,2,3,3-tetramethylbutane,'® we revised the geo-
metric coordinates for the side chains of 3 and 4 accordingly.
With this correction the agreement between predicted and
observed shifts is excellent.

N
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|
CHS——’(‘:“~CH3

He §_H

|
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As a final test in the preliminary work we predicted the LIS
for pivalonitrile (6), which is not conformationally restricted,
but has “free” rotation about each of the single bonds in the
molecule. Using the parameters determined above the calcu-
lated value of A for 6 is 7.38 ppm (the weighted average of the
LIS for each stable conformation); the experimentally observed
value is 7.56 ppm.

Earlier work on nitriles in which the LIS-structure fits were
analyzed using relative shifts and allowing R~ and k to be
freely floating parameters with each substrate has afforded
“agreement factors” 7!7 in the range 0.04-0.06 for europium
LSR’s.® In the present work we have used fixed values of these
parameters in conjunction with bound shifts. Even using fixed
parameters, our agreement factors are considerably smaller
than those obtained in earlier work, as is shown in the first two
rows of Table II. The last two rows of this table show that in-
dependent analyses of each substrate with R N and k allowed
to vary afford an additional reduction in the magnitudes of the
errors. While this further demonstrates the superiority of using
bound shifts (rather than relative LIS values), we believe that
the parameterization method (Table I) is more powerful since
it allows the a priori prediction of LIS.

Clearly LSR studies have now advanced to the point where
rigorous, reliable, and accurate assessment of proposed
structures can be made. Consideration of the side-chain data
for compounds 3 and 4 indicates that this method is even ca-
pable of detecting relatively small and subtle structural de-
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viations such as arise from nonbonded interactions. This ap-
proach is now being extended to molecules of increasing
complexity.
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CIDNP Evidence for Stereoselectivity in the
Disproportionation of Two Cyclohexyl Radicals

Sir:
The ESR spectrum of the cyclohexyl radical, 1 (Scheme I),
observed under a variety of conditions,! reveals that the two

@-protons adjacent to the carbon containing the unpaired
electron are nonequivalent. The proton hyperfine splittings of
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Figure 1. NMR spectra of the olefinic protons of cyclohexene formed by
the disproportionation of two cyclohexyl radicals: (E) experimentally
observed spectrum obtained during the reaction of cyclohexyl bromide
with metallic magnesium in THF at room temperature; simulated spectra
calculated assuming (A) removal of pseudoequatorial hydrogen. (B) re-
moval of pseudoaxial hydrogen, and (C) conformational equilibration of
radicals before hydrogen removal,

41 and 5 G are presumed to be due to the pseudoaxial and
pseudoequatorial protons, respectively, in a chair-like con-
formation of the radical.!! The possibility thus exists for
preferential reactivity of the two stereochemically different
B-hydrogens in a reaction involving removal of a hydrogen
atom from the cyclohexyl radical. We wish to report the ob-
servation of an NMR spectrum exhibiting CIDNP in a manner
which implies that the disproportionation reaction between two
cyclohexyl radicals to give cyclohexene, 2, does indeed display
preferential reactivity of one of the two types of 8-hydro-
gen.

While observing the NMR spectrum of a tetrahydrofuran
solution of cyclohexyl bromide reacting with magnesium metal
we have obtained the CIDNP spectrum of the olefinic protons
of 2 reproduced in Figure 1E. In other studies of the reaction
between alkyl halides and magnesium,? alkenes have been
observed to exhibit CIDNP consistent with their formation via
encounters between freely diffusing alkyl radicals. We thus
interpret Figure 1E as a record of the disproportionation re-
action between two free cyclohexyl radicals.

Using published values for the hyperfine splittings in cy-
clohexyl radical'# and the spin-spin coupling constants in 2,3
we have carried out a calculation of the CIDNP intensity
pattern for the olefinic protons of 2 using three difference
models for the disproportionation process: (A) removal of a
pseudoequatorial 8-hydrogen (a = 5 G); (B) removal of a
pseudo-axial 8-hydrogen (@ = 41 G); (C) removal of a 8-
hydrogen whose hyperfine splitting is the mean of models A
and B. Model C serves as an approximation to the case where
ring flipping in 1 is fast compared to the radical pair lifetime.
The computation of NMR spin state populations in the radical
pair included the o- and B-protons on both radicals (a, = —21
G'#) and was carried out using a modified NMR simulation
program? to incorporate the radical pair model for CIDNP
proposed by Adrian.’ A calculation based on the CKO model®
gave nearly identical spectra in this case. The simulations for
the models A-C are shown in Figures 1A-1C, respectively.

The nearly perfect agreement between simulation A and the
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