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Figure 6. Theoretical vibrational spectrum of TiCl,. The intensity
of each peak has been weighted according to the orbital degeneracy.

magnitude of the coupling constant indicates strong vibronic
coupling accompanying photoionization for all valence mo-
lecular orbitals. The relative line widths of the first three bands
are qualitatively produced by the calculations. Thus the
calculated full widths at half-height for the three bands A, B,
(C+ D) are0.18,0.21, and 0.30 eV. The vibrational coupling

constant for the le orbital is the largest, and the resulting broad
line partially explains the large line width for C + D. The
shoulders are of course not reproduced because of the neglect
of Jahn-Teller and spin—orbit splitting. Taken together with
all the other experimental and theoretical evidence in this
paper, our assignments must be considered relatively reliable.

Conclusions

For the relatively simple inorganic molecule TiCl,, we have
obtained high-resolution He I and He II spectra. In combi-
nation with Xa, INDO, cross-section, and vibrational calcu-
lations, we have shown that the previous assignment is not
correct. All our evidence points to the assignment 1t; < 3t,
< (le, 2a,) < 2t,. However, even with this large amount of
experimental and theoretical evidence, we obviously still do
not completely understand aspects of the spectrum—the
shoulders on bands A, B, and C and the exact position of the
2a, orbital. Valence-band spectra taken with synchrotron
radiation along with more elaborate calculations are required
to complete the assignments, even on this simple molecule.
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Optical activity induced in the title complex through outer-sphere complexation with a series of structurally related environment
substances has been studied by means of circularly polarized luminescence (CPL) spectroscopy. The substrates were found
to fall into four classes, which were determined by trends in the induced optical activity and by the nature of the functional
groups on the substrates. For certain of the chiral materials, the observed optical activity was pH independent, but for
others, the CPL spectra were found to invert upon ionization of the protonated ammonium group. Systematic variation
of functionality on the chiral substrates enables one to conclude that ionic, hydrophobic, and hydrogen-bonding mechanisms
can all contribute to the association of complex and environment substance.

Introduction

The development of optical activity in a racemic mixture
of a labile metal complex upon addition of certain chiral
compounds (termed the environment substance) is known as
the Pfeiffer effect>? and is usually thought to arise from a
displacement of the equilibrium existing between the enan-
tiomers of the racemic metal complex. While several theories
have been advanced to account for the effect,* most of the
reported work has been explained by the existence of com-
plexation between the racemic complex and the environment
substance as leading to the observed optical activity. Several
attempts have been made to use the Pfeiffer effect as a means
to predict absolute configurations of a variety of substances,*”’
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97, 7194.

(7) Mayer, L. A,; Brusted, R. C. J. Coord. Chem. 1973, 3, 85.

but these correlations have been very limited in their scope.
We have recently been using Pfeiffer optical activity to study
f-f optical activity in trigonal lanthanide complexes, since these
complexes are too labile to be resolved by ordinary physical
or chemical means. Our work has centered on the tris lan-
thanide complexes of pyridine-2,6-dicarboxylic acid (DPA, or
dipicolinic acid), as this ligand is known to form very strong
complexes with all members of the lanthanide series® and the
tris complex is known to possess an approximate D, symmetry
in fluid solution at room temperature.” The first studies were
involved with determinations of conditions under which the
effect could be observed, and it was found that the To(DPA);*+
complex could associate with chiral environment substances
through both ionic (resolved tris(ethylenediamine)chromium-
(II1)!%) and hydrophobic (L-ascorbic acid'!) mechanisms.
The studies involving hydrogen bonding of environment
substances to aromatic portions of the DPA ligands were found
to be of extreme interest, and we have recently studied the pH

(8) Grenthe, I. J. Am. Chem. Soc. 1961, 83, 360.

(9) Donato, H.; Martin, R. B. J. Am. Chem. Soc. 1972, 94, 4129.
(10) Madaras, J. S.; Brittain, H. G. Inorg. Chem. 1980, 19, 3841.
(11) Madaras, J. S.; Brittain, H. G. Inorg. Chim. Acta 1980, 42, 109.
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dependence of the Pfeiffer effect induced in To(DPA),* by
L-histidine and analogues of L-proline!? and tartrate sub-
strates.!> However, in another recent work, we have shown
that with certain diamino carboxylic acids the sign of the
Pfeiffer optical activity is dependent on solution pH.!* This
sign inversion was not found with monoamino carboxylic acids
and short-chain diamino carboxylic acids and clearly dem-
onstrates that the Pfeiffer effect in the Th(DPA),* complex
(where the metal ion is known to be 9-coordinate') is not a
reliable indicator of the absolute configuration of the envi-
ronment of the substance.

In the present work, we report the optical activity induced
in Tb(DPA),*" by phenylalkylamines, phenylalkylamino al-
cohols, and phenylalkylamino acids. As in our previous
works,'%!4 we have chosen to use circularly polarized lu-
minescence (CPL) spectroscopy as our chiroptical method
rather than circular dichroism. This choice is dictated by the
fact that f-f absorption transitions tend to be extremely weak
and overlap to a considerable extent, while the luminescence
spectrum of the Tb(III) ion is quite strong when sensitized
by the DPA ligands and the emission bands are well separated.
Since f-electrons are essentially nonbonding in nature, one
would predict that information taken on an excited f-f state
would be applicable to the ground-state molecule.

Experimental Section

The Tb(DPA):* complexes were prepared by mixing stock solutions
of Tb(III) and pyridine-2,6-dicarboxylic acid in a 1:3 stoichiometric
ratio. The lanthanide ions were obtained as the 99.9% oxides
(Kerr-McGee), and the stock solutions were prepared by dissolving
the oxide in the minimum amount of 11.6 M HCIO, and neutralizing
to pH 3 with NaOH. The dipicolinic acid was used as received from
Aldrich. In a previous work, Na;Tb(DPA),-1 5H,0 was prepared and
used for the induced optical activity studies, but no difference in results
was noted when the two methods of complex were prepared.!? The
concentration of Tb(DPA)+*" used in all spectroscopic studies was
found to be 14 mM after all dilutions were performed. The final ionic
strength of all solutions was adjusted to be 0.15 M with NaClO,.

In the absence of a chiral environment substance, no CPL was noted
in any of the Tb(III) emission bands at any pH. Addition of a 3-
to 10-fold excess of environment substance always led to the observation
of measurable Pfeiffer optical activity, which was detected using CPL
spectroscopy. For certain environment substances (hydroxyphenyl
derivatives in general), it was found that optical activity could be
observed at much lower concentrations of chiral material, ratios as
low as 0.1 being usable in some cases.

All environment substances were obtained optically pure from either
Aldrich Chemical Co., Sigma Biochemicals, or Norse Laboratories.
The optical purity of each material was checked by measuring its
specific rotation at the sodium D line, and corrections to the substrate
concentration were made when the substance was not found to be 100%
optically pure. This problem was especially severe for (~)-a-
phenylethylamine obtained from Norse; the material received was
found to be only 63.4% optically pure. In every case where both
enantiomers could be obtained, the Pfeiffer optical activity was
measured for each environment substance.

The optical activity of the Tb(III) complexes was monitored by
studying the circular polarization within the luminescence bands. For
the Tb(DPA);*~ complex, the *D, — "F transition at 545 nm was
studied to the greatest extent since it is now well established that this
band exhibits the strongest Tbh(III) emission and also shows the most
intense CPL spectra. The other Tb(III) emission bands correspond
to transitions from the D, level to the "F¢ (490 nm), "F, (582 nm),
and "F; (622 nm) levels, but these were only examined briefly to
compare to earlier work.'!? The existence of axial symmetry in the
isomorphous Eu(DPA),* complex was demonstrated recently by the
absence of a luminescence band corresponding to the *Dy — F,
transition.!>1*

(12) Brittain, H. G. Inorg. Chem. 1981, 20, 3007.

(13) Yan, F.; Brittain, H. G. Polyhedron, in press.

(14) Yan, F,; Copeland, R. A,; Brittain, H. G. Inorg. Chem. 1982, 21, 1180.
(15) Albertsson, J. Acta Chem. Scand. 1972, 26, 1023.
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All CPL and total luminescence (TL) spectra were obtained on
a medium-resolution spectrometer constructed in our laboratory for
this purpose, whose operation has been described in detail.!¢ The
Tb(DPA),* complexes were excited at 295 nm, taking advantage of
the fact that the DPA ligand absorbs quite strongly at this wavelength
and is capable of sensitizing the lanthanide ion emission. The emission
spectra were analyzed by a 0.5-m grating monochromator at 1-nm
resolution, and further increases in spectral resolution did not lead
to an improvement of the band-shape features. The TL and CPL
spectra are obtained in proportional arbitrary units, with the TL being
defined as I = !/,(I, + Iy) and the CPL as Al = I - Ig; I, and I
represent the emitted intensities of left and right circularly polarized
light. The ratio of these quantities, Af/I, is termed the luminescence
dissymmetry factor (gym), and this quantity is dimensionless. No other
absolute quantal parameters were obtained. It was generally found
that the TL intensity did not depend strongly on the nature or con-
centration of added substrate and that the dissymmetry factor was
an excellent measure of the degree of induced optical activity in the
Tb(DPA)+*~ complex.

The interaction between the chiral substrates and the Ln(DPA),*
complexes was also investigated by examining the *Iy — G absorption
of Ho(DPA),* at 450 nm. This particular band is one of the
“hypersensitive” lanthanide transitions, which display intensity and
wavelength variations as a function of the metal ion environment. Data
were obtained on a Cary 11 UV/VIS recording spectrophotometer.

The pH of all solutions was obtained with an Orion Model 701A
pH meter employing a glass microcombination electrode which could
be directly inserted into the spectrophotometer and fluorescence
cuvettes. The system was calibrated daily with use of phosphate
buffers.

Results

Addition of a chiral phenylalkylamine, phenylalkylamino
alcohol, or phenylalkylamino acid to an aqueous solution of
Tb(DPA);* invariably resulted in the development of optical
activity, as measured by the appearance of a CPL spectrum.
The sign and intensity of the CPL spectra were found to
depend on the solution pH, and the trends varied with the
nature of the environment substance. CPL spectra could be
recorded in all Tb(III) luminescence bands, although the
greatest degree of optical activity was measured in the D, —
'Fs band (centered around 545 nm). The optical activity
within the other Tb(III) emission bands was examined many
times, but trends within these bands always paralleled those
obtained in the 5D, — "F5 band. As a result, we will restrict
our discussions to features obtained only for this most intense
band.

Phenylalkylamines. It was found that two chiral phenyl-
alkylamines, a-phenylethylamine (I) and a-methylphenyl-
ethylamine (IT), led to observable CPL if the solution pH was

@—TH——CH3 @——CHZ_CIH—CH3
NH2 NHo

I 1I

sufficiently low. These two environment substances may be
considered the simplest members of a series of environment
substances built on benzylamine and §8-phenylethylamines,
respectively. The sign of the CPL within the D, — 7F; peak
proved to be a reliable indicator of the absolute configuration
of the environment substance; if the .S isomer was used, then
the major CPL within the *D, — "F, band was found to be
positive in sign. Our previous work'®!# has shown that the
observation of positive CPL in this band implies that the A
isomer of the Tb(DPA);* complex is present in excess. Ab-
solute configurations of the environment substances are
available in the literature.!’

(16) Brittain, H. G. J. Am. Chem. Soc. 1980, 102, 3693.
(17) Klyne, W.; Buckingham, J. “Atlas of Stereochemistry”; Oxford Univ-
ersity Press: New York, 1978.
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Figure 1. CPL spectra within the D, — Fs luminescence band of
Tb(DPA);* complexed with (R)-phenylethylamine (upper trace) and
(S)-pHenylethylamine (lower trace). The Th(DPA);* in this and all
other studies was 14 mM, and both substrate concentrations were 100
mM.

While substrate II could only be obtained as the .S isomer,
substrate [ was obtained as the resolved R and S isomers. CPL
spectra obtained upon addition of equal amounts of these to
separate Tb(DPA),* solutions are shown in Figure 1 for the
5D, — F; transition, and one may easily see that the spectra
are exactly equal in magnitude and opposite in sign. The
spectra in the Tb(III) emission bands are essentially identical
with those we have presented in our earlier works.!?

The CPL induced in the D, — "F; transition is essentially
pH invariant until the solution pH is raised to 8.75, and then
a rapid decrease in CPL intensity is noted. This behavior is
illustrated in Figure 2, where it should be noted that, while
the overall trends are the same for both substrates, substrate
I is found to exhibit somewhat higher degrees of CPL than
substrate II for equivalent amounts of environment substance.
It is known that the acid ionization constant of the primary
amines is approximately 9.5,'® and we therefore conclude that
the Pfeiffer effect of CPL is lost when the environment sub-
stances are deprotonated. This behavior is not hard to un-
derstand when one remembers that the Tb(III) complex and
the protonated amines are oppositely charged, and removal
of the positive charge on the amine substrates removes much
of the driving force responsible for the association.

We have previously noted that a g, factor of £0.022 (sign
depends on the absolute configuration of the environment
substance) appears to be the limiting quantity that can be
reached!®'* and have confirmed this observation in the present
work by adding 30-fold excesses of environment substances
to the Tb(DPA),>" solutions. It is our contention that this
limiting dissymmetry factor represents the g, value of the
fully complexed Tb(DPA),* complex.

With knowledge of the limiting dissymmetry factor, it is
quite easy to calculate the association constant for the reaction

Tb(DPA);* + S = Tb(DPA),(S)*
by varying the concentration of both initial reagents and

measuring the degree of induced optical activity. Application
of Job’s method of continuous variations yields the 1:1 stoi-

(18) Martell, A. E.; Smith, R. M. “Critical Stability Constants”; Plenum
Press: New York, 1977; Vol. II.
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Figure 2. pH dependence of the dissymmetry factors associated with
the Th(DPA);*/(S)-phenethylamine (1, ®) and Th(DPA);*/(S)-
methylphenylethylamine (II, &) adducts. The concentrations of both
substrates was 105 mM.

chiometry for the adduct complex and permits the calculation
of the association constant:

K = [Tb(DPA);(S)]/([Tb(DPA);][S])

We have previously outlined in sufficient detail how this
calculation may be performed.!*

Using our computational procedures, we find that the for-
mation constant of the Tb(DPA),*/R-1 complex is 21.86,
while that of the Th(DPA),>/S-1I complex is only 18.63. The
constant for the Tb(DPA),;*/S-1 was found to be 21.78, and
it is therefore concluded that no stereoselectivity is exhibited
when the simple phenylalkylamines bind to the Tb(DPA),*"
complex. The formation constant of all environment sub-
stances higher than any of those we have reported so far.!2-14
The formation constant of all environment substances will be
found in Table I. The values for the constants obtained here
are significantly higher than any of those we have reported
so far!z14

Phenylalkylamino Acids. Replacement of the terminal
methyl group on substrates I and II by a carboxyl group yield
two amino acids, phenylglycine (III) and phenylalanine (IV).

Q_TH'—‘COOH Q-CHZ—TH—COOH
NH2 NH2

11X v

While both of these environment substances yielded CPL when
added to a solution of Th(DPA),*", the pH dependence of this
induced optical activity was found to be significantly different
from that of the simple amines. In Figure 3 the pH depen-
dence of CPL within the D, — F; transition is illustrated
for Tb(DPA),*/R-III and Tb(DPA),*/R-IV.

Several points may be immediately noticed. First, between
pH 7.5 and 8.5 the CPL spectra are found to undergo a
complete sign inversion. The band shapes that are obtained
match those of Figure 1, and it is quite clear that, while the
A isomer of Tb(DPA),;> is present in excess at low pH, a
process takes place near neutral pH which causes the opposite
enantiomer to become preferred as a result of some change
on the environment substance. This is a highly interesting
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Table I. Formation Constants for Tb(DPA),*~ Adducts with
Environment Substances That Form Quter-Sphere Complexes®

substrate K,
(R)-c-phenytethylamine (I) 21.86
($)-8-phenyl-2-propylamine (II) 18.63
(S)-phenylglycine (I1IT) 1.58 (low pH) 30.45 (high pH)
(R)-phenylalanine (IV) 5.76 (low pH)  5.49 (high pH)
(R)-phenylglycinol (V) 1.78 (low pH)  2.27 (high pH)
(S)-phenylalaninol (VI) 2.62 (low pH)  0.96 (high pH)
(18,25)-2-amino-1-phenyl- 7.75

1,3-propanediol (VII)
(1S,2R)-norephedrine (VIII) 6.97
(1R, 2R )-norpseudoephedrine 3.03
15,9]
(18,2R)-ephedrine (X) 2.73
(R)-p-hydroxyphenylglycine 22.48 (low pH) 11.47 (high pH)
(XD
(S)-tyrosinol (XIV) 14.11 (low pH) 59.26 (high pH)

@ The error associated with each constant is approximately 10%.

T~

pH

Figure 3. pH dependence of the dissymmetry factors associated with
the Th(DPA),*/(R)-phenylglycine (I11, o) and Tb(DPA),*/(R)-
phenylalanine (IV, ®) adducts. The concentration of subs{rate 111
was 17.42 mM, while that of IV was 96.25 mM.

point, since with the simple phenylalkylamines it was the
isomer of the environment substance which led to a predom-
inance of the A isomer, not the R isomer as in the case of the
phenylalkylamino acids.

Another important difference is that, while deprotonation
of the simple amines led to complete loss of the CPL, per-
formance of the analogous process on the phenylalkylamino
acids leads to the appearance of oppositely signed CPL. It
is known that the ammonium group of phenylglycine has a
pK, value of 7.78' and phenylalanine has a pK, of 9.11,° and
it is not unreasonable to assign the CPL sign inversion as being
due to deprotonation of the ammonium group of the amino
acids. It is quite significant to note that this deprotonation
is more easily effected when the substrates are bound to the
Tb(DPA),* complex; for phenylglycine, the CPL is zero at
pH 7.4 and for phenylalanine the CPL crosses zero at pH 8.3.

(19) Brucie, T. C.; Topping, R. M. J. Am. Chem. Soc. 1963, 85, 1488.
(20) Volume I of ref 18.
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These crossover points correspond to the situation where we
again have an exact racemic mixture of the Tb(DPA);*"
complex, and these point out the pH value where equimolar
amounts of protonated and deprotonated amino acid substrate
exist. Unlike the simple amines, the amino acids continue to
bond to the Tb(DPA),;* complex even after the center of
positive charge is removed from the environment substance.
Qur observation that S-I, S-II, R-III, and R-IV all lead to
enrichment of the solution in the A isomer of Th(DPA),;>~ at
low pH can be taken as proof that the associative mechanism
existing between the metal complex and the two classes of
environment substances is quite different. We shall return to
this point later in the Discussion.

An examination of Figure 3 reveals that, for each amino
acid substrate, two pH regions exist where the CPL intensity
(as measured by the dissymmetry factor) is essentially con-
stant. This implies that the adduct complex is stable over the
pH 3-6 and 10-11.5 ranges and that calculations of the for-
mation constant for the adducts will be more meaningful. For
phenylglycine, we find that the binding between Tb(DPA),*
and R-III is quite weak (K = 1.58) in the low-pH region but
becomes dramatically stronger within the high-pH region
(where K = 30.45). No such dramatic difference is noted for
phenylalanine, with formation constant values of 5.76 (low-pH
region) and 5.49 (high-pH region) being obtained for R-IV.
A significantly different association constant was obtained if
the S isomer of phenylalanine was used, and it was found that
the bonding was distinctly weaker (K = 5.02 at low pH and
4.37 at high pH). These differences are much greater than
the experimental error in the formation constants (which

_ranges from 0.05 to 0.09 for the values quotes in this paper).

Phenylalkylamino Alcohols. Substitution of a hydroxyl
group onto the terminal methyl group of substrates I and II
yields two amino alcohols, phenylglycinol (V) and phenyl-
alaninol (VI). Addition of these environment substances to

@—TH-—CHZOH @'CHZ—(‘ZH——CHZOH
NH2

NH2
v VI

a solution of Tb(DPA),* again resulted in the existence of
optical activity. This optical activity also was found to undergo
a sign inversion around neutral pH.

The pH trends are essentially identical with those just de-
scribed for the phenylalkylamino acids. If R-V is used as the
environment substance, then the CPL at low pH indicates that
the A isomer is preferred as a result of the outer-sphere in-
teraction. It was not possible to obtain R-VI, but S-VI led
to enrichment of the solution in the A isomer. The dissym-
metry factors obtained for the amino alcohols were somewhat
smaller than those obtained at corresponding concentrations
of amino acids, indicating that the degree of interaction is
somewhat smaller for alcohol environment substances. The
formation constants of the adducts are found to reflect this
difference. Phenylglycinol is found to have an association
constant of 1.78 in the low-pH region and 2.27 in the high-pH
region, while phenylalaninol exhibits values of 2.62 (low pH)
and 0.96 (high pH). The striking change in formation con-
stants found for phenylglycine as the pH was raised is simply
not observed for the corresponding amino alcohol.

Examination of the data reveals that the induced CPL of
the phenylglycinol complex equals zero at pH 8.3, while that
of the phenylalaninol adduct is zero at pH 7.2. These trends
are opposite to those found for the amino acids, where the
phenylglycine curve crossed zero at lower pH than the phe-
nylalanine curve. These features clearly show that the asso-
ciative mechanisms are fundamentally different in the two
substrate classes. The pK, values for the ammonium groups
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in phenylglycinol and phenylalaninol are not available, but a
variety of other amino alcohols are known to have pK, values
ranging from 9.4 t0 9.7.17 It is certain that the change in CPL
line shape observed in Figure 4 must be due to ionization of
the ammonium group on the environment substances, but the
low-pH values at which this occurs indicate substantial pro-
motion of this dissociation by the bound Tb(DPA),* complex.

Replacement of one of the methylene protons of phenyl-
alaninol by another hydroxyl group yields 2-amino-1-
phenyl-1,3-propanediol (VII). Substrate VII is commercially

Q—CH—CHZ—CHZOH

| ]
OH NH»
VII

available as the S,S isomer. Addition of S,5-VII to a solution
of Tb(DPA),*" led to CPL spectra identical with those just
described, but the pH dependence of this optical activity was
found to be significantly different from that found for the
closely related phenylalaninol substrate. In this system, no
sign inversion is observed in the CPL spectra of the D, —
7F; transition as the pH is raised from 2 to 9. We do find that
the CPL is lost by pH 9, indicating that deprotonation of the
ammonium group is responsible for this loss of Pfeiffer optical
activity.

With substrate VII, we find that the pattern of induced
optical activity established with the simple phenylalkylamine
substrates is repeated. We had noted earlier that the CPL
induced by (S)-phenylethylamine or (S)-methylphenylethyl-
amine was positive in sign, and we now find that the CPL
induced by S,S-VII is also positive in sign. If we use the
plateau values of the dissymmetry factors for calculation of
the formation constant of the Th(DPA),*/S,S-VII adduct,
we find that a value of 7.75 is obtained.

For further investigation of this substitution effect, the CPL
induced by (+)-norephedrine (VIII) and (-)-norpseudo-
ephedrine (IX) was investigated. These two environment

@—?H—fH—crﬁ

OH  NHz

VIII = erythro isomer
IX = threo isomer

substances are merely the erythro and threo isomers of a-(1-
aminoethyl)benzyl alcohol. Comparison of VII (which is also
a threo isomer) and IX reveals that the latter substrate is
obtained by replacing the terminal CH,OH group by a simple
methyl group. Substrate IX is obtained commercially as the
1R,1R isomer, and substrate VIII is obtained as the 1.5,2R
-isomer.!” The substances were actually obtained as the hy-
drochloride salts, but we obtained identical results on the salt
as on the free base (obtained by a neutralization procedure
we have previously described?!).

The CPL spectra exhibited by Tb(DPA),*/1R,1 R-IX and
Tb(DPA),*/1S,2R-VIII were found to follow essentially the
same pH dependence as was found for substrate VII. The
dissymmetry factors are pH independent between pH 2.5 and
pH 6, and above this pH the optical activity decreases rapidly.
No optical activity is noted once the pH reaches 9.5, and none
is found above this pH. Knowing the approximate ionization
constant of the ammonium group, we therefore believe this
trend constitutes further proof that removal of the positive
charge eliminates the driving force for the association of
chelate and environment substance (at least for these benzyl
alcohols).

(21) Yang, X,; Brittain, H. G. Inorg. Chem. 1981, 20, 4273.
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As would be expected, the CPL induced by 1R,1R-IX is
always negative in sign and is opposite to that found if
LS,1S-VII was used as the environment substance. The optical
activity induced by the 15,2R-VIII substrate was found also
to be negative in sign, indicating that for these benzyl alcohols
the favored enantiomer of the Tb(DPA),* complex is selected
by the absolute configuration of carbon-2. For substrates VII,
VIII, and IX we can formulate a rule that, if the absolute
configuration at carbon-2 is that of the S isomer, then the A
isomer of Th(DPA),* will be present in the larger excess.

Calculation of the formation constants for the adduct com-
plexes by the usual methods yields a value of 6.97 for nor-
ephedrine and 2.03 for norpseudoephedrine. One would have
expected the constant of the two threo isomers to be of similar
magnitude, but the greater value obtained for substrate VII
undoubtedly reflects the extra protection of the terminal hy-
droxyl group present on this substrate.

Further verification of this trend was obtained by using
ephedrine (X) as the environment substance. This substrate

QTH—TH——CH;

OH  NH(CH3z)
X

is available as the D and L isomers, the D isomer having the
1S5,2R configuration and the L isomer having the 1R,2S
configuration.!” The CPL spectra within the D, — 7Fs band
are never found to change sign as the pH is raised, and the
curves are almost superimposable with those obtained for
norpseudoephedrine. It was found that the CPL of 1R,2S-X
was positive in sign, while the CPL of 15,2R-X was always
negative in sign. These trends confirm the earlier observation
that, if the absolute configuration of carbon-2 was S in nature,
then the A isomer of Tb(DPA),*~ was favored as a result of
the association.

The formation constants of the adducts are found to be 2.01
for the 1R,25-X complex and 2.73 for the 15,2R-X adduct.
This stereoselectivity has been noted before with the pheny-
lalanine adduct complexes, but there it was the R isomer that
formed the more stable adduct. These data show that the
absolute configuration of carbon-2 not only determines the sign’
of the induced CPL but also affects the stability of the adduct;
more stable adducts are formed when carbon-2 is of the R
configuration.

Discussion

The results obtained in the present investigation are con-
sistent with those of our earlier studies!®'# in which we es-
tablished the associative mechanism as being responsible for
the Pfeiffer optical activity in the Tb(DPA),;* complex. These
earlier studies required that some hydrogen-bonding mecha-
nism was probably necessary to perturb the enantiomeric
equilibrium

A-Tb(DPA),* = A-Tb(DPA),*

and this perturbation leads to the observed optical activity.
Of greatest interest was our observation (obtained from an
examination of the induced chirality caused by monoamino
and diamino carboxylic acids of varying chain length) that a
hydrophobic “pocket” exists between the DPA rings, and this
site could provide extra stabilization for the adducts. The
existence of a positive charge on the environment substance
provided a driving force for the complex formation, and this
force was assisted if the substrate contained a functionality
capable of binding at the hydrophobic site.

It is quite clear from examination of the association con-
stants obtained during the course of the present work (and
shown in Table I) that the phenyl ring of the phenylalkylamino
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acids must fit into the hydrophobic pocket of the Tb(DPA),>-
complex. The formation constants of the aliphatic amino
acids'4 are significantly smaller than those we report now, and
this difference in bonding is most likely due to the extra sta-
bility brought about by the hydrophobic bonding. At the same
time, we find that this hydrophobic bonding is not sufficient
in itself to cause chelate/substrate binding (deprotonation of
the simple amines causes loss of the optical activity) and that
additional forces are necessary. These other binding forces
appear to be associated with the ionic portion of the envi-
ronment substances, and our previous NMR studies have
shown that this region of the substrates is not close to the
central lanthanide ion.!*

All of the environment substrates studied in the present work
can be grouped into four main classes, depending on their
functionality and effect on the Th(DPA);*~ complex. The first
of these consists of the two simple amines, substrates I and
II. With these substances, CPL is found when the ammonium
group is protonated and lost when the ionization takes place.
The R isomer of these amines always yields negative CPL in
the 5D, — 7Fs Tb(III) band, which we take to imply the
existence of an excess of the A isomer of the Tb(DPA),*"
complex. While the amine is protonated, the substrate contains
a center of positive charge, and the ionic attraction between
the positively charged environment substance and negatively
charged Tb(III) complex provides a driving force of associa-
tion. The phenyl ring then is able to slip into the hydrophobic
site and enables extra stabilization of the adduct to take place.
Deprotonation of the amine removes the ionic attraction and
permits the adduct to dissociate.

The next substrate class consists of the amino alcohols and
acids that contain one asymmetric atom: substrate III, V, XI,
IV, VI, and XIV. With the R isomer of these environment
substances, the CPL is found to be positive while the ammo-
nium group is protonated and negative when it is not. Thus
with these bifunctional substrates, it is the S isomer that yields
A-Tb(DPA),* while the ammonium group is protonated and
not the R isomer, which had been the case for the simple
amines. These trends clearly indicate that the bonding between
chelate and substrate is fundamentally different in both cases.
We propose that at pH values below the ionization point of
the ammonium group, the substrate binds to the chelate
through the usual ionic (ammonium group) and hydrophobic
(phenyl ring) mechanisms and this bonding is assisted by
further hydrogen bonding between the DPA rings and the
carboxyl or hydroxyl functionality. The formation constants
demonstrate that binding by the hydroxyl group is much
weaker than binding by the carboxyl group, and we believe
this observation would suggest involvement of solvent water
in the bridging process. When the ammonium group is de-
protonated, dissociation of the adduct need not occur as the
hydrophobic bonding is still assisted by the carboxyl or hy-
droxyl hydrogen bonding. However, this bonding change
apparently stabilizes the other enantiomer of the Tb(DPA),*
complex, and we observe a complete CPL sign inversion in the
D, — "Fs band. This new mode of bonding must be sub-
stantial, as the adduct is stable up to pH 11.5.

The last environment substance class consists of amino
alcohol substrates containing two asymmetric atoms. Here,
the CPL was found not to invert sign at neutral pH, correlated
with the absolute configuration of the carbon binding the
ammonium group, and disappeared when the ammonium
group was ionized. These substrates behave like the simple
amines in their pH trends, and it is also found that the R
isomer (at carbon-2) leads to enrichment of the A isomer of
Tb(DPA);>~. We believe that the hydroxyl group at carbon-1
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must be involved in the bonding somehow; for otherwise the
binding trends of 1S,1S-VII would have had to be the same
as for phenylalaninol. For this class, the assistance provided
by the hydroxyl at carbon-1 must not be highly significant,
however, as the CPL is lost with deprotonation of the am-
monium group.

To verify that all observed optical activities were indeed due
to outer-sphere complexation, we undertook a study of changes
within the hypersensitive absorption bands of the Ho(DPA),*
complex. As observed in a previous study of this type,'? the
spectra within the 5Ty — Gy transition of Ho(DPA),*" were
identical with those for Ho(DPA),*/substrate. Given the
sensitivity of this band to environment, these results show that
the nature of the complexation is predominantly outer-sphere.

Additional evidence that the chelate/substrate interaction
was outer sphere in character was obtained by examining the
reversibility of the observed changes in CPL with solution pH.
It was found that with substrates [-X, the pH of the solution
could be swept from very low to very high as many times as
desired without substantially altering the luminescence prop-
erties. However, other substrates were found (e.g., tyrosine)
where inner-sphere bonding was detected and the pH changes
were totally irreversible. We will report on these other systems
in a later publication.??

The CPL exhibited by the Tb(III) ion is determined by the
absolute configuration of the asymmetric atom on the sub-
strate, but it is clear that other bonding modes (already dis-
cussed) dictate exactly which isomer of the Tb(III) complex
will be favored. For the amino acid substrates (XII and XIII),
the S isomer is found to lead to a greater concentration of
A-Tb(DPA),;*". On the other hand, with amino alcohol sub-
strates (XV and XVI), it is the R isomer that yields A-Tb-
(DPA);*. We propose that the different modes of hydrogen
bonding associated with the carboxyl and hydroxyl groups
account for this difference.

Conclusions

In the present and earlier works!?"'4 we have presented
evidence that the Pfeiffer effect in these 9-coordinate lan-
thanide complexes arises from the associative mechanism and
that this mechanism can contain ionic, hydrophobic, and hy-
drogen-binding contributions. Unfortunately, the sign of the
CPL cannot be used to infer the absolute configuration of the
environment substance, as certain substrates are found to
exhibit different signed optical activity as the solution pH is
systematically varied. Certain limited correlations are possible,
however, for a restricted functionality grouping on the envi-
ronment substances. Given the extreme lability of the Tb-
(DPA);* complex, the Pfeiffer effect may be the only method
whereby one can obtain the optical activity of this trigonal
lanthanide complex in solution.
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