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Simplified NMR Spectra of Bifunctional Tropanes Induced by the 
Paramagnetic Shift Reagent Tris (dipivalomethanato) europium (111) 

GARY S. CHAPPELL’, BERNARD F. GRABOWSKI, ROBERT A. SANDMANN, 
and DAVID M. YOURTEE 

Abstract IJ Tris(dipivalomethanato)e~opium(llI) has beem used as 
an NMR shift reagent to obtain simpli6ed spectra of tropine, 

of coordination was secondary amine > secondary alcohol > 
tertiary amine h ketone. 

. . .~ 
systems containing two different heteroatoms. The observed order tra of bifuictionai tropanes 

Tris(dipivalomethanato)europium(III) (I) has been the 
most extensively studied of the NMR shift reagents now 
available. This reagent produces paramagnetic shifts 
that remarkably simplify the NMR spectra of com- 

pounds containing heteroatoms for coordinative bond- 
ing with the reagent lanthanide. 

The europium deshielded NMR represents a time- 
averaged spectrum between free substrate molecules 
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Figure I-Pseudotropine (11) at 60 MHz. in deuterochloroform. Key: top, without I treatment; and bottom, shijied spectra resulting at 0.35 mole 
ratio 1/11. Numbers immediately below proton assignments represent the relatiw rates of proton shvt between 0.2 and 0.8 mole ratio (A6 X 10'). 
The alignment with the europium complex and the conformation indicated in the molecular diagram are discussed in the text. 

and those associated with the shift reagent through lone- 
pair electrons. The paramagnetic shifts induced in com- 
plexes of europium appear to be the result of a pre- 
dominately pseudocontact mechanism and do not ap- 
preciably broaden peaks or affect the spin-spin cou- 
pling constants as proton signals are shifted. The pseudo- 
contact expression given in simplified form is: 

(Eq. 1) 

where AHt is the average shift defined as the difference 
in resonance position for the ith substrate proton in the 
paramagnetic complex and in the diamagnetic ligand. 
K is a constant incorporating in part the g tensor anisot- 
ropy and is a characteristic of the lanthanide under 
consideration. K is assumed to have the same value for 
all protons of a substrate molecule. xr is the angle be- 
tween the ith proton and the principal axis, and rf is the 
distance from the ith proton to the europium atom1 
(1 -9). 

Since pseudocontact shifting of NMR spectra offers a 
simple approach to stereochemical problems, it is useful 

* Pseudocontact is defined as the interaction arising from the com- 
bined action of an anisotropic p tensor and a through space dipolar 
hyperfine coupling (as opposed to a through bond spin deloca@d 
hyperflne contact mteracuon). The lanthanide has a short electron spin 
lattice relaxation time, contributing to inefficient proton relaxation and 
little line broadening. 

to assess the effect of such reagents on a wide variety of 
compounds of biological activity. In conjunction with 
our interest in the preparation of centrally acting bi- 
cyclic amine derivatives (lo), investigations were begun 
on the effect of europium complexes on this class of 
compounds. Previously, Ohashi et al. (1 1) investigated 
the effect of small upfield and downfield contact shifts 
on some tropanes. The current paper reports the effect 
of I on 3-hydroxy- and 3-ketotropanes (11-VI). This 
series is attractive in that it (a) offers the possibility of 
much needed simplification while it (b) tests the more 
practical utility of the shift reagent in resolving questions 
of stereochemistry when the substrate contains dis- 
similar heterobifunctionality with some con formational 
mobility present. 

The 60-MHz. NMR spectra of 3-substituted tropanes 
(e.g., Fig. 1, top) show methine (a) and bridgehead (d) 
protons as clearly spaced absorptions. The hydroxy 
proton may be revealed depending on concentration. 
The N-methyl of tropane is seen as a sharp singlet; how- 
ever, in simple derivatives this signal is found within an 
uninformative envelope of nearly coincident methylene 
protons (b, c, and e, f). The closely spaced methylene 
envelope leaves detailed spin decoupling analysis with 
much to be desired. 

Most pseudocontact studies have shown the effect on 
compounds containing only one type of heteroatom. 
The tropane series with two different heteroatoms con- 
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Figure %The W M H z .  shifted spectra of IV and 111 as occurring at 0.75 mole ratio Ilsubstrate. Numbers immediately below proton assignments 
represent A6 as in Fig. 1. The upfield half of resonance for proton b (bottom) was taken from the spectrum at a mole ratio where d and b reso- 
nunces were independent. Resonance for proton e wus similarly obtained. 

stitutes a practical “intramolecular competition” ex- 
periment* and tests the ability of the shift reagent to be 
selective enough in complexation to yield interpretable 
NMR spectra. In this regard the tropanes are particu- 
larly good models for study. With I, only one deshielded 
signal would be expected for each type of proton (e.g., 
grouping for d integral = 2) since a plane of symmetry 
exists through both heteroatoms. An additional practical 
test of the usefulness of the shift reagent comes about 
through the conformational mobility at C-2 and C-4 of 
tropane and the axial-equatorial orientation possible 
about trivalent nitrogen. 

The pseudocontact deshielded spectra should lead to 
structural information on two levels of sophistication. 
First, as an “empirical approach,” the deshielding pro- 
cess should expose spin-spin coupling constants (J)  that 
would allow assignment of predominate conformers in 
a relative manner, i.e., in comparison to Karplus’ (22) 
interpretations. This advantage, so long as resonance 

f Hart and Love (12) pointed out the importance of accumulatin 
information regarding preferred sites of complexation and reportd 
effects of I on morpholine and several other polyfunctional molecules. 
During the time this research was underway, Fleming er al. (13) re- 
ported the effect of I on the spectra of hydrox acids. Other r orts 
that have a peared regarding pol functionaf substrates incq)ude: 
Hinckley cr a[ (14) on testosterones, fjan and Visser (15) on furanones. 
Osashi cr a/. (16) on contact shifts in nicotine. Brederode and Hu mans 
(17) on bis(4-aminocyclohexyI)methane, Taylor and Walters 4 8 )  on 
nitrogen-phos horus bidentate ligands, Skoli!c ct 01. (19) on Iupanine. 
Tronchet er u f ( 2 0 )  on sugar oximes, and Farid er al. (21) on hydroxy- 
oxetans. 

lines are sharp and unperturbed by induced conforma- 
tional changes, is realized whether the exact mechanism 
producing the shifts has been correctly understood or 
not. Secondly, as a “parameter approach,” the europium- 
proton distances could, if theory is correctly inter- 
preted, be calculated from the rate of proton shift for a 
refined stereochemical outline. Shift data from con- 
formationally immobile substrates having constant 
average europium-proton distances have been used on 
numerous occasions for testing the second approach. In 
these cases, data demonstrate a linear relationship be- 
tween the rate of proton shift and the concentration ratio 

amino alcohols amino ketones 

111: R, = a-OH, Rz = CH3 VI: R,, a = ( = O ) . R ,  = €I 
IV: 

11: & = P - O H .  R , = C H ,  V: R,, u = ( = O ) , R , = C H ,  

R, = a-OH, R, = I1 
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of shift reagent to substrate (e.g., 21,23). Hinckley et al. 
(14) appropriately emphasized the cautions and difficul- 
ties in the latter approach for bifunctional substrates. 
Accordingly, it was desired to test the parameter ap- 
proach in greater detail and to set the stage for further 
reports by offering here the results with the “empirical 
approach.” 

EXPERIMENTAL 

Substrates-Nortropine (IV) was prepared by the method of 
Willstiitter (24) and was found to be identical to a product prepared 
by the method of Purine (25). Pseudotropine (11) was prepared by 
lithium aluminum hydride reduction of tropinone (V) (26) and 
independently from tropine (111) (27). Purification was by silica gel 
column chromatography and sublimation. Analysis was within 
accepted limits. Nortropinone (VI) was prepared from 2,Sdi- 
rnethoxytetrahydrofuran and acetonedicarboxylic acid (28) and 
was confirmed as its N-benzoyl derivative. 

Other compounds used were purchased as authentic’ and then 
recrystallized or redistilled to literature purity as required. 1-Methyl- 
Cpiperidone, pseudopelletierine, and 3-quinuclidinone were also 
treated with I or the more soluble tris(l,l,l,2,2,3,3-heptafluoro- 
7,7-dimethyl-4,6octanedione)europium (VIII), and their shifted 
spectra were found useful in the interpretation of results presented 
in this paper. 
NMR Investigation-All NMR work work was performed on a 

60-MHz. spectrometer‘. Deuterochloroform, used as solvent, was 
dried over preheated (120’) 4-A molecular sieves to remove traces 
of acid which might decompose the reagent complex. Chemical 
shift values reported are relative to internal tetramethylsilane (VII) 
and are in parts per million. Coupling constants (J) are reported in 
hertzes. 

Substrate concentrations ranged from 1.4 to 1.9 X 10-4 mole in 
0.4 ml. deuterochloroform. Compound V and pseudopelletierine and 
I11 and I1 were run at the same mole concentrations of 1.46 and 
1.91 X 10-4 mole, respectively. Study compounds were analyzed 
at  suocessive additions of 5-15 mg. of I for six to 12 additions, de- 
pending on solubility and the need to separate coalescing peaks for 
spin decoupling dictated by each substrate. Sample tubes were 
warmed after each addition of I to effect solution. Solutions wue 
allowed to equilibrate to probe temperature before recording shifted 
spectra. Sample solutions of tertiary amino ketones gave the lowest 
solubility (shift reagent/subtrate mole ratio of 0.53 for V). Solu- 
tions of secondary amines and tertiary amino alcohols permitted 
mole ratios6 close to  1 .O. 

Proton assignments were based on integration and spin de- 
coupling of suitably shifted spectra for each compound and aided 
by comparisons among substrates. Resonance from the tertiary 
butyl absorption of the europium reagent complex appeared up- 
field of V11 in all cases except VI and pseudopelletierine. In these 
cases, reagent absorption moved from just downfield of VII to 
upfield of VII after several additions of reagent complex. VII was 
easily located in all spectra. In the usual manner to aid in interpreta- 
tion of results, the data generated from shifted spectra were plotted 
on coordinate axis, with the shift of each proton in 6 (p.p.m.) units 
as the ordinate and I/substrate mole ratios as the abscissa. The A6 
values reported were abstracted from these plots. 

RESULTS AND DISCUSSION 

NMR work with deuterium chloride salts has shown that the N- 
substituent in tropanes is predominantly equatorial. On quaterniza- 
tion, the small proportion of N-axial conformer present reacts faster 
to yield a large proportion of product in which the entering group 
takes up the equatorial position (29). In recent years there has been 

8 Aldrich Chemical Co. and K C K Laboratories. ‘ Varian Associates T-60. * The low solubility of I-substrate complex in deuterochloroform for 
the compounds in this study prevented evaluation to the limit of satura- 
tion of both functional groups. However, 3-quinuclidinone, tro ine and 
sevepl other substrates were treated with the more soluble &I,’per- 
mittmg evaluation, through a 2-mole ratio. These results will appear 
in a future publication. 

considerable research regarding the conformation of the tropane 
piperidine ring. 

Early X-ray analysis of I1 free base and tropine hydrobromide 
indicated a chair conformation for both of these compounds (26, 
30). IR spectral evidence is contradictory with regard to intramolec- 
ular hydrogen bonding in 11 (31, 32). Dipole moment studies in 
conjunction with an NMR investigation of partially deuterated 
tropanes led to the conclusion that a-substituted tropanes (e.g., 
111) probably exist with a major proportion in the deformed chair 
and a minor proportion in the boat form. 38-Substituted derivatives 
such as the 3-cyano derivative were postulated to exist in the chair 
form. Conclusions were aided by observations of spin-spin coupling 
of the exposed rnethine proton as viewed in light of the Karplus 
rule. Deuteration permitted the approximate assignment of methy- 
lene protons, but the protons of the methylene envelope were not 
used to refine conclusions (26). 

More recent X-ray analysis coupled with NMR work indicated a 
deformed chair for I1 (33). Because of the replacement of 68- and 
78-protons by oxygen in scopolamine and scopine, C-2 and C4 
methylene protons are more evident in the NMR and determination 
of conformation becomes more conclusive. An elegant study of 
these derivatives, using spin decouphg at 60 MHz., defined J 
values and fortified the conclusion that a-substituted tropanes exist 
in the chair form with some distortion (34). Contact shift studies 
noted the differences in both upfield and downfield shifts induced 
in 1,4-dimethylpiperidine on the one hand and those occurring in 
tropinone and 3-tropine esters on the other. Results led to the 
conclusion that the tropanes exist in a nearly semiplanar form (1 1). 
Our results with the effect of I on tropanes are in general agreement 
with recent findings of distorted chair forms for the a-tropines and 
tropinones. Compound I1 also appears to exist predominately in a 
distorted chair form. 

A Lewis acid-base relationship exists between a europium com- 
plex and substrate (3). Selective association between I and the two 
different heteroatoms would be expected (1 2). Work with molecular 
models in consideration of the rate of shift found among the protons 
in the substrates studied and the required relative proton-europium 
distance6 indicates that tertiary amino alcohols associate with eu- 
ropium oiu the hydroxy function whereas secondary amino alcohols 
associate with the nitrogen atom, Amino ketones appear to asso- 
ciate with the amine function. The latter relation was more apparent 
in VI and 1-methyl-4-piperidone than in V. The results do not con- 
clusively rule out bidentate behavior for the ligands of V at the low 
mole ratio obtained with 1. However, as a result of the complexation 
encountered, an adequate separation of proton resonances was 
evident among shifted spectra. All protons were seen as unique 
absorption for each compound studied (Figs. 1-3), except for the 
e andfresonances of I1 and IV. 

Amino ketones exhibited linear plots of mole ratio wrsrrs chemical 
shift throughout the range of study permitted by solubility of the 
europium complex in deuterochloroform. Amino alcohols, how- 
ever, showed slight curvature for some protons on these plots. 
This result could be taken as an indication of conformational 
change induced by the paramagnetic shift reagent or as a slight 
change in the predominate bonding equilibrium of the paramagnetic 
shift reagent between the two basic sites in the molecule. There is 
evidence that slight deviation from linearity is not a result of in- 
duced conformational changes. Conformationally free I-methyl-4- 
piperidone gave linear results. The conformational mobility of this 
derivative was clearly evident in shifted spectra wherein, as a result 
of conformer averaging, no resolution was obtained between axial- 

6 Alignment of the tropanes with europium was immediately apparent 
because of variation inherent in the series. Results have usually been 
interpreted considering the angular factor as invarient with r estimated 
from A6 values. The importance of the angular variable has been 
demonstrated (I). Although it is clear that the induced shift decreases 
with increasing distance between the proton and coordinating function- 
ality, the exponent of r has been questioned (19). Bri s cf al. (36) 
fointed ouf that, for a otentially bidentate ligand, %e geometric 
actor requires two angurar variables. Poly(monodentate) molecules 

may require weighted means of shifts expected for the various modes of 
coordination with the lanthanide. Dew norrocks er al. (37) suggested, 
from X-ray crystallographic results with the aght-coordinate bM4- 
picoline) adduct, of 2,2.6,6-tetramethylhepta~ne-3,5-dionatoholmium, 
that the assumption of axial symmetry for shift reagent adducts may 
not be totally valid and detailed structural inferences should be made 
cautiously. We have thus avoided reporting empirically derived specific r 
values and prefer to subject data to careful computer analysis before 
reporting this aspect. 
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Figure 3-Protons of VI and V as occurring at 60 MHz. in deutemhlomform solution containing 0.40 mole ratio Ilsubstrate. Numerical data 
ham the same meaning as in Figs. I and 2. 

equatorial protons of a methylene set. Moreover, no conformational 
change was found for the tropanes, as best evidenced by the failure 
of exposed protons to change significantly' in peak width or coupling 
constant from the normal deuterochloroform spectrum to the final 
addition of reagent. It has been shown that contact shifts are more 
important near the point of complex-substrate association (9). 
Results with the methine protons of I11 and 11, which are geminal 
to the associating heteroatom, show that contact contribution was 
insufficient to alter J values significantly. Detailed results in line 
with empirical approach to data interpretation are presented below. 

Amino Alcohds-The NMR of I1 (Fig. 1) without I revealed the 
methine resonance as a broad multiplet (W 112 = 24Hz.). On addi- 
tion of I. the methine remained as a broad multiplet (W 1/2 = 24 
Hz.). The coupling constants were found to be J& = 12, J., = 6, 
J d  = 12, JM = 2, and Jld = 3. These data suggest a slightly distorted 
chair conformation. The coupling constant J ,  = 6 is somewhat 
larger than is normally observed for axial-equatorial coupling 
(2-4 Hz.) in chair cyclohexane. This can be explained by a closing 
of the dihedral angle between Ha and Hc from 60 to  40" which, 
according to the Karplus rule, would give a larger coupling constant. 
This closing of the angle leads one to describe the conformation as 
a slightly distorted chair. The data of the present study are in agree- 
ment with crystallography studies (33). Shifts are in tbe order OH >> 
Ha >> Hb > Hc >> Hd > N - C H I  > Hef. A study of molecular 
models shows that these shift r a m  require europium-proton dis- 
tances as indicated in the molecular diagram and evidence associa- 
tion aia the hydroxy function (Fig. 1). 

Both IV and JII (Fig. 2) presented the methine proton in deutero- 
chloroform as a simple triplet, J d  - 4, Joe < 1 .These values remained 
constant in shifted spectra. On deshielding, the following additional 
J values were determined for the resulting AMXY system of the 
piperidhe ring of the deshielded tropines: Jk = 15, J ,  and l e d  < 

1, and JM = 4 (JM was not measurable in 111). According to the 
Karplus curve, Jab and JM on the order of four or five dictate a 40" 
dihedral angle between these proton sets. J ,  and Jcd < 2.0 would 
indicate a dihedral angle on the order of 80" for the two a-sub- 
stituted derivatives 111 and IV. For IV ,  the relative rates of shift 
found were Hd > Hb > Ha 'v Hef > Hc, suggesting predominant 
alignment with the europium ion aia the nitrogen function during the 
5 s t  mole of reagent addition. A distorted chair form is at least in 
concert with the observation that the shift rate of H b  is greater than 
Ha, while the rates for He and Hf are nearly equal and greater than 
Hc. 

The relative rates of sbift for tropine suggest the alignment in 
Fig. 2. The comparative shift rate for tropine protons was found to  
be H a >  Hc> H f >  Hb> Hd> He> N-CHI.  A boat form for I11 
would require Hc> Ha, while a chair requires H d >  He. Thus, an 
empirical evaluation of the rate of shift is in relative agreement with 
the conformation indicated by exposed coupling constants. Meas- 
urement of the europium-proton distance and the angle factor 
would really be required to discriminate further. 

Amino Ketones-Spectra of VI and V (Fig. 3) may be interpretated 
in light of the deshielded ABX coupling revealed on addition of the 
shift reagent. The following J values were determined: J ~ c  = 16. 
JM (IV) = 4, JM (V). = 3, and J c d  < 1 for both derivatives. These 
data are consistent w t h  dihedral angles Hd-Hb of 40" and Hd-Hc 
of 80", the conditions for a distorted chair form. The rates listed in 
Fig. 3 appear to be in line with a distorted chair conformation for 
the amino ketones. The rates for VI evidence. alignment of europium 
ion with the secondary amine function. Rates for V suggest associa- 
tion with the tertiary amine, although both ligands could be simul- 
taneously involved during the first mole ratio of I addition (from 
the crude data). 

CONCLUSIONS 

7 Compound I is expected to induce a broadening of at least 0.003 
Hz./Hz. of shift (38). 
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Compound I was found to be a useful NMR shift reagent capable 
of simplifying the NMR of bifunctional substrates, thus allowing 



for the solution of stereochemical problems from a purely empirical 
approach. In accordance with the Karplus rule, use of the shift re- 
agent permitted an independent proof of previous indications that 
a distorted chair form predominates in the conformational equilib- 
rium of P- and /3-tropines and tropinones. At mole ratios of I/sub- 
strate of less than 1.0, it was possible to observe substrate ligand 
bonding orders of secondary amine > secondary alcohol > tertiary 
amine 1 ketone. 
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