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The equilibrium binding constants have been evaluated for the association
in CCly of the lanthanide shift reagent. Eu(fod);, with a series of adamantane
derivatives containing a variety of different functional groups. It is shown that
if steric effects are held constant the binding abilities of the adamantane
derivatives exhibit a good correlation with the proton affinities of the methyl
analogs containing the same functional groups. The results permit the
prediction of binding strength of other functional groups with Eu(dpm), as well
as with Eu(fod); and thus can be of great assistance in planning and
interpreting the results of experiments with lanthanide shift reagents.

{ Keywords: Adamantane dertvatives; Binding constants; Lanthanide induced
shifts; Proton affinities)

Strukturermittlung mit L1S 5. Die Koordinationsfihigkeit verschiedener
SJunktioneller Gruppen

Es wurden die Gleichgewichts-Komplexbildungskonstanten fiir eine Reihe
von Adamantanderivaten mit verschiedenen funktionellen Gruppen mit
Eu(fod)s in CCly bestimmt. Es wird gezeigt, daf bei Konstanthaltung sterischer
Effekte die Komplex-Bindungsenergien eine gute Korrelation mit den Pro-
tonenaktivititen der entsprechenden Methylhomologen ergibt. Die gewonnenen
Resultate geben (auch fiir andere funktionelle Gruppen als die unmittelbar
untersuchten) eine gute Moglichkeit zur Abschitzung zu erwartender Kom-
plexbildungsstirken.

Introduction

Lanthanide shift reagents (LSRs) have become a valuable tool for
the study of molecular structure, both as a qualitative means of
simplifying nmr spectra and for carrying out rigorous structure analysis
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by mathematical evaluation of the lanthanide inducted shifts (LIS)3.4,
The effective use of shift reagents demands at least some predictive
ability regarding the magnitude of the LIS to be obtained in a
particular experiment. In this paper we discuss our studies with a series
of substrates containing a variety of functional groups, and de-
monstrate that these results can be used obtain qualitative predictions
of the outcome of LSR experiments.

The results of an nmr experiment can be conveniently discussed by
considering only the first step of the multiple equilibria—7? between lanthanide
shift reagent (L) and substrate (S):

K
L+8=IS (1)

The observed spectrum is a time-average of the free and complexed forms,
where each is weighted according to the mole fraction present in solution. The
magnitude of the observed LIS for any nucleus will depend on both the bound
shifi (i.e., the change in chemical shift corresponding to complete conversion
from free substrate to the LS complex) and, as is readily apparent from eq. (1),
the equilibrium binding constant, K;. However, this was not always adequately
appreciated in some of the early discussions regarding the “strength” of the
interaction between LSR and substrate. For example, the different values for
these two parameters in several model compounds was presumably responsible
for the conflicting reports8 regarding the binding abilities of sulfur and oxygen
ligands. Although the slopes of plots of induced shifts s lanthanide: substrate
ratios (under the conditions of excess substrate concentration) have generally
been considered to reflect the magnitudes of the bound shifts4, an early report
by Ernst and Mannschreck? clearly demonstrates the importance of the binding
constant. These authors noted the correlation of Eu(dpm); induced shifts of the
ring protons for a series of p-substituted anilines with the pKa values of the
conjugated acids®. Since the bounds skifts of the ring hydrogens should be
nearly independent of the identity of the p-substituent, the variation in
induced shift must be a consequence of changes in the binding strength of the
various substrates. This view is substantiated by the work of Rackham and
Cockerill®® who measured the binding constants of a series of substituted
anilines with Yb(dpm)s by infrared spectroscopy. The magnitude of the binding
constant as a function of the p-substituentl® follows precisely the same
sequence as observed for the lanthanide induced shifts?.

Relatively few studies of the binding constants for shift reagent-
substrate equilibria have been reported4, and many of these are at best
approximate. Using data derived exclusively from nmr spectra, only
the methods of Shapiro and Johnston:11, Reuben$, and Bouquant and
Chuchel? afford rigorous solutions to the problem of LSR-substrate
equilibria. In any event the available data are difficult to compare since
they are derived from studies employing diverse experimental con-
ditions. For this reason we undertook the study of a series of struc-
turally related compounds using the shift reagent Eu(fod)s.
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Table 1. Binding constants and bound shifts for the interaction of l-substituted
adamantanes with Bu(fod); in CCY

Substituent Kz A A, (Bubstituent)®
1 OH 700 17.76 —
2 0—CO—CH; 6,900 948 13.81
3 000 CF, 0.24 — —
4 O—CH,—CH; 6 12.60 12.39
5 O—CH,—CF, 0.02¢ - -
6 NH-—CO—CH, 1,300 6.04 4.85
7 NH_CO—CF, 140 6.78 -
8 CN 550 8.25 —
9 CO—CH; 5,400 10.16 13.88
10 CO—CH,Br 56 9.32 14.42
11 CO—0—CH,—CH; 3,600 9.06 12.99
12 CO—O—CH,—CF, 74 10.50 14.09
13 CH,—OH 6,500 7.96 —
14 CH,—0—CO—CH, 23,000 3.92 13.05
15 CH,—O0—CO—CF; 0.34 — —
16 CH,—CN 290 6.84 —
17 CH, CO O CH,—CH; 440 6.68 14.54
18 CH,—CO—0—CH,—CF; 52 7.32 15.14

2 Hquilibrium constants are reported to two significant figures; units are
ML,

b Bound shifts for the hydrogens of the three equivalent methylene groups
of the adamantane skeleton (see eq.2).

¢ Bound shifts for the hydrogens of the substituent indicated by boldface
type in the Table.

@ Only small induced shifts were observed, and the binding constant was
estimated with the assumption that the bound shifts are the same as those of
the non-fluorinated analog.

Results and Discussion

The equilibrium constants for 1:1 complex formation (eq.2) for a
series of 1-substituted adamantanes with Eu(fod); in CCl, are reported
in Table1. Also shown are the bound shifts of the six equivalent
methylene hydrogens of the adamantane skeleton as well as of the

X
Hof AN 0 c’C3F7
H + Eu| 3cH K 1oad-xEutrod)y (2)
P -
0=,
t-C,Hg 3
1-18

protons of the side chain which are indicated in boldface print in the
first column of the table.
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Several conclusions may be reached from a careful study of Table 1.
The data demonstrate that small structural changes in the substituent
do not greatly affect the bound shifts as would be expected since the
bound shift of a complex is determined by the geometric relationship
between the europium and the nucleus in question3;4.13. For example,
the series of compounds (9-12) for which the binding site is a carbonyl
group attached directly to the adamantane nucleus exhibits bound
shifts in the regions of 9-10 and 13-14 ppm, respectively, for the two
types of hydrogens listed. This narrow range is entirely consistent with
the small structural perturbations of the substrate-Eu(fod); complexes
which would be expected as the other substituent on the carbonyl
group is varied along the series: —CHj; (9), —CH,Br (10), —OCH,CH,
(11), —OCH,CF; (12). “

In contrast to the bound shifts, the equilibrium constants listed in
Table 1 exhibit variations even for small structural changes. As an
example the binding constant for l-adamantylmethylketone (9) de-
creases by two orders of magnitude upon introduction of a bromine in
the a-position (i.e., 10). Since the compounds in Table 1 were selected
with the intent of minimizing changes in steric effects, much of the
variation of the equilibrium constants can be ascribed to electronic
effects. Certainly for those cases in which the only changes are
replacement of hydrogen by fluorine (ie.,2—>3,4—5,6 -7, 11 - 12,
14 > 15, and 17 — 18) the similar conformational energies of these two
nucleil4 require that the change in binding constant be ascribed almost
entirely to inductive effects.

On the other hand, steric effects certainly can be important as
indicated by the work of Johnston and Shapiro and their coworkers!l
who found consistently smaller equilibrium constants for tertiary
alcohols relative to their secondary analogs. Similarly, Grosse, Roth and
Rewickils demonstrated that introduction of bulky substituents in the
vieinity of a hydroxyl group can cause a substantial reduction in the
magnitude of the binding constant. The comparatively small value of
K, found for 1-adamantyl-ethylether (4) is probably the result of such
steric interactions since coordination with an ether requires the rela-
tively close approach of the LSR to at least one of the two alkyl groups.
The comparatively weak binding ability of ether groups (and par-
ticularly in relation to the binding ability of ketones) has previously
been reported by Hoferl$.

Tn any comparison of equilibrium constants it is necessary to consider the
experimental error associated with the data. Indeed, the errors associated with
equilibrium constants obtained by the method developed by Shapiro and
Johnston5>11 are significant (a standard deviation of + 207, was suggested by
them11). In order to assess the importance of experimental errors we report in
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Table 2 the results of a series of experiments in which muitiple, independent
determinations have been made for several compounds. While there is some
variation, these results indicate the 4+ 309, would be more representative of the
uncertainty in the equilibriuin constants reported in this work!?. While this
might at first glance appear to be an unacceptably large margin of error, it
should be recalled that this corresponds to an uncertainty on the order of only
about + 0.3kecal in the free energy of the complexation reaction.

Table 2. Binding constants and standard errors for the interaction of organic
derivatives with Eu(fod); in CCl2

Substrate Mean K; Standard Error n
1-Adamantyl-CN (8) 480 130 7
3-Alkyl-1-adamantyl-CN 440 120 8
2-Adamantanone 2300 1400 4
Acetone 980 130 3
t-Butyl-CN 130 34 5
4-Methyl-2-pentanone 570 190 3
Methyl-CN 52 4 3
Ethyl-CN 150 57 3
cis-4-i-Butyleyclohexyl-CN 120 29 3
Benzonitrile 22 2 3

a Standard Error = {[Z (x; —% )2} /[ (n — 1)]}1/'Z where » is the number of
independent determinations, x; is the value for a particular determination and
z is the mean for all determinations.

The strong qualitative dependency of the association constants
upon electronic effects prompted us to investigate the possibility of
finding a more quantitative relationship. Equation (1) may be consi-
dered as a simple acid—base reaction in which the shift reagent acts as
a Lewis acid, and it has previously been suggested® that lanthanide
shift reagents fall in the class of hard18 acids. Consequently, we selected
H~ as the appropriate acid for comparison, and in Table 3 are reported
the gas phase proton affinities!® (eq. 3) of a series of substrates in which
the basic site is carbonyl oxygen.

K

Im-18m

Since the proton affinities of the adamantane derivatives themselves
(1-18) have not been reported in the literature, we have used the methyl
analogs (designated as 1m-18m) for which proton affinity data either
had been explicity reported or could be easily estimated from closely
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Table 3. Proton affinities of substituted methanes and Eu(fod); binding energies
Jor the corresponding substituted adamantanes®

Substituent X Proton log K AG (1-Adamantyl-X)
Affinity (CH,X) (1-Adamantyl-X)

CH,—CO0—0—CH,—CH, 201.4b 2.64 —371
C0—0—CH,—CH, 198.1 3.56 —5.00
CH,—0—C0—CH, 198.1 4.36 —6.13
0-—CO—CH, 195.4 3.84 —5.39
CO—CH; 193.9 3.73 — 524
CO—CH,Br 192.1¢ 1.75 —2.46
CH,—C0—0—CH,—CF, 191.44 1.72 241
C0—0—CH,—CF, 187.7¢ 1.87 —2.63
CH,—0—CO—CF, 183.2 —0.52 0.73
0-—CO—CTF, 180.3 —0.70 0.98

* Proton affinities are in kecal/mol and were obtained from ref.19; binding
energies for 35°C in kcal/mol.

b Calculated by assuming that the difference between the proton affinities
of CH;CH,CO.Et and CH3CO, Bt is the same as the difference of 3.2 keal/mol for
CHZ;CH,CN and CH;CN.

¢ Caleulated from the proton affinity of acetone and the decrease in proton
affinity of 3.3kcal/mol observed upon introduction of an o-bromine in
CH3C0,8%; 8. R. Smith and T. D. Thomas, J. Amer. Chem. Soc. 100, 5459
(1978).

d Estimated from the 8-CF; effect of 10.4 kcal/mol (footnote e) and the
proton affinity of CH3CH,CO,CH,CH; (footnote b).

e Calculated from the proton affinity of CH;CO,CH,CH; and the decrease in
proton affinity of 10.4 keal/mol between HCO,CH,CH; and HCO,CH,CF;.

related compounds!?. Table3 also reports the free energies of
complexation for the adamantane derivatives with Eu(fod)s.

While the data in Table 3 indicate a qualitative correlation between
proton affinity and LSR binding constant, a more quantitative
assessment of the relationship is available from Fig. 1, which shows a
plot of these for a restricted group of compounds (ketones and esters).
These derivatives were selected since they all coordinate with the shift
reagent at carbonyl oxygen and thus provide a series of compounds for
which changes in steric environments are minimized. Fig. 1 demon-
strates a very clear correlation between proton affinity and shift
reagent binding ability; the mean deviation of the A ¢ values from the
least squares line is 0.8kcal/mol. This is somewhat larger than the
+ 0.4 kcal/mol suggested for the uncertainty in our equilibrium mea-
surements and indicates that the correlation is only approximate.
Nevertheless, useful information about the binding ability of other
functional groups can be obtained from this plot.
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For example, the nitrile derivatives 8 and 16 would be predicted to
have equilibrium constants in the range of 10-50 M~ based on the
proton affinities of 8m and 16 m. The observed values are somewhat
larger, even when experimental error for 8 (Table 2) is considered ; this
discrepancy may reflect a difference in steric environment of the nitriles
relative to the esters as well as a basic difference in the coordination at
nitrogen vs oxygen. On the other hand the proton affinities of a variety
of simple aliphatic nitriles20 fall in the range of 188-194 keal/mol,

AE (#cal mol)

2 ! I
780 790 200
Frofon Aty (#cal Tnol)

Fig. 1. Correlation of proton athinities of methyl substituted derivatives with
the free energies of binding between the corresponding 1-adamantyl derivatives
and Eu(fod);. The line is that obtained by linear regression analysis of all points

corresponding to a range of equilibrium constants of 10-200 M~ which
agrees well with the other data for nitriles reported in Table 2.
Despite its approximate nature the correlation shown in Fig. 1
permits the prediction of whether a particular functional group will
bind “weakly’ or “‘strongly”” to Eu(fod);. Thus the high proton affinity
of amides?! allows the prediction that this functional group will also
bind strongly with a shift reagent, in agreement with the data for 6 in
Table 1. Similarly, the substantially decreased equilibrium constants in
Table 1 which are observed for fluorine substitution is in accord with a
large decrease in the analogous proton affinities!®. The Figure also
suggests that functional groups with proton affinities of less than
approximately 180kecal/mol should fail to interact with Eu(fod),, as is
indeed the case with simple organic halides. An important exception to

4 Monatshefte fiir Chemie, Vol. 111/1
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this correlation arises in the case of sulfur derivatives, which bind far
more weakly to LSRs than do their oxygen analogs8: 22; the correlation
shown in the Figure would have led to the opposite prediction. This
amomaly appears to result from the fact that proton affinities are gas
phase measurements. In aqueous solutions the oxygen analogs are
considerably more basic.

The equilibrium constants we have obtained for the interaction of Eu(fod),
in CCly with a variety of substrates permits the comparison with the results
obtained by others. Although few groups have measured equilibrium constants
accurately, and frequently both shift reagent and solvent have been changed,
Bougquant and Chuche?.24 have studied several substrates with Eu(dpm); which
have also been investigated with Eu(fod);. For 3a,4,4-trimethylcholestan-33-ol
in CCl, they reported an equilibrium constant of 63 + 4 with Eu(dpm);24® and a
value which was larger by an order of magnitude with Eu(fod);23:24. They also
studied two substrates in both CDCl; and CCl, finding equilibrium constants
which were about fivefold larger in CCl, in both cases; we have observed
comparable solvent dependencies in our work®. On this basis we can consider
the different binding abilities of Eu(dpm); and Eu(fod); for substrates 19-22.
Assuming the solvent effect (CDCl; is more polar than CCl,) to cause a fivefold
change in the binding constant, data for the two secondary alcohols 19 and 20
suggest that Eu(fod); has binding constants which are larger by a factor of 4-6.

19 20 21 22

K,y

Eu(fod)s, -
oL 5,345 10,061 614 209

[Ref4]
K,

Eu(dpm)Ba
CDot, 252 324 127 72

[Ref.24¢]

However, the values for the tertiary alcohols are quite similar, and it is not
clear whether it is the solvent effect or difference between Eu(dpm); and
Eu(fod); which has been compressed. Nevertheless if would appear that a
decrease in binding constant of up to a factor of 10 can generally be expected
upon substituting Eu(dpm); for Eu(fod)s.

Conclusions

The correlation of lanthanide shift reagent binding ability and gas
phase basicity of various functional groups permits a qualitative
prediction of the LSR-substrate interaction to be expected in a shift
reagent experiment. The association constants observed for Eu(dpm);
are approximately a factor of ten smaller than those observed for the
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fluorinated shift reagent, Eu(fod)s; knowledge of this change in Lewis
acidity will facilitate the choice of the most appropriate shift reagent in
any particular experiment.

The introduction of electronegative substituents in the vicinity of
the binding site causes a large decrease in the equilibrium constant for
association with LSR. In the case of alcohols, conversion of a hydroxyl
group to the corresponding trifluoracetate affords a group with binding
constant of less than unity. This provides concrete support for the idea
that trifluoroacetates and other fluorinated esters may be used as
blocking groups for shift reagent studies with polyfunctional

compounds?c. 2,
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Experimental

Nuclear magnetic resonance spectra were obtained using Varian EM-360
and A-60 spectrometers. All spectra were recorded at either 600 Hz (EM-360) or
500 Hz (A-60) sweep widths. Chemical shifts were measured relative to internal
T M S and sweep widths were calibrated with an external audio oscillator. When
the widths of the spectra exceeded the sweep widths, offset spectra were
recorded and peak positions were measured relative to a 7MS audio side band.

Shift reagent runs utilized the incremental dilution method4 in which a CCl,
solution containing both shift reagent (0.6) and the substrate (0.2.M) is
successively diluted with a 0.2 CCl, solution of the substrate. Thus the
concentration of the substrate remains constant at 0.2, while the con-
centration of the shift reagent decreases with each dilution. The precise
concentrations of shift reagent and substrate were determined gravimetrically
for each sample by weighing the sample tube after each dilution, and spectra
were recorded for a total of ca. 25 different concentrations of shift reagent.

Bounds shifts and equilibrium constants were calculated wia nonlinear
regression analysis as described by Shapiro and Johnston4.

Compounds 1-18 were either commercially available or were readily
prepared by standard reactions (e.g., esterification or solvolysis) of com-
mercially available materials. Eu(fod); was purchased from Aldrich Chemical
Co. (EuFOD™ 4 16,093-8) and was sublimed (160-165°C, 0.05Torr) and
stored in a vacuum dessicator over P,0O; for at least 48 h prior to use.
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