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Abstract: Lanthanide shift reagents have been successfully used to induce shifts in the NMR spectra of a series of diamagnetic 
metal complexes of 02N2-donor quadridentate ligands; the ligands were prepared by condensation, in a 1:2 molar ratio, of eth-
ylenediamine, propylenediamine, or 2,3-diaminobutane with a 0-diketone. By choice of appropriate complexes it has been pos
sible to demonstrate the influence of both steric and electronic effects on the lanthanide-induced shifts. The results indicate 
that 1:1 adduct formation occurs with the lanthanide ion coordinated in a bidentate fashion to the cis-oxygen donor atoms of 
the respective metal complexes. The technique has formed the basis for a conformational study of the nickel(II) complex of 
the ligand obtained by 2:1 condensation of acetylacetone and propylenediamine. The results confirm a previous observation 
that the backbone methyl group in this complex occupies an axial position. An NMR investigation of the interaction of an opti
cally active shift reagent with the above complex (as well as with the rac and meso isomers of the analogue derived from 2,3-
diaminobutane) indicates that the technique can be extended to the study of suitable complexes which incorporate chiral cen
ters. Apart from their intrinsic interest, these studies also demonstrate the suitability of certain classes of inorganic coordina
tion complexes for examination by an NMR technique which has remained primarily in the hands of organic chemists. 

Lanthanide shift reagents (LSRs)1 such as Eu(fod)3 have 
been routinely used to simplify the NMR spectra of organic2'3 

and, to a lesser extent, organometallic4 compounds. However, 
provided suitably positioned heteroatoms are present in the 
ligands, LSRs may also be applied to the study of coordination 
compounds. This has been demonstrated previously for a few 
isolated complexes.5 

As part of a general investigation of the use of LSRs to study 
bound organic ligands in diamagnetic coordination complexes, 
the effects of added shift reagent on the NMR spectra of metal 
complexes of type I have been studied. The complexes were 
chosen because they are diamagnetic, soluble in CDCI3, and 
possess two oxygen donor atoms which have lone pair electrons 
available for further bonding to the LSR. Further, a consid
erable number of different compounds of this type are readily 
prepared and are thus available for comparative NMR studies. 
We now report an investigation of the effect of LSRs on the 
NMR spectra of a range of such complexes. 

R 
CH, 
CH3 
C2H5 
'-C3H, 
1-C4H9 
C-C4H9 
C6H5 
CF3 

R' 
H 
CH3 
H 
H 
H 
H 
H 
H 

Abbreviation 
M (Meaen) 
M (Meapn) 
M (Etaen) 
M (i-Praen) 
M (i-Buaen) 
M (f-Buaen) 
M(Phaen) 
M (TFaen) 
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Experimental Section 

Reagents and Handling Techniques. Eu(fod)3, Pr(IOd)3, and 
Eu(dpm)3 were obtained from Pierce Chemical Co; for each, the 1H 
NMR spectra exhibited a sharp symmetrical peak for the tertiary 
butyl groups and no additional tert-butyl resonance appeared during 
the respective shift reagent runs. This is a reliable criterion of adequate 
purity for use of these reagents for quantitative measurements.6 The 
optically active LSR, tris[3-(heptafluoropropylhydroxymethylene)-
</-camphorato]europium(III), (+)Eu(fpc)3, was obtained from 
Willow Brook Laboratories and was used as received. 

Deuterated chloroform (CDCI3) was obtained from Koch Light 
Laboratories and was stored over magnesium foil or freshly dried 
anhydrous sodium bicarbonate to remove any phosgene or hydrogen 
chloride.7 The CDCl3 was dried over Linde 3A molecular sieves for 
several days7 before use in the experiments involving estimation of 
stability constants. For these studies the shift reagents were dried at 
100 0C in vacuo over P4O10 for 24 h before use to yield the anhydrous 
reagents.8 All operations involving transfer of dry shift reagents were 
performed in a glove box filled with dry nitrogen. All glassware was 
preheated in an air oven and kept in a desiccator before use. For the 
quantitative measurements mentioned previously, the shift reagent 
runs were performed in the following manner. The substrate (metal 
complex) was dissolved in CDCI3 (0.5 ml) in the NMR tube and LSR 
was then added directly (in a dry N2 atmosphere). The NMR tube 
was capped and the solution was then mixed thoroughly; the spectrum 
was recorded after allowing 10 min for the solution to reach thermal 
equilibrium inside the NMR probe. 

The 1H NMR spectra were recorded at 100 MHz using a JEOL 
JNM-NH-100 spectrometer. The 13C NMR were determined at 
Roche Research Institute of Marine Pharmacology (Sydney) using 
a JEOL JNM FX-60 spectrometer in the Fourier transform mode. 
Chemical shifts were measured relative to tetramethylsilane (TMS) 
as internal standard. 

LSR-adduct formation constants were computed on a DEC-IO 
computer by an interactive (nonlinear least squares) procedure similar 
to that described elsewhere;9 we thank Dr. K. Adam (James Cook 
University) for his help. 

Preparation of the Compounds. The complexes Ni(Meaen), Ni-
(Meapn), Ni(Phaen), and Ni(TFaen) were prepared by published 
methods and their purity checked by 1H NMR spectroscopy;10 the 
melting points of all complexes agreed with the literature values. The 
preparation and characterization of other compounds of type I (in
cluding details of an x-ray structural determination on the compound 
with R = /-Bu, R' = H) are described elsewhere." All compounds 
were dried in vacuo over P4O10 before use; all new compounds gave 
satisfactory elemental analyses. 

4,9-Dimethyl-5,8-diazadodeca-3,9-diene-2,11 -dionatoplatinum-
(II), Pt(Meaen), was prepared according to the published method,10 

mp 246 0C dec (lit.10 247 0C dec). 
4,9-Dimethyl-5,8-diazadodeca-3,9-diene-2,11 -dionatopalladi-

um(II), Pd(Meaen), was also prepared by the published method,10 

mp 228 0C (lit.10 228 0C). The purity of both Pt(Meaen) and 
Pd(Meaen) was confirmed by their respective 1H NMR spectra.12 

4,9-Dimethyl-5,8-diazadodeca-3,9-diene-2,ll-dithionatonickel(II), 
Ni(MeSaen), was prepared by the published method13 and its purity 
was confirmed by means of its 1H NMR spectrum. 

4,9-Dimethyl-5,8-diazadodeca-3,9-diene-2,11 -dithionatoplatin-
um(II), Pt(MeSaen), was prepared by a similar method to that used 
for the above compound. The 1H NMR spectrum showed singlets at 
6.02 (2 H, =CH—), 3.66 (4 H, -CH2-), 2.12 (6 H, CH3), and 1.92 
ppm (6 H, CH3). All peaks showed satellites resulting from coupling 
with '95Pt; the 7pt-H coupling constants were small (ca. 5-6 Hz) for 
all peaks except the diimine bridge proton resonance where J =* 20 
Hz. 

Preparation of Compounds Derived from Propylenediamine and 
2,3-Diaminobutane. Optically pure .R-propylenediamine was separated 
from /?S-propylenediamine by the published method14 and optically 
active Ni[Meapn] was prepared from it as outlined previously.10 

2,3-Diaminobutane was obtained by reduction of butane-2,3-dione.15 

The meso and rac forms were separated as previously described15 and 
the purity of their hydrochloride salts was confirmed by their re
spective 1H NMR spectra.16 The general procedure10 was used to 
prepare the required meso and rac metal complexes. 

Results and Discussion 

The Nature of the Interaction. The 1H N M R spectrum of 
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Figure 1. Lanthanide-induced shifts (LIS) induced by Eu(fod)3 in the 
1HNMR spectrum of Ni(Meaen) in CDCl3. 

Ni(Meaen) in deuteriochloroform has been previously de
scribed12 and contains singlets at 1.87 (CH3), 3.07 ( -CH 2 - ) , 
and 4.89 ( = C H — ) ppm. On successive additions of Eu(fod)3 

to a solution of this compound, the proton resonance shifts il
lustrated in Figure 1 occur. As is normally observed,3 Eu(fod)3 
causes downfield shifts for each proton resonance and the 
relative magnitudes of the shifts suggest that the LSR interacts 
with the cis-oxygen atoms of the coordinated ligand. 

As the LSR is added, the original methyl peak (12 protons) 
at 1.87 ppm is split into two peaks (each of 6 protons) and one 
of these peaks undergoes a larger induced shift than any other 
resonance (Figure 1). This latter peak is thus assigned to the 
methyl groups nearest to the LSR.17 Each resonance attains 
its limiting shift close to an LSR/substrate ratio of 1:1 and 
since no alteration of the shifts occurs when the ratio is much 
higher than 1:1 (Figure 1), this is evidence that the adduct 
formed between the complex and the LSR has a 1:1 stoichi-
ometry.6 '18 '19 Thus the interaction of the Eu(fod)3 with the 
nickel complex could either be monodentate and of type II or 
bidentate and of type III. The possibility that the interaction 
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Figure 2. Lanthanide-induced shifts (LIS) induced by Pr(fod)3 in the 
1H NMR spectrum of Ni(Meaen) in CDCl3. 

LIS e c 

Figure 3. Lanthanide-induced shifts (LIS) induced by Eu(fod)3 in the 
13C NMR spectrum of Ni(Meaen) in CDCl3. 

is monodentate and is associated with a rapid equilibrium 
between the oxygen donor sites on the nickel complex, as seen 
in II, cannot be dismissed on the present evidence. Neverthe
less, the ability of europium (and of the other lanthanide ions) 
to expand its coordination number from six to eight has been 
well documented,20-23 and the lone pair electrons associated 
with such cis-oxygen donors in related complexes have been 
shown to be capable of coordinating simultaneously to a second 
metal ion.24-26 Examples of bifunctional organic molecules 
acting as bidentate ligands toward LSRs are also known.27-31 

It is also pertinent that both Eu(fod)3 and Pr(fod)3 have been 
shown to self-associate (in CCI4) via bridging /3-diketone 
oxygen donors in a manner which appears quite similar to the 
reaction proposed here. 19In view of the above evidence it seems 
likely that structure III represents the most plausible model 
for the present interaction. Indeed, the relatively large for
mation constants found for the complex-LSR adducts (see 

H 

- >jf Y 
Ni Eu fod), 

^ N O 

H 

Figure 4. The possible result of contact contributions on the induced shifts 
in the NMR spectrum of Ni(Meaen) in the presence of Eu(fod)3: + in
dicates a contact shift parallel to the normal pseudo-contact shift direction 
and - indicates that it is in the opposite direction. 

later) may reflect the operation of the chelate effect which 
should occur for an interaction of type III. 

The lanthanide-induced shifts of the various protons are 
readily interpreted in terms of structure III; however, although 
a general trend of diminution of shift with distance from the 
LSR is apparent (Figure 1), a detailed analysis of the magni
tude of the shifts associated with bidentate systems of this type 
appears not appropriate31,32 in terms of the unusual McCon-
nell-Robertson equation.33 

The interaction of Pr(fod)3 with Ni(Meaen) (Figure 2) 
differs from the interaction of Eu(fod)3 with this complex in 
two respects. First, as is usually found for Pr(fod)3,4'5 most of 
the proton signals of the substrate experience upfield shifts. 
Second, the shifts are in general significantly larger than those 
found with Eu(fod)3. 

With Pr(fod)3, the protons of the chelate ring derived from 
ethylenediamine in Ni(Meaen) experience a downfield shift 
(Figure 2). This phenomenon of specific signals being shifted 
in an opposite direction to that normally observed has been well 
documented previously34'35 and in some instances has been 
postulated to arise from a change in sign of the angular term 
of the McConnell-Robertson equation.33 However, in other 
systems an observed reversal of shift direction has been 
attributed to the presence of significant contact inter
action.1'35-38 

In order to investigate further the possibility that a contact 
shift component contributes to the observed spectral shifts, the 
13C NMR spectrum of Ni(Meaen)39 in the presence of in
creasing amounts of Eu(fod)3 was recorded (Figure 3); it has 
been documented that contact interactions tend to contribute 
more readily to 13C NMR shifts than to 1H shifts.40 The pos
sible result of any contact shift contribution on the spectrum 
of Ni(Meaen) (after adduct formation with Eu(fod)3) is shown 
in Figure 4; the resonances of only three of the different carbon 
types present may be influenced by contact terms which oppose 
the usual direction of the pseudo-contact shift. Two of these 
carbon atoms (the two methyl carbons) are not directly part 
of the -K system and so should be less affected by contact in
teractions. Indeed, it is found that the resonances of both of 
these carbons show normal downfield shifts in the presence of 
Eu(fod)3 (Figure 3). In contrast, the central carbon of the 
chelate ring derived from acetylacetone may experience a 
contact interaction which opposes the normal pseudo-contact 
interaction (Figure 4). In this case the contact shift would be 
expected to be significant since this carbon does form part of 
the TT system. The opposite lanthanide-induced shift of this 
carbon (Figure 3) thus provides reasonable evidence that a 
contact contribution does operate in this system. 

If the above model for the interaction of the LSR with Ni-
(Meaen) is correct then a reduction of the induced shifts should 
occur if the steric crowding around the donor site of the sub
strate is increased by the presence of bulky substituents. A list 
of analogues of Ni(Meaen) which are derived from various 
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Table 1.1H NMR Spectral Shifts for Nickel(H) Complexes of the Type Ni(Raen) in the Presence of EuCfOd)3" 

R{a,&7)c 

Compd 

Ni(Meaen) 
Ni(Etaen) 
Ni(i'-Praen) 
Ni(f'-Buaen) 
Ni(f-Buaen) 
Ni(Phaen) 
Ni(TFaen) 

R 

Me 
Et 
i-Pr 
(-Bu 
?-Bu 
Ph 

CF3 

a 

9.3 
7.5 
0.3 
0.2 

8 

2.0 
1.4 
b 

0.1 

7 

0.9 

Limiting shifts 
= C H -

3.4 
3.2 
2.9 
2.8 
0.08 

Small shifts, see text 
No observed change 

CH3 

1.5 
1.4 
1.4 
1.3 
0.03 

-CH2-

0.1 
0.1 
0.4 
0.2 
0.04 

" In ppm downfield; ~1 M solutions in CDCl3 at 32 
protons on the carbon a to the C=O group etc. 

5C. * Resonance too broad and complex to allow resolution. c Where a designates the 

Table II. Summary of Eu(fod)3-Induced 1H NMR Spectral Shifts 
for Nickel, Palladium, and Platinum Complexes of Type 
M(Meaen) 

Figure 5. Comparison of the relative Eu(fod)3-induced shifts of the central 
protons of the O-N donor chelate rings in complexes of type Ni(Raen) 
with change of R. 

nonsymmetric /3-diketones is given in Table I. All of these 
complexes have been shown by NMR and mass spectral data 
[as well as an x-ray structural determination for Ni(r-Buaen)] 
to have the structure indicated" (see Table I); their behavior 
in the presence of Eu(fod)3 is also summarized in Table I. 

The behavior of Ni(Etaen) with Eu(fod)3 (Table I) is very 
similar to that of the parent compound, although the change 
from methyl to ethyl results in slightly smaller induced shifts 
for all protons of Ni(Etaen). The reduction in the induced shifts 
becomes increasingly evident for the complexes containing 
more bulky substituents. The order of the observed induced 
shifts was Me > Et > *'-Pr > /-Bu » Ph > ?-Bu and strongly 
implies that a steric factor is operating,41 although concomitant 
electronic changes may also influence the shifts (see later). 

Compd 

Ni(Meaen) 
Pd(Meaen) 
Pt(Meaen) 

CH3(O) 

9.3 
14.8 
11.9 

Limiting 
CH3(N) 

3.4 
3.2 
3.8 

Shifts" 
= C H -

1.5 
1.8 
2.2 

-CH2-

0.1 
1.2 
1.7 

" In ppm; ~1 M solutions in CDCl3 at 32 0C. 

Figure 5 summarizes the observed shifts for the central proton 
of each /3-diketone-derived chelate ring as increasing amounts 
of Eu(fod)3 are added. 

The importance of steric factors in influencing the induced 
shifts is further seen for the most hindered species Ni(:-Buaen) 
for which only negligible shifts were observed for all pro
tons.42 

The small shifts experienced for Ni(Phaen) when Eu(fod)3 
is added may also be a reflection of steric hindrance of the type 
discussed above, although in this case electronic effects could 
also strongly influence the magnitude of the observed shifts. 
The decreased lanthanide-induced shifts may reflect removal 
of electron density by the substituent benzene rings which thus 
make the donor oxygens poorer Lewis bases toward Eu-
(fod)3. 

To investigate the influence of electronic factors, the com
plex Ni(TFaen) (see Table I) was prepared since the relatively 
small CF3 group should withdraw electron density from the 
conjugated chelate ring and reduce the capacity of the oxygen 
donors to coordinate simultaneously to the LSR. Accordingly, 
no evidence for adduct formation was observed on addition of 
Eu(fod)3 to this complex in CDCl3.

43 

The interaction of Eu(fod)3 with other (d8) square-planar 
complexes of type M(Meaen), where M = Pd or Pt, has also 
been studied. The observed spectral shifts are listed in Table 
II as are the values for Ni(Meaen). It would be expected that 
the extent of electron delocalization will differ in the three 
complexes. The larger 5d orbitals of platinum and 4d orbitals 
of palladium should overlap to a greater extent with the ligand 
orbitals and hence a greater degree of electron delocalization 
is expected in these metal complexes. 

Any change in the electronic distribution of the ligand sys
tem will be reflected by a change in the contact shift contri-
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Figure 6.1H NMR spectrum (100-MHz) of Ni(Meapn) (in CDCl3) to
gether with the effects of addition of Eu(fod)3 on the chemical shifts of 
the respective resonances. 

Table [II. Values for Adduct Formation Constants0 

Compd 

Ni(Meaen) 
Pd(Meaen) 
Pt(Meaen) 
Ni(z'-Praen) 

AT1M-' [Eu(fod)3*] 

>1000 
900 ± 400c 

500 ± 200 
600 ± 200 

" At 32 0C for ~0.1 M solutions in CDCl3.
b Solvent, complex, and 

LSR rigorously dried (see Experimental Section). When undried 
solvent and reagents were used, significantly lower K values were 
observed in each case owing to competition of water for the LSR. 
c Assessed error. 

bution. As the delocalization increases, the contact shift should 
increase. Since the protons of the acetylacetone-derived rings 
of the ligand might be expected to show contact shift contri
butions in the same direction as the pseudocontact shift, it 
would be predicted that these proton resonances for the plat
inum and palladium complexes could experience larger 
downfield shifts than are found for the nickel complex. With 
one exception this is as observed (Table II).44 

Variation of the metal ion would also be expected to alter 
the respective formation constants for adduct formation with 
Eu(fod)3. Because of the greater electron delocalization when 
the metal is changed from nickel to palladium or platinum, the 
oxygen donor atoms may become "softer" and thus be expected 
to bind less strongly to the "hard" europium ion. Consequently, 
the value of the adduct formation constant (K) might be ex
pected to decrease in the order A"Ni > ATPd > Kp1. 

Figure 7. Changes in the 2.5-4.0-ppm region of the ' H NMR spectrum 
of Ni(Meapn) on successive additions of Eu(fod)3. 

Table III lists numerical estimates of AC computed from the 
respective lanthanide-induced shifts vs. mole ratio plots. Be
cause of experimental limitations in their determination, the 
K values are not of high accuracy; nevertheless, the values do 
suggest the above order.45 

For comparison, the estimated value of the adduct formation 
constant for Ni(;'-Praen) is also included in Table III. As ex
pected, the presence of the bulky isopropyl group in the vicinity 
of the donor site results in a significant lowering of the constant 
relative to the value for Ni(Meaen). 

Conformational Studies Involving Eu(TOd)3. In an attempt 
to extend the LSR study to conformational aspects of a selected 
inorganic complex, the spectrum of Ni(Meapn) (I: R' = CH3, 
R = CH3, X = H) was examined in the presence of varying 
amounts of Eu(fod)3. The 100-MHz 1H-NMR spectrum of 
this compound is shown in Figure 6. Except for the multiplet 
which arises from the diimine bridge protons (i.e., Hd, He, and 
Hf), the assignment of the spectrum is straightforward; the 
assignments given agree with those reported previously for this 
complex.12'46 

The changes which occur in the part of the spectrum arising 
from the diimine bridge (viz., the multiplet extending from 2.5 
to 3.5 ppm) on addition of successive amounts of Eu(fod)3 are 
shown in Figure 7. It is evident that the original multiplet 
separates into three distinct signals, namely, a doublet, a 
doublet of doublets, and a five-peak signal. The doublet is as
signed to the signal arising from Hd and the coupling constant 
of 12.8 Hz (which is characteristic of a geminal coupling 
constant) is taken as being Jde. Since this signal is a doublet 
there can be essentially no coupling of Hd to the remaining 
proton Hf and consequently J^ is taken as zero (see later). The 
doublet of doublets can be assigned to He since this is the ex
pected signal complexity for a proton coupled to two other 
nonequivalent protons (i.e., Hd and Hf). 

Based on the above assignments the coupling constant, Je{, 
can be estimated to be 5.6 Hz. Thus the remaining five-peak 
signal can be assigned to Hf and its multiplicity arises from it 
being coupled to the methyl group protons (Hg) and also to He. 
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Figure 8. Postulated first-order NMR coupling scheme for diamine 
backbone of Ni(Meapn). Insert: observed spectrum at 220 MHz. 

cT (ppm) 

Figure 9. (a) Observed 100-MHz spectrum of Ni(Meapn); (b) com
puter-simulated spectrum. 

The value 6.2 Hz for /fg is readily available from the splitting 
of the methyl signal. A summary of the proposed (first order) 
coupling scheme is given in Figure 8. 

For comparison with the expanded 100-MHz spectrum 
obtained on addition of Eu(fod)3, the spectrum of Ni(Meapn) 
was run at 220 MHz in the absence of Eu(fod)3. In agreement 
with the results from the shift reagent study, a similar spectral 
pattern for the backbone resonances (cf. Figure 7) was ob
tained at this higher frequency; the relevant portion of the 
220-MHz spectrum is reproduced in Figure 8. 

Thus by use of Eu(fod)3 to expand the spectrum it has been 
possible to obtain estimates of the four coupling constants in
volved in the part of the spectrum derived from the diimine 
backbone. In order to confirm the above assignments the rel
evant portion of the spectrum (in the absence of LSR) was 
simulated by means of the LAOCN HI computer program using 

05 10 

Mole Ratio [L]/[S] 

Figure 10. Lanthanide-induced shifts in the 1H NMR spectrum of a ra-
cemic mixture of Ni(Meapn) in CDCb in the presence of (+)Eu(fpc)3. 
(The signals arising from the protons d, e, f are obscured by the resonances 
of the LSR.) 

the coupling constants determined from the lanthanide-shifted 
spectrum. It is assumed in this approach that the observed 
coupling constants for the substrate-LSR adduct remain un
changed from those for the free substrate. Although this is 
often the case,47 it is not necessarily true for all cases.48 The 
chemical shifts were obtained by extrapolation of the appro
priate chemical shifts in the expanded spectrum to values at 
zero concentration of Eu(fod)3. The results of the computer 
simulation are shown in Figure 9; excellent agreement is found 
between the experimentally observed and the simulated 
spectra. The present assignments are in good agreement with 
those from a previously reported NMR study of this complex 
based on the INDOR technique.46 The authors of this study 
also concluded that the value of /df was close to zero and, by 
application of the Karplus equation,49 postulated the dihedral 
angle for Hd-Hf to be ca. 90°. They further postulated that this 
value could occur only if the conformation of the chelate ring 
derived from propylenediamine in Ni(Meapn) is such that the 
methyl group substituent occupies an axial position. The pos
tulated46 Newman projection along the backbone C-C bond 
of Ni(Meapn) is given below: 

The results of the present LSR study of Ni(Meapn) are thus 
in complete accord with the findings of the above earlier 
study46 and support the conclusion that the methyl group of 
the chelate ring derived from propylenediamine occupies an 
axial position.50 

Investigations Involving an Optically Active LSR. In the 
presence of optically active LSRs, the spectra of both chiral 
and achiral substrates will show the normal induced shifts 
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Assignment 

Compd CW3-CH 
I 

CW3-C CH ,—CH =CW— 

rac-Ni(Meabn) 1.28, doublet, J = 6 Hz 
(-0.45)* 

rcie.yo-Ni(Meabn) 1.35, doublet, J = 6 Hz 
(-0.67) 

1.85(0), 1.88 (N), singlets 
(13.40) (1.45) 

1.85(0), 1.89 (N), singlets 
(6.75) (2.08) 

2.85, quartet/ = 6 Hz 
(0.78) 

3.38, quartet' (2.20) 

4.88, singlet (3.60) 

4.89, singlet (2.35) 

" In ppm downfield from TMS as internal standard; ~10_i M solutions in CDCl3 at 32 0C. * Induced shifts in the presence of excess Eu(fod)3 
are shown in parentheses. c This signal is poorly resolved. 

which result from interaction with the paramagnetic lan
thanide ion. However, for a chiral substrate, the spectrum will 
also show a difference in the induced shifts of the respective 
nuclei of each enantiomer present, this difference resulting 
from the formation of diastereomeric adducts.51 

Such behavior is demonstrated by the spectrum of a racemic 
mixture of Ni(Meapn) in the presence of (+)Eu(fpc)3 (Figure 
10). 

The two chiral forms, .ft-Ni(Meapn) and S-Ni(Meapn), 
result from the presence of an asymmetric carbon in the chelate 
ring derived from propylenediamine. The two diastereomeric 
adducts with (+)Eu(fpc)3 will each have its own formation 
constant52 and geometry.3 Consequently, as observed (Figure 
10), the NMR spectrum for the racemic substrate in the 
presence of (+)Eu(fpc)3 would be expected to be a composite 
of two overlapping, nonequivalent spectra (and could contain 
up to twice as many peaks as the spectrum obtained in the 
presence of an achiral LSR).53'54 

In a similar manner a compound containing two asymmetric 
centers (which are not equivalent) will give rise to four over
lapping spectra (excluding any effects which result from 
conformational isomers) in the presence of a chiral LSR. In 
this case, the intensity of each individual spectrum will depend 
on the proportion of each stereoisomer present. 

A special case arises when the asymmetric atoms are 
chemically equivalent as, for example, are the two asymmetric 
carbon atoms in the chelate ring derived from 2,3-diami-
nobutane in Ni(Meabn) (IV). For this compound, the diamine 

IV 
backbone gives rise to two forms (meso and rac) which are 
chemically different and hence each should be NMR observ
able. By initial separation of 2,3-diaminobutane into meso and 
rac forms, the corresponding forms of Ni(Meabn) were pre
pared and the 1H NMR spectrum of each was obtained. The 
assignments for each are listed in Table IV. 

On addition of Eu(fod)3, both isomers behave in a similar 
manner to that found for related complexes discussed pre
viously and the observed limiting shifts of the various proton 
resonances are given in parentheses in Table IV. 

The 1H NMR spectral behavior of these complexes was also 
examined in the presence of (+)Eu(fpc)3. The changes in the 
spectrum of rac-Ni(Meabn) on incremental addition of (+)-
Eu(fpc)3 are illustrated graphically in Figure 11; the spectrum 
now shows the expected two sets of spectral peaks, one set for 

to 
Mole Ratio 

Figure 11. The effect of (+)Eu(fpc)3 on the 1H NMR spectrum of (A) 
w-Ni(Meabn) and (B) m«o-Ni(Meabn) (CDCl3 as solvent). 

the ^?,7?-Ni(Meabn)-(+)Eu(fpc)3 diastereomer and the other 
for the 5',5-Ni(Meabn)-(+)Eu(fpc)3 diastereomer. 

The behavior of meso-Ni(Meabn) in the presence of (+)-
Eu(fpc)3 is slightly more complex. The (+)Eu(fpc)3-induced 
spectral changes for this isomer are also shown in Figure 11, 
from which it may be seen that this nonoptically active com
pound also yields two overlapping sets of spectral peaks. In this 
case the two sets cannot result from two distinct diastereomers 
because the substrate is achiral; rather the observed behavior 
results from the presence of a meso plane55 which bisects the 
carbon-carbon bond of the chelate ring derived from bu-
tanediamine and renders both halves of the molecule enan-
tiotropic. The chiral LSR thus affects the two halves of the 
molecule differently and hence two sets of spectral peaks are 
observed. This phenomenon has been demonstrated to occur 
in the spectra of some organic compounds containing prochiral 
centers on addition of chiral LSRs5657 and has been used to 
distinguish between meso and rac structures.57 
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