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Abstract: Ternary complexes formed between pyridine-2,6-dicarboxylic acid (DPA), Tb(III), and various amino acids have 
been prepared and studied by circularly polarized luminescence (CPL) spectroscopy. The CPL spectra were found to be reli
able reporters of the bonding changes undergone by the complexes as both complex structure and solution pH were varied. 
Weak unipositive CPL was observed in the Tb(DPA)2(AA) system when the amino acid coordinated in a unidentate manner, 
while double-signed CPL of comparable magnitude was observed if the amino acid was able to coordinate in a bidentate man
ner. If thepH was raised to 8-10, a precipitate of Tb(DPA) formed and left Tb(DPA)3(AA) in solution. For most amino acids, 
double-signed CPL was observed in this pH region, the sign pattern being opposite to that seen at low pH for the bidentate 
amino acid chelation. This new optical activity is due to closure of a -NH2CHCOO- chelate ring after deprotonation of the 
amino acid ammonium group. 

Introduction 

The stereochemistry and electronic structure of metal 
complexes have been probed extensively by chiroptical tech
niques in the past, with optical rotation, optical rotatory dis
persion (ORD), and circular dichroism (CD) techniques being 
used. Most of the interest in chiral transition metal complexes 
has centered on the CD of d-d transitions, and the theory re
lating to CD band shapes and intensities is reasonably well 
developed.1-4 The optical activity associated with chiral lan-
thanide complexes has received far less attention, and theories 
dealing with f-f chiral properties have not yet been ad
vanced. 

Lanthanide f-f absorption transitions tend to be quite weak 
in almost all cases, and typical values for molar absorptivity 
(e) are usually less than 5.5 6 The resultant CD spectra of chiral 
lanthanide complexes tend to be very difficult to measure, since 
the values obtained for Af are unobtainable except with very 
high concentrations of complex. The CD spectra of various 
lanthanide complexes have been recorded, however, but the 
resulting features display a profound pH and concentration 
dependence that makes quantitative interpretation difficult.7 

The CD spectra of lanthanide complexes with amino acids, for 
example, display more CD extrema than bands present in the 
absorption spectrum,7 and subsequent studies involving in-
termolecular energy transfer among lanthanide amino acid 
complexes have indicated that polymeric association of com
plexes takes place above neutral pH values.8 This association 
undoubtedly contributes to the complexity of the CD 
spectra. 

Recently, a new chiroptical technique has been developed 
in which the optical activity of the emitting state is measured.9 

In general, when the luminescence of a chiral molecule is ex
amined, there will be a differential emission of left and right 
circularly polarized light, and this technique is referred to as 
circularly polarized luminescence (CPL). CPL is particularly 
well suited to the study of chiral lanthanide complexes since 
a few of the lanthanide ions emit with reasonable intensity in 
fluid solution at room temperature. The luminescence spectra 
of Tb(III) and Eu(III) have the greatest emission intensity, 
and the luminescence spectra of complexes of these two ions 
consist of well-separated emission bands. Spectroscopic as
signment of these emission bands are quite straightforward 
since the peak maxima are shifted only slightly from known 
transition energies of the aquo complexes. 

CPL studies on chiral lanthanide complexes have been 

carried out primarily by Richardson and co-workers since these 
compounds serve as useful model compounds for lanthanide-
protein complexes.10,1' The studies that have been performed 
so far involve lanthanide complexes of carboxylic and amino 
acids1 2 1 3 and chiral lanthanide /3-diketone complexes.14 In 
more recent studies, we have measured the CPL induced in an 
achiral Tb(III) /3-diketone complex by chiral solvents, and have 
found a correlation between the sign pattern of the induced 
CPL and the absolute configuration of the solvent,15 while 
Davis and Richardson have probed the interactions of Tb(III) 
and nucleosides with CPL spectroscopy.16 

Detailed theoretical studies of the lanthanide CPL spectra 
have not yet been reported even though the general theory of 
CPL phenomena has been advanced.917 In most cases, the 
solution geometry about the emitting lanthanide ion has not 
been known with certainty, and in situations involving amino 
and carboxylic acid complexes one is not certain of the number 
of ligands attached to the metal ion. 

In order to develop the CPL technique as applied to chiral 
lanthanide complexes, we have carried out the synthesis and 
characterization of a series of lanthanide complexes in which 
the solution chemistry is well defined. It is well known that 
pyridine-2,6-dicarboxylic acid (dipicolinic acid, DPA) forms 
strong tris complexes with lanthanide ions,18 and that the 1H 
N M R of these complexes can be explained by invoking a mo
lecular £>3 symmetry in solution. In the study reported here we 
have attempted to separate vicinal contributions to optical 
activity from configurational effects by preparing compounds 
containing two molecules of DPA and one molecule of L-
amino acid per lanthanide ion. Analogous studies on transi
tion-metal complexes have already been reported.20'21 In these 
studies ternary complexes were prepared which contained one 
amino acid molecule and several achiral ligands per metal ion, 
and these studies enabled a direct determination of the con
tribution made by the presence of a single chiral ligand to the 
optical activity of a d-d transition (vicinal effect). 

In the present report, we present CPL spectra of a series of 
ternary complexes containing Tb(III), DPA, and various 
amino acids. The data obtained during the course of this work 
represent the first determinations of vicinal effects in f-f 
transitions, and the known geometry of the complexes permits 
explanation of the observed trends in terms of structural fea
tures. The CPL method was found to be a sensitive probe of 
the solution environment about the lanthanide ion and per
mitted an evaluation of the various types of complexes formed 
by an amino acid when it binds to a lanthanide ion. 
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Table I. Analytical Data for Tb(DPA)n Complexes with Alanine 

found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 

I" 

19.69 
19.46 
3.79 
3.50 
3.20 
3.24 

37.0 
36.78 

11* 

36.10 
36.19 
2.35 
2.32 
5.07 
4.96 

28.3 
28.17 

HK 

40.01 
39.58 

1.97 
2.08 
5.61 
5.77 

22.1 
21.82 

" Compound I was actually isolated as Tb(DPA)-6H20. * Com
pound II = Tb(DPA)2(AIa). c Compound III = Tb(DPA)3(AIa). 

Experimental Section 

A. Reagents. Solutions of Tb(III) in H2O were prepared by dis
solving Tb4C>7 (99.9% pure from Kerr-McGee) in a minimum amount 
of 70% HCIO4, diluting with glass-distilled H2O, neutralizing excess 
acid with NaOH, and finally diluting to the desired volume. The final 
pH of all Tb(IIl) solutions prepared in this manner was approximately 
3. Standardization of the metal stock solutions was carried out spec-
trophotometrically.22 Dipicolinic acid was obtained from Aldrich and 
used without subsequent purification. The amino acid ligands used 
in this study were (1) alanine (Ala); (2) valine (VaI); (3) leucine (Leu); 
(4) isoleucine (lieu); (5) phenylalanine (PaIa); (6) tyrosine (Tyr); (7) 
serine (Ser); (8) threonine (Thr); (9) aspartic acid (Asp); (10) glu
tamic acid (GIu). AU amino acids were the L isomer, and their purity 
was determined using potentiometric titrations. Ionic strengths were 
all adjusted with NaClCU and a total ionic strength of 0.10 M was used 
throughout. 

B. Synthesis and Characterization of Complexes. Complexes having 
a general formula of Tb(DPAh(AA) (where AA refers to any amino 
acid) were prepared by mixing stoichiometric amounts of Tb(III) and 
DPA, and then adding excess AA to the solution (usually in solid 
form). Addition of excess AA was found to be necessary to fully form 
the Tb(DPA)2(AA) complex owing to the weakness of binding of 
amino acid ligands by the Tb(DPA)2(H2O)n complex. Precipitation 
of both types of Tb(III) complexes was possible by adding concen
trated solutions of Ag(I), and analysis of the isolated material 
(Schwarzkopf Microanalytical Laboratory) was within satisfactory 
agreement with the predicted structure. These compounds were all 
obtained when the solution pH was less than 7. 

Above pH 7, the Tb(DPA)2(AA) complex was found to be unstable. 
Upon raising the pH to approximately 8 a white precipitate of 
Tb(DPA) formed; this material was collected and analyzed. The 
complex remaining in solution was precipitated with Ag(I) and ana
lyzed; the resulting empirical formula was found to be 
Tb(DPA)3(AA). It was found that the Tb(DPA)3(AA) complex 
decomposed slowly with time to yield the Tb(DPA)3 complex; this 
decomposition was found to be greatly accelerated with strong acid 
or base. This decomposition was not found to be reversible, since once 
the complex was treated with either strong acid or base subsequent 
reversal of the pH change to more moderate pH values only yielded 
the Tb(DPA)3 complex. A summary of the analytical data for the 
Tb(DPA) complexes with alanine is found in Table I. 

C. Apparatus. All luminescence measurements of total emission 
(TE) and CPL were made on a high-resolution emission spectrometer 
constructed in our laboratory, in which the luminescence is recorded 
at 180° to the exciting beam. The excitation source was a 200-W 
Hg-Xe arc lamp (Oriel Associates), and the output of this lamp was 
selected by an Instruments SA HlO-UV-V 0.1-m grating mono-
chromator. All samples were excited at 295 nm, and an excitation 
band-pass of 16 nm was used. The light emitted by the sample was 
allowed to pass through a solution filter designed to remove all traces 
of excitation energy (5 M KNO2) and immediately into an optical 
phase modulator whose modulation frequency was 50 kHz (Model 
PEMFS-3, Morvue Electronics). The phase modulator is immediately 
followed by a plane polarizer, and this combination of optical elements 
serves as an analyzer for the circularly polarized components of the 
luminescence. The 50-kHz signal that reaches the detector is directly 
proportional to the differential emission of left and right circularly 
polarized light emitted by the sample. 

The detector was an EMI 9798B photomultiplier tube (S-20 re
sponse), and was housed at room temperature. The current developed 

by the PMT was converted to a voltage signal and amplified by a 
current-sensitive preamplifier (Model 181, Princeton Applied Re
search). At this point, the luminescence signal was split; the TE was 
immediately recorded by one channel of a potentiometric recorder 
(Houston Instruments), while the CPL was first processed by 
phase-sensitive detection (Model 5101 or 128A lock-in amplifiers, 
Princeton Applied Research) before being recorded by the other 
channel of the recorder. Simultaneous recording of TE and CPL is 
necessary to ensure reproducibility of features. 

The two quantities which are measured in our experiment are 
therefore / (TE) and A/ (CPL); these are recorded in arbitrary units 
and not in absolute quantal efficiencies. However, taking the ratio of 
these two quantities eliminates any instrumental considerations. The 
instrumentation was calibrated by comparison to previously reported 
data,14a and by measuring the CPL and TE magnitudes of a totally 
circularly polarized emission (obtained by passing the TE of fluo
rescein through a Fresnel rhomb). No attempt was made to correct 
the TE and CPL spectra for monochromator and detector response; 
the sharpness of the emission bands and the consequent small spectral 
region scanned made such corrections unnecessary. An emission 
bandwidth of 10 A was used in all studies. 

All pH measurements were taken on an Orion 701A pH meter using 
a glass microcombination glass electrode that could be directly inserted 
into the fluorescence cuvette. The electrode was calibrated daily with 
phosphate buffer. Variations in solution pH were effected by adding 
microliter quantities of standardized HCIO4 or NaOH directly to the 
Tb(III) complex solution in the cuvette. 

Results 

The luminescence spectrum of Tb(III) complexes in fluid 
solution at room temperature consists of a series of emissions 
from a single excited state, 5D4, to several 7Fy term levels with 
transitions having J - 3,4, 5,6 exhibiting the greatest inten
sity. Previous work in a wide variety of studies has demon
strated that the most intense of these transitions, 5D4 - » 7 F 5 , 
displays the greatest optical activity. For this reason, only CPL 
data obtained for this particular f-f transition are reported in 
this work. It was found that very intense Tb(III) luminescence 
could be obtained if excitation energy was directly absorbed 
by the aromatic DPA ligands (at 295 nm), since the electronic 
excitation energy is transmitted to the Tb(III) ion with great 
efficiency.23 Very little dependence of total luminescence upon 
solution pH was noted, with only a doubling of Tb(III) emis
sion intensity being found on passing from pH 3 to 7, and es
sentially no increase in intensity when the pH was raised from 
7 to 10. There was a rapid increase in total luminescence in
tensity at very low pH values (2.0-2.5) when the DPA ligands 
attach to the Tb(III) ion. We interpret these observations to 
imply that the DPA coordination environment is formed once 
pH 2.5 is exceeded and that little change occurs after that. This 
would then imply that the energy transfer from DPA to Tb(IIl) 
is essentially a constant factor over the pH regions of study. 

In general, two classes of complex behavior were noted in 
the CPL spectra recorded for the various Tb(III) complexes, 
and two pH regions were found to exhibit markedly different 
behavior. At pH values below 7, complexes of the type 
Tb(DPA)2(AA) were found to be formed. The CPL of com
plexes having AA = alanine, phenylalanine, valine, leucine, 
isoleucine, tyrosine, and glutamic acid (which shall be referred 
to as the "alanine class" amino acids) consisted of a plain 
positive CPL maximum at 544 nm, and this CPL peak coin
cided with the maximum in the TE spectrum. Representative 
examples of the CPL spectra are found in Figure 1. Experi
ments performed with several D amino acids (AA = alanine, 
phenylalanine, or aspartic acid) led to the observation of CPL 
patterns equal in magnitude but opposite in sign to the line 
shapes found for complexes containing L amino acids. 

It is possible to place the CPL results on a quantitative basis 
by defining the luminescence dissymmetry factor, g\um, in 
terms of the experimental observables:9 
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TE 

530 540 550 560 

WAVELENGTH (nm) 
Figure 1. Total emission (TE) and circularly polarized luminescence 
(CPL) of Tb(DPAh(AA) complexes, where AA = alanine, valine, leucine, 
and isoleucine. All intensity scales are completely arbitrary. 

Table II. Luminescence Dissymmetry Factors of Tb(DPA)2(AA) 
Complexes in the Low-pH Region. Alanine Class Amino Acids" 

amino acid 

Ala 
VaI 
Leu 
lieu 

glum X 104 

(544 nm) 

+8.80 
+9.38 
+9.86 
+9.30 

amino acid 

PaIa 
Tyr 
GIu 

glum X l O 4 

(544 nm) 

+ 10.6 
+ 15.8 

+7.68 

" The approximate error in the values is ±0.05 and each value is 
obtained from multiple averages over the entire 3-7 pH region. 

_ 2A/ _ 2(/L - IR) (U 
g]um~ I " (7L + /R) U ) 

where I]_ and IR are the respective intensities of the left and 
right circularly polarized light emitted by the sample, / is the 
mean TE intensity, and A/ is the differential CPL intensity. 
The g|Um factor associated with the luminescent transition is 
related to the rotatory strength, Rab, and the dipole strength, 
Dab, with126 

glum = HRab)/Dab (2) 

where 

Dab= | <H£ |*6> | 2 (3) 
and 

* a A - I m < i M W M l M i h | l M (4) 
Equations 1-4 are valid for randomly oriented emitting sys
tems in which the emitting state is thermally equilibrated prior 
to emission. Both of these conditions are expected to hold for 
the lanthanide complexes examined under the conditions used 
in the present work. It should be noted that, while the value of 
gium has no theoretical significance without a detailed analysis 
of the CPL line shape, values of gium may be compared with 
each other to determine trends in the data that may be corre
lated with changes in complex structure.9 

Values for gium of the Tb(DPA)2(AA) complexes were 
calculated, and the results obtained over the 3-7 pH region 
have been collected in Table II. General features observed in 
all of our studies are that no CPL is obtained for any of the 
systems below pH 2.5, rapid development of the CPL occurs 

WAVELENGTH (nm) 

Figure 2. Total emission and circularly polarized luminescence spectra 
of Tb(DPA)2(Asp). Both intensity scales are in arbitrary units. 

Table III. Luminescence Dissymmetry Factors of Tb(DPA)2(AA) 
Complexes in the Low-pH Region. Aspartic Acid Class Amino 
Acids 

glum X l O 4 glum X l O 4 

amino acid (543 nm) (548 nm) 

Asp -10.4 +2.70 
Ser -9.88 +2.48 
Thr -5.30 +1.34 

from pH 2.5 to 3.0, and then the CPL band shape persists 
unchanged over the 3-7 pH region. Values obtained for gium 
at various pH values are equal to within experimental error 
over the entire range. 

Spectra obtained for the Tb(DPA)2(AA) complexes where 
AA = aspartic acid, serine, or threonine (which shall be re
ferred to as the "aspartic acid class" amino acids exhibit a very 
different CPL line shape over the same 3-7 pH interval. The 
CPL of Tb(DPA)2(ASP) is of comparable magnitude to the 
CPL obtained in the same pH region with the alanine class 
ligands, except that now the CPL is double signed, as is shown 
in Figure 2. Values for g|um were calculated at both CPL ex
trema (543 nm for the negative peak and 547 nm for the pos
itive peak), and these are found in Table III. A difference in 
complex behavior for ASP relative to the alanine class amino 
acids is not surprising since Asp is capable of bidentate coor
dination to the Tb(IlI) ion through its two carboxylic acid 
groups (GIu is not capable of such coordination owing to the 
presence of an extra CH2 group between the terminal car-
boxylates). 

A surprising result obtained during the course of the low-pH 
studies involving complexes where AA = serine or threonine 
was that the CPL spectra for these complexes were identical 
with that obtained when AA = ASP, as may be seen in Figure 
3. Through their studies of potentiometric titrations, Martin 
and co-workers concluded that only weak coordination was 
possible through the terminal hydroxy group.7 The present 
results suggest that strong interaction may be possible in the 
proper coordinative environment. Values for gium were cal
culated at the CPL extrema (543 and 547 nm), and it may be 
noted that the values obtained for AA = serine were essentially 
identical with the ASP data, while the THR gium values were 
appreciably less. The data are found in Table III. 

In the pH region of 7-8, precipitation of a Tb(III) product 
was observed. This material is highly emissive in the solid state, 
and elemental analysis indicated that its simplest formula was 
Tb(DPA). The precipitate could be removed from the solution 
by passing the suspension through a 0.8-^ Miliipore filter. The 
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TE 

530 540 550 560 
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Figure 3. Total emission and circularly polarized emission spectra obtained 
for Tb(DPA)2(Ser) and Tb(DPA)2(TIu) at low pH. The intensity scales 
are arbitrary. 

Table IV. Luminescence Dissymmetry Factors OfTb(DPA)3(AA) 
Complexes in the High-pH Region. Alanine Class Amino Acids 

amino acid 

Ala 
VaI 
Leu 
lieu 
PaIa 
Tyr 

I t a X 103 

(544 nm) 

+ 3.52 
+ 2.16 
+ 3.16 
+4.06 
+ 3.82 

+ 15.2 

£iumX 103 

(548 nm) 

-1.46 
-0.86 
-1.72 
-1.94 
-1.90 
-6.78 

solution was shown to contain a Tb(DPA)3(AA) complex, and 
we conclude that the following reaction takes place: 

2Tb(DPA)2(AA) Tb(DPA) (s) + Tb(DPA)3(AA) + AA 
(5) 

Solutions filtered in this manner display differing CPL be
havior, and once again a difference between alanine and as-
partic acid classes is found. In both cases, the TE rises by ap
proximately a factor of 2.5 after concentration effects are taken 
into account. 

Filtration of complexes prepared from aspartic acid ligands 
removed all traces of CPL (limit of detection isg|u m = 1O-5), 
in spite of the fact that complexes having the general formula 
Tb(DPA)3(AA) may be precipitated from solution with Ag(I). 
Strong CPL was obtained from alanine class amino acids, 
however, and a few typical examples are shown in Figure 4. As 
in all preceding cases, the value of g\um was independent of pH 
over a fairly wide pH range (here being 8-10). A double-signed 
CPL was noted for these complexes, but the sign pattern was 
opposite to the CPL obtained for aspartic acid complexes at 
low pH. Values of gium were calculated at both extrema (now 
at 544 and 548 nm) for all alanine class ligands, and these re
sults are found in Table IV. If the pH of a Tb(DPA)3(AA) 
solution (where AA refers only to alanine class ligands) was 
lowered below 3 or raised above 10, complete abolition of CPL 
was observed and the CPL could not be fully restored upon 
return of the pH to the 8-10 region. Optimal formation of the 
high-pH CPL spectra was noted if the solution pH was raised 
to 9.25-9.5 before filtration. One interesting feature of the 
complex formed at high pH values is that, if the pH was low
ered to the 4-6 region, then the CPL decreased in intensity by 
only a factor of 2, and that the CPL could be fully restored if 
the pH was immediately raised back to the 8-10 region. 

540 

WAVELENGTH 

Figure 4. Circularly polarized luminescence spectra obtained at pH 9.25 
for the Tb(DPA)3(AA) complexes, where AA = alanine, valine, and 
leucine. The intensity scales are in arbitrary units. 

Discussion 

The CPL spectra presented in this paper are unique in that 
the observed line shapes and dissymmetry factors are invariant 
over a particular pH region. All previous CPL data of lan-
thanide complexes in aqueous solution exhibited CPL spectra 
which were characterized by strong pH dependences.12'13 In 
addition, the CPL of these earlier studies was often obtained 
at pH values above 7 where polynuclear association of these 
complexes has been found to be important,7'8-23 and it is sug
gested here that the slight variations in CPL band shape as the 
pH is varied are due to changes in the polymeric structure of 
the complexes. The invariant CPL spectra obtained in the 
present study are strongly indicative of the existence of 
monomeric Tb(III) complexes in solution. It is crucial to the 
rest of the ensuing discussion that this distinction between the 
present work and the earlier studies be kept in mind. 

It would be highly desirable to obtain spectroscopic as
signments for the transitions observed in the present work, but 
this is not possible at the present time. In octahedral fields, the 
5D4 excited state contains four crystal-field components, while 
the ground 7Fs state is found to contain four components also.24 

Low-temperature luminescence spectra of Tb(III) in cubic 
hosts have been used to assign the possible transitions, and a 
total of 9 transitions out of 13 permitted transitions have been 
identified.25 The lowering of crystal-field symmetry that exists 
in the compounds of the present study, and the experimental 
fact that our spectra were obtained in fluid solution at room 
temperature, precludes any assignment of individual crystal 
field transitions. The previous work does point out a very in
teresting feature, in that the most emission transitions of 
Tb(NJ) fall into two spectral envelopes that are only fully re
solvable at liquid-nitrogen temperature: (a) two intense peaks 
are found at 5434 (T !ga — T,g) and 5440 A (Tiga *- A,g), and 
(b) two other intense peaks are located at 5479 (T2g -"— Eg) and 
5483 A (T2g •*- T|g).25a The observation that two extrema are 
found in the CPL spectra at wavelengths corresponding to 
these groupings (and a definite shoulder is noted in the TE 
spectra at corresponding wavelengths) suggests that the CPL 
transitions have their origin in the 0/, states that have been 
previously described.25 

Without firm spectroscopic assignments for the various 
emission bands it is difficult to discuss the absolute values of 
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the gium factors calculated for the various complexes. However, 
the sign patterns observed, the relative values for gium, and the 
analytical data relating to the composition of complexes in 
solution all enable a discussion of the various types of chemical 
bonding permissible between a lanthanide ion and an amino 
acid. At low pH, the amino acid ligands of the alanine class can 
only act as unidentate donors,27 and one can readily write a 
plausible equation for the complex formation: 

Tb(DPA)2- + AA- ;* Tb(DPA)2(AA)2- (6) 

This unidentate coordination of an amino acid can lead to 
measurable CPL, as the data in Table II show. It had been 
thought at one time that chelation of a ligand was a necessary 
factor for the observation of optical activity,26 but it was sub
sequently shown that CD could be induced through unidentate 
complexation in complexes of the type Co(NH3)s(AA).21 The 
data presented here indicate that unidentate coordination is 
also capable of inducing chirality in the f-f transitions of a 
lanthanide ion. 

At low pH values (below 7), aspartic acid has pK values of 
approximately 2 and 4,27 and would be expected to act as a 
bidentate ligand if possible. The CPL spectra display a clear 
indication that this is the case, since the observed features are 
very different from those obtained with alanine class ligands. 
It is well known that lanthanide ions are capable of exhibiting 
a wide variety of coordination numbers in solution,28 so eq 6 
would be expected to apply in the case where AA = ASP. Since 
glutamic acid only displayed CPL spectra characteristic of 
alanine class ligands, it is concluded here that GIu is incapable 
of functioning as a bidentate chelate for Tb(III) ions at low 
pH. 

A very surprising result obtained was the observation that 
the CPL associated with AA = Ser or Thr was identical with 
that obtained when AA = ASP. In fact, for Tb(DPA)2(Ser), 
the magnitude of gium was essentially the same as for 
Tb(DPA)2(Asp), which suggests that serine is capable of 
acting as a bidentate ligand even at low pH. Threonine appears 
to be capable of acting in such a fashion also, but the lower 
values of ̂ ium indicate that the presence of the extra CH3 group 
on Thr relative to Ser provides some steric interference with 
the chelation. It is hardly likely that the OH group can be 
ionized below pH 7, and we therefore conclude that, when Ser 
and Thr bind in a bidentate fashion, they do so via an ionized 
carboxyl and an un-ionized hydroxyl group. 

Once the solution pH is raised above 8, different patterns 
of CPL (and hence of ligand binding) appear. The weak, uni-
positive CPL band obtained in the alanine class complexes is 
replaced by a double-signed CPL. This CPL is strongest in the 
9-9.5 pH region, and has the opposite sign to the CPL found 
for aspartic acid class complexes at low pH. The complexes 
remain monomeric at these elevated pH values29 (in contrast 
to earlier work involving other complexes where polynuclear 
association was important7'8). At these pH values, one is able 
to deprotonate the ammonium group of the amino acid and we 
assign the high-pH CPL of the alanine class ligands to the 
formation of an amino acid chelate. It is not surprising that the 
CPL associated with -NH2CHCOO- chelation is different 
than the CPL associated with the -OOCCH2CHNH2COO-
bidentate binding, since the conformation of the chelate ring 
is able to contribute (in addition to the existing vicinal effect) 
to the overall optica! activity. Ring closure in lanthanide 
complexes of glycine has been established in several lanthanide 
complexes using a variety of physical means.30 

Complexes of the aspartic acid class display different be
havior at high pH, and it was observed that no CPL could be 
recorded for Tb(DPA)3(AA) complexes when AA = Asp, Ser, 
or Thr. We believe that this lack of CPL is merely a manifes
tation of different modes of bidentate chelation contributing 
to the total complex formation at high pH. Since the CPL of 

-NH2CHCOO- coordination is opposite in sign to and nearly 
equal in magnitude to -OOCCH2CHNH2COO- coordina
tion, a simple 50:50 mixture of the two types of complexes 
would lead to no net CPL. 

It is interesting to note the relative magnitudes of the CPL 
obtained for both modes of bidentate chelation. A seven-
membered ring is formed for Tb(DPA)2(ASP), six-membered 
rings for Tb(DPA)2(Ser) and Tb(DPA)2(Thr), and five-
membered rings for Tb(DPA)3(AA) where AA = alanine class 
ligands. It is to be expected that conformational effects would 
be the dominant source of optical activity when configurational 
contributions are absent,' and one would predict therefore that 
the conformation of a -NH2CHCOO- ring is quite different 
than the possible conformation of a chelate ring formed from 
terminal group binding. Presumably, the more intense CPL 
obtained from the former system is due to the fact that the 
asymmetric carbon is closer in space to the Tb(III) ion in the 
five-membered rings than in any of the others. One might have 
expected to find that the CPL associated with the six-mem
bered rings would be intermediate between the values found 
for the five- and seven-membered rings, but the experimental 
data do not support this prediction. In the absence of more 
detailed information regarding ring conformation, we tenta
tively state that the ring conformations of the six- and seven-
membered chelate rings studied in the present work are the 
same. 

The sign patterns and magnitudes of Tb(III) complex CPL 
spectra appear to be quite sensitive to the asymmetric envi
ronment of the metal, and are indicative of the type of bonding 
existing between the Tb(III) ion and the asymmetric ligands. 
Care must be exercised before applying CPL analysis of other 
spectra previously reported in the literature in terms of the 
results reported in the present study since the effect of asym
metric arrangements of ligands about the Tb(III) ion (con
figurational effects) has not been evaluated here and these 
effects must contribute to the other existing data. Studies are 
now underway to probe the optical activity of Tb(III) com
plexes (as can be determined from a study of CPL spectra) 
further. 
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Among six-membered saturated heterocycles, the piperi-
dine nucleus is one of the most important ones because of its 
occurrence in many alkaloids as well as in artifacts of phar
macological importance. Yet literature data concerning the 
conformation of piperidine and TV-alkylpiperidines are frag
mentary. The stereochemistry of these ring systems has been 
recently reviewed.3 The piperidine ring is in a chair confor
mation with a barrier to reversal of 10.4 kcal/mol4 and a ni
trogen inversion barrier of 6.1 kcal/mol.5 After some initial 
confusion6 it was recognized that the A'-methyl group in N-
methylpiperidine prefers the equatorial position, but the extent 
of the preference was long in doubt.7 It now seems clear that 
this preference is quite extreme,8,9 amounting to 3.15 ± 0.1 
kcal/mol in the gas phase, 2.99 ± 0.1 kcal/mol in dodecane, 
and 2.41 ± 0.1 kcal/mol in chloroform;10 our own earlier value 
of 1.35 < AG° < 1.77 kcal/mol was evidently too low because 
of difficulties with the adequacy of the model compounds used 
in the 13C NMR study.7-11 The question of the N - H equilib
rium in piperidine itself has been even more controversial with 
some investigators holding that the equatorial position was 
preferred12 whereas others favored the axial.13 A recent careful 
low-temperature NMR study5 gives a —AG° value of 0.36 
kcal/mol for the N-H (a — e) equilibrium with the equatorial 
position most likely preferred and an even more recent infrared 
study of the S-terZ-butyl-rra/w-decahydroquinolines1 now 
leaves no doubt that equatorial N - H is favored. 

Conformational equilibria in C-methylpiperidines and 
N,C-methylated piperidines have been reported only in our 
own preliminary account14 and in a brief note by Booth,15 al
though there has been extensive work on methyl-substituted 
m-decahydroquinolines.16 '17 We have also reported, in pre

press, New York, 1974. 
(28) T. Moeller, D. F. Martin, L. C. Thompson, R. Ferrus, G. R. Feistel, and W. 

J. Randall, Chem. Rev., 65, 1 (1965). 
(29) Preliminary studies using intermolecular energy among Tb(III) and Eu(III) 

complexes have confirmed the monomeric nature of the complexes. 
(30) R. D. Hancock, G. Jackson, and A. Evers, J. Chem. Soc, Dalton Trans., 

1384(1979). 

liminary form, data on equilibria in C-methylpiperidinium 
salts18 and their A'-methyl homologues. 

The principal tool used in the present work to elucidate the 
conformation of C-methyl substituted piperidines has been 13C 
NMR spectroscopy. Earlier work on 13C NMR in piperidines 
has been carried out by Jones,19 Feltkamp,20 Booth,21 and 
Duch22 and an extensive review of 13C NMR spectra of satu
rated heterocycles (including piperidines) has just become 
available.23 

Results 
13C NMR Spectra. The 13C chemical shifts of 16 piperidines 

are presented in Table I and those of 19 N-methylpiperidines 
in Table II. Assignments were made by off-resonance de
coupling, by comparison of chemical shifts with literature 
values, and from signal intensities and were generally 
straightforward. They were confirmed by the good agreement 
of experimental and calculated spectra (see below). The NH 
compounds have previously been studied;19"22 our data are in 
only modestly good agreement with those earlier reported, with 
deviations ranging from 0.2 to 1.0 ppm. Such deviations are 
not uncommon when comparison is made with data obtained 
prior to 1973 and may have their origin partly in solvent and 
referencing differences;24 we note that, although our shifts are 
almost uniformly upfield from those in the literature, this is 
not due to any kind of constant offset, the difference for dif
ferent signals in one and the same compound ranging from 0.2 
to 1.0 ppm.20b Only a limited amount of published data con
cerning N-methylpiperidines19 '21 '22,25,26 is available; our 
agreement with them is no better than for the NH com
pounds. 

Conformational Analysis. 39.l 13C NMR Spectra of 
Saturated Heterocycles. 9.2 Piperidine and 
TV-Methylpiperidine 
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Abstract: The 13C NMR spectra of 16 C-methyl-substituted piperidines and 19 /V,C-dimethyl-substituted piperidines as well 
as /V-ferr-butyl-3- and -4-methylpiperidine have been recorded and (separate) methyl substitution parameters for the piperi
dine and 7V-methyIpiperidine chemical shifts have been computed. Shifts calculated using these parameters and experimental 
shifts are in excellent agreement. Also recorded were the spectra of 25 hydrochlorides of many of the above 7V-alkylpiperidines. 
Conformational analysis of the C-methylated and dimethylated piperidines and their /V-methyl derivatives was undertaken 
through measurement of their spectra at -80 to -100 0C, and the following free-energy differences between equatorial and 
axial C-methyl groups were deduced: N-H compounds, 2-Me, 2.5 kcal/mol; 3-Me, 1.6 kcal/mol; 4-Me, 1.9 kcal/mol; N-Me 
compounds, 2-Me, 1.7 kcal/mol; 3-Me, 1.6 kcal/mol; 4-Me, 1.8 kcal/mol. The variously substituted /V-methylpiperidinium 
hydrochlorides were readily equilibrated in D2O at a pH of about 5; corresponding AG0 values are for 2-Me, 1.4 kcal/mol; 
3-Me, 2.2 ± 0.4 kcal/mol; 4-Me, 1.6 kcal/mol. The AG° value for the TV-methyl group in /V-methylpiperidinium chloride, 2.1 
kcal/mol, is less than the corresponding value previously found in the free base. Free-energy values for vicinal interactions in 
/v,2-dimethylpiperidinium salts: N-Mec/2-Mea, 0.6-0.8 kcal/mol; N-Mee/2-Mee, 1.3-1.5 kcal/mol; N-Mea/2-Mec, 0.6-0.8 
kcal/mol. The e/a and a/e interactions between cis-placed 2,3-dimethyl groups differ by less than 0.1 kcal/mol and the corre
sponding interactions between m-3,4-dimethyl groups differ by about 0.2 kcal/mol. 
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