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Chirality-dependent interactions between molecular propeller
structures in solution. Chiral recognition and discrimination
processes modulated by temperature and incremental changes in
structural chirality
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Abstract

Time-resolved chiroptical luminescen€ER-CL) measurements are used to study chirality-dependent intermolecular
interactions in dynamic excited-state quenching processes. The measurements are carried out on solution samples tha
contain a racemic mixture of chiral luminophore moleculesth enantiomeric structures denoted By. and AL)
and a small, optically resolved concentration of chiral quen€@&)) molecules. The luminophores are excited with
a pulse of linearly polarized laser radiation to produce an initially racemic excited-state populat\drt ahd AL*
enantiomers, and TR-CL measurements are then used to monitor the differential decay kineticA of #mel AL*
subpopulations. Observed differences betweenAth& and AL* decay kinetics reflect differential rate processes and
efficiencies forAL*—CQ vs.AL*~CQ quenching actions, and they are diagnostic of chiral discriminatory interactions
between the luminophore and quencher molecules. Twelve different luminophore—quencher systems are examined, in
both H,O and D O solutions, and in each case the quenching kinetics are measured over the 273—-308 K temperature
range. In all of the systems examined here, quenching occurs via electronic energy-transfer processesnin
(AL*~CQ) and (AL*—CQ) encounter complexes, and the chiral discriminatory rate parameters reflect the relative
stabilities and lifetimes of these complexes as well as their structures and irtelewttonic and nucleaidynamics.

All of the luminophore and quencher molecules examined in this study have three-bladed propeller-like structures
that are very similar in overall shape and size. However, they exhibit small differences in the structural details of

their propeller blades, and it is found that these small differences in structure can produce both qualitative and very
substantial quantitative differences in their chiral recognition and discrimination properties.
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1. Introduction and AL* enantiomer$ that may subsequently
evolve to anon-racemic composition in the pres-
Intermolecular recognition and discrimination ence of enantiopreferential quenching actions by
processes are of widespread interest and profoundthe CQ species. The time-evolution of enantiomer-
importance in chemistry and biologjl—€]. In ic excess in the luminophore excited-state popu-
systems that contain chiral molecular species, theselation is monitored by time-resolved chiroptical
processes are often governed by intermolecular luminescence(TR-CL) measurements, and these
interactions that depend on the relative structural measurements also yield rate constants for the
chiralities of the interacting species. Considerable competingAL*—~CQ andAL*—CQ quenching pro-
attention has been given to experimental charac- cesses. A comparison of these quenching rate
terization and theoretical rationalization of chiral- constants(denoted here by and k3) provides
ity-dependent molecular recognitibn  information about both the degree and sense
discrimination phenomena, but efforts to join (handednegsof chiral discriminatory interactions
theory with experimental observation have met between the luminophords\L* and AL*) and the
with only mixed success. This is due, at least in CQ species.
part, to the difficulties involved in identifying and The luminophore and quencher molecules exam-
separately evaluating contributions made by the ined in this study are very similar in overall shape
variouskinds of structural chirality(electronicand and size, but they differ in their chemical compo-
stereochemicaltypically found in chiral molecular  sitions, electronic state structures, and stereochem-
systems. Furthermore, in most systems and pro-ical details. Both the luminophores and quenchers
cesses of practical interest, chiral discriminatory have three-bladed propeller-like structures of well-
interactions represent only a small fraction of the defined helicity about either an exact or an approx-
total intermolecular interaction energy, multiple imate threefold symmetry axis. However, whereas
interaction mechanisms are likely to make impor- the individual propeller blades of the luminophore
tant contributions, and environmental effects can structures are achiral and essentially flat, the indi-
be substantial. In systems where the interacting vidual propeller blades of the quencher structures
molecules have highly differentiated stereochemi- are inherently chiral and contain several stereogen-
cal structures, it is sometimes possible to ration- ic atomic centers of well-defined absolute config-
alize chiral discriminatory behavior in terms of uration. The chirality of the luminophore structures
steri¢/electrostatic ‘lock-and-key’ models. How- derives entirely from the helical arrangement of
ever, these models are of little value for treating the propeller blades about the trigonal symmetry
systems in which the interacting molecules have axis of these structures. In contrast, the overall
similar shapes, sizes, and static charge distribu- chirality of the quencher systems reflects chiral
tions, and they do not address contributions to structural details within each of the three propeller
chiral discrimination from dynamic electronic blades, as well as the overall helical arrangement
interactions of the kinds found, for example, in of these blades about the propeller screw axis.
intermolecular electronic energy-transfer processesEach of the several types of structural chirality
and stereoselective electron-transfer reactions. present in the quencher systems may be expected
In the present study, we examine intermolecular to make distinct contributions to both the degree
chiral discrimination in dynamic excited-state and sense of chiral recognition and discrimination
guenching processes. We focus on a series ofobserved in the luminophore—quencher interaction
systems that contain a racemic mixture of chiral processes examined in this study. One of the major
luminophores(with enantiomeric structures denot- objectives of this study was to determine which
ed here byAL and AL) in solution with a small,  elements of structural chirality in the quencher
optically-resolved concentration of chiral quencher systems play the dominant role in the observed
(CQ) specieq7—-17. The luminophores are excit- chiral recognition and discrimination phenomena.
ed with a pulse ofinpolarized light to produce an  Does helicity about the screw axis of the overall,
initially racemic excited-state populatiofof AL* three-bladed propeller structures play the dominant
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role, or do conformational helicities and local site
asymmetriesvithin the individual propeller blades
of the structures play the dominant role?

The luminophores used in this study are
tris(dipicolinat® coordination complexes of either
Eu(lll) or Th(ll). These complexes have tris-
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[CoNg]** coordination core. These complexes
contain either three or six additional stereogenic
centers, located at the nitrogen atoms attached to
the capping grougor groups.

Each of the [Co(R,R-dach;_,(S,S-dach,]**
complexes has a three-bladed propeller-like struc-

terdentate chelate structures of trigonal—dihedral ture in which the screw axis of the propeller is
(D3) symmetry, and in aqueous solution they exist coincident with either an exact or an approximate
as a racemic mixture of interconverting structural threefold symmetry axis of the complex. The main

enantiomers, denoted here by-Ln(dpa3~ and
A-Ln(dpa3~ (where Ln=EW®* or TB*;
dpa=dipicolinate dianior= 2,6-pyridinedicarbox-
ylate; andA andA are chirality labels that specify
either left-handed A) or right-handed(A) struc-
tural helicity about the trigonal symmetry axis of
the complexes The electronic state structures

structural differences between these complexes are
found in the shapes of the individual propeller
blades(which reflect differences between the che-
late-ring conformations dictated bR,R-dach vs.
S,5-dach ligands and in the orientational distri-
butions of the six N-H bonds that protrude out
from each trigonal face of the complexes. The

relevant to the luminescence properties of these orientations of the N-H bonds on the trigonal
complexes have been studied in some detail andfaces of these complexes may be expected to have

are reasonably well characteriz¢tig,19. In the

a significant influence on any hydrogen-bonding

Eu(dpa3~ complexes, the relevant state structure interactions that might occur between the quencher

is that derived from thé FJ=0-6) and lowest-
energy®  multiplet manifolds of the &fEu")
electronic configuration, and in the Tdpa3~

complexes and the I(dpa3~ Iuminophores
(which have carboxylate groups on their trigonal
face9. Of course, these types of interactions would

complexes the relevant state structure is that be in large part suppressed in systems where the

derived from the’ F(J=0-6) and lowest-energy
5D, multiplet manifolds of the /(Th*") electron-
ic configuration.

mono-capped 0Or bi-capped derivatives off Co(R,R-
dach;]®* are used as quenchers.
The excited-state quenching processes examined

All of the quencher systems used in this study in this study occur via electronic energy transfer

are six-coordinate Gdll) complexes constructed
from trans-1,2-diaminocyclohexane ligands. Each
of these complexes contains[&oNs]3** coordi-

between excited Hdpa3~ or Th(dpa3~ lumi-
nophores and ground-state @b) complexes. The
energy donor levels of the excited luminophores

nation core in which the nitrogen donor atoms are (Eu* or Th*) are in all cases at energies21 500
from ligand amino groups, and each contains cm~! (above grounyl and they correspond to

chelate rings that have conformational chirality
dictated by the absolute configuratidR or S) of
the two stereogenic carbon atoms in eacdmns-

1,2-diaminocyclohexane ligand. Four of the com-

excited states formed by 4f—4f electronic excita-
tions localized on the metal centefEw®* or
Tb3*) of the luminophores. In all of the @Hl)
complexes used in this study, the relevant energy

plexes have tris-bidentate chelate structures with acceptor levels correspond to states derived in

ligand compositions specified by[Co(R,R-
dach;_,(S,S-dach,]** (y=0, 1, 2, or 3, where
R,R-dach andS,S-dach denote, respectively, the
1(R),2(R) and X5),2(S) optical isomers ofrans-

1,2-diaminocyclohexane. The two remaining com-

large part from the 31 electronic configuration of
Ca®*. Therefore, the resonant donédeexcita-
tion)—acceptofexcitation transitions that occur in
the Ln*+ Co— Ln+ Co* energy-transfer processes
(where Ln*=Eu* or Tb*) involve 4f—4f transi-

plexes employed as quenchers are derivatives oftions in Ln* and 3d-3d transitions on Co. Both

[Co(R,R-dach;]3* in which either one or both of
the trigonal faces of théCo(R,R-dach;]3* parent
complex are capped by a tfimethylengamino

of these transition types have transition densities
localized largely on the metal centers of the inter-
acting luminophore and quencher molecules, and

group attached to three nitrogen atoms of the both exhibit relatively small oscillator strengths
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(in optical absorption antbr emission processes  handed chirality about each of its three digonal
Given these properties of the don6tf—4f) and (C,) symmetry axes. Analogously, the enantio-
acceptor(3d—30d transition types, one may predict mer, defined to haveight-handed chirality about
that energy transfer will occur predominantly via its trigonal axis, hadefi-handed chirality about
short-range interactions in transient Ln*—Co con- each of its digonal axes. The absolute configura-
tact (or near-contadt pairs formed during diffu- tion of a given enantiomer is uniquely specified
sional encounters between the luminophores andby the labelA or A, but to specify the ‘handed-
guencher species in solution. ness’ of its structure one must also choose a
All of the measurements reported in this study particular reference axis. The chiroptical properties
were carried out on either H O or,D O solution of this enantiomer are determined by its absolute
samples in which the luminophore concentration configuration, irrespective of how one chooses to
was 10 mM and the quencher concentration was define its structural handedness. However, when
10 wM. Measurements were performed at eight considering interactions between this enantiomer
different sample temperatures between 273 andand other chiral molecules, it is often usefaind
308 K, and the results obtained from these meas- sometimes essentjato specify the handedness of
urements reveal significant, thermally-induced the enantiomer with respect to axes that are coin-
modulations in the chirality-dependent quenching cident with likely intermolecular interaction axes.
kinetics observed for the various luminophore— Structural representations of-Ln(dpa3~ and A-
qguencher systems. Moreover, the degrees of chiralLn(dpa@3~ enantiomers are shown in Fig. 1, with
recognition and discrimination observed in the views along both the trigonal axis and one of the
guenching processes show a dependence on thaligonal (C,) axes.
electronic state structures, as well as the stereo- Under the solution conditions employed in the
chemical structures, of the interacting luminophore present study, the Edpa3~ and Tkdpa3~ com-

and quencher molecules. plexes exist as racemic mixtures in which the
an A enantiomers undergo relatively faciletra-
2. Elements of structural chirality in the lumi- molecular A <> A isomerization processes. The
nophore and quencher molecules kinetics of these processes have been characterized
for Eu(dpa3~ in both H,O and B O solutions
2.1. Eu(dpa)i~ and Tb(dpa)3~ luminophores over the 293-353 K temperature range, and fits

of the rate-constant data to Arrhenius and Eyring

The equilibrium structures of Edpa3~ and thermal activation models yield the parameters
Th(dpa3~ in neutral agueous solution have tri- shown in Table 123]. For Eldpa3~ in H,O, the
gonal—dihedralD3;) symmetry, and the three bicy- enantiomer interconversion rate constant increases
clic chelate rings in these structures form either a from a value of 12 s* at 293 K to a value of 592
left-handed (A) or a right-handed (A) three- s~ ! at 353 K, and for E(pa3~ in D,0, the rate
bladed propeller arrangement about the threefold constant increases from a value 6's at 293 K to
axis. The individual ligands and their chelate rings a value of 371 5* at 353 K. Rate parameters for
have achiral structures, so structural chirality in Th(dpa3~ enantiomer-interconversion processes
Eu(dpa3~ and THdpa3~ complexes is deter- have not been determined, but they are expected
mined entirely by the helicafpropeller-like dis- to be closely similar to those determined for
tribution of chelate rings about the metal atom. Eu(dpa3~ [11].
Following standard practice, we label the structural

enantiomers of these complexes as eitheor A, 2.2. Quenchers

which refer to the helicity of the three bicyclic

chelate rings about the trigonal aX20-23. It is All of the cobalflll) complexes examined as
important to note, however, that although the quenchers in this study have an octahedral
enantiomer is defined to haveft-handed chirality [CoNg]®* coordination core in which the nitrogen

about its trigonalC;) symmetry axis, it hasight- donor atoms are from ligand amino groups. The
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building-block ligands are the (R),2(R) and Table 1

; ; 1 9.diami _ Thermal activation parameters determined foA —
1($),2(S) optical isomers ofrans-1,2-diaminocy Eu(dpa3~ 2 A—Eu(dpa$~ enantiomer interconversion kinet-

clohexane, which are denoted hereafter RaR- ics in H,0 and [ O solutiors

dach andS,S-dach. Four of the complexes have

tris-bidentate chelate structures, with ligand com- Parameter Solvent

positions specified by [Co(R,R-dach;_ (S,S- H,O D,O

dach,]** (y=0, 1, 2 or 3. The chelate rings in

these structures form a three-bladed propeller with ﬁ]aA(k(Janlg’fl)b o o
either aleft-handed (A) orright-han_ded (A) screw A (kI mol e 186 480
sense, and the handedness of this propeller defines

what is commonly called theonfigurational chi- AS* (Jmolt K~H¢ —55.8 —-59.3
rality of the overall chelate system. The and A =Data from[23].

configurational isomers of the [Co(R,R- b parameters determined from fits of enantiomer intercon-

dacﬁg,y(S,S-dachv]“ complexes may be version rate-constant data(7), to Ink.=In A—E/RT.
resolved to obtaih four diastereomeric structures ¢ Parameters determined from fits of enantiomer intercon-
with A configurational chirality and four with\ version rate-constant data(7), to Inke/7) =In(ke/h) +AS*/

. nng L Yy R—AH?*/RT.
configurational  chirality. ~ Only A-[Co(R,R-
dach;_,(S,S-dach,]** configurational isomers

A-Ln(dpa)33~ A-Ln(dpa)s 3~

Fig. 1. Structural representations afLn(dpa3~ and A-Ln(dpa3~ enantiomers. The top structures are viewed along the trigonal
symmetry axis, and the bottom structures are viewed along one of the digonalymmetry axes. The dimensions of the structures
are indicated by the angstrof®) scales shown on the left-hand side of the figure.
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A-(AB8)-[Co(RR-dach)(SS-dach),]**

A- (388)-[Co(SS-dach)s]**

Fig. 2. Structural representations of theconfigurational isomers of thECo(R,R-dach;_,(S,S-dach,]** (y=0, 1, 2, or 3 com-
plexes, each viewed along the screw axis of the three-bladed propeller formed by the chelate rings.

are used in the present study. Each of these isomerdAA3), (A33) and (333) for y=0, 1, 2 and 3,

has an enantiomeric counterpart among the
isomers.

The five-membered chelate rings formed by
coordination oftrans-1,2-dach to a Co" ion have
rigid, non-planar conformational structures that are
chiral. Chelate rings formed bR,R-dach have a
conformational chirality opposite(in handedness
to that found in chelate rings formed I8yS-dach.
Following conventions described elsewhere, the
conformational chirality ofR,R-dach chelate rings
is designated ak (referring toleft-handed helicity
about a particular reference axisand the confor-
mational chirality of §,S-dach chelate rings is
designated a8 (referring toright-handed helicity
about the same reference gxi20-23. Given
these designations, the mixtures of chelate ring
conformational chiralities in our fout-[Co(R,R-
dach;_,(S,S-dach,]** complexes are(ANM),

respectively. The following notation may now be
used to give complete information about the types
of structural chirality found in each complex:
A-(MM)-[Co(R,R-dach;]*";  A-(ANS)-[Co(R,R-
dach,(S,5-dach]3+; A-(A83)-[Co(R,R-dach
(S,S-dach,]®*; and A-(383)-[Co(S,S-dachs]3".
However, since chelate-ring conformational chiral-
ity (A or d) is determined entirely by ligand
chirality (R,R or S,S), information about the latter
is contained in the\/& notation, and hereafter we
shall use the following abbreviated notation to
distinguish between the four complex@s(AA\);
A-(AN3); A-(A33); and A-(883). Structural rep-
resentations of these complexes are shown in Fig.
2, with views along the screw axis of the three-
bladed propeller formed by the chelate rings. Note
that the A-(AAN) and A-(833) complexes each
have D, point-group symmetry, with a threefold
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A-(AAL)-me

A-(AAL)-be

Fig. 3. Structural representations of th@no-capped (mc) and bi-capped (bc) derivatives ofA-(AAN)-[Co(R,R-dach;]**, each
viewed along a direction perpendicular to the threefold symmetry axis of the complex.

symmetry axis coincident with the propeller screw
axis. TheA-(A\3) and A-(A338) complexes each
have G point-group symmetry, with a twofold axis
that is perpendicular to the propeller screw axis.
Two additional cobaltill ) complexes were pre-

dachs]** derivative. These general shapes and
approximate sizes of the quencher species are very
similar to the shapes and sizes of the(@pp)3~

and THdpa3~ luminophores. The most interesting
differences between the quencher structureish

pared and used as CQs in this study. One is arespect to their relationship to enantiopreferential

mono-capped and the other is &i-capped deriva-
tive of A-(QAAN)-[Co(R,R-dachs]?T (=A-(ANN)

in our abbreviated notationIn the mono-capped
derivative, denoted here b&-(AA\)-mc, one of
the trigonal faces of the paredt:(AAN) complex

is capped by a trisnethylengamino group
attached to three nitrogen atoms of tf@oNg]3*
coordination core. In the bi-capped derivative,
denoted here by-(A\M)-bc, both trigonal faces
of the parentA-(A\\) complex are capped by
tris(methylengamino groups. TheA-(A\\)-mc
complex has € point-group symmetry, and it
containsthree asymmetric N centeréeach withR
absolute configurationin addition to the chiral
structural elements found in the pareft(ANN)
complex. TheA-(A\M\)-bc complex has B point-
group symmetry, and it contains six asymmetric N
centers(each with R absolute configurationin
addition to the chiral structural elements found in
A-(A\MN). Structural representations of thaA-
(ANN)-mc and A-(ANN)-be complexes are shown
in Fig. 3.

All of the Co(lll ) complexes used as quenchers
in this study have flattened spheroidédblate
shapes with equatorial radii o6 A and polar
radii between 2.5 and 4 Athe larger of the latter
values applies to the bi-cappedCo(R, R-

guenching rates and efficienclesare: (1) the
relative distributions of chelate-ring conformation-
al isomers(\ vs. 8); (2) the relative availabilities
and orientations of aminddonor group N-H
bonds for hydrogen-bonding interactions with
luminophores; and(3) the relative accessibility of
the [CoNg]*" coordination core to luminophores
(in luminophore—quencher contact encounters

3. Electronic state structures and optical prop-
erties of the luminophores and quenchers

3.1. Luminophores

The optical excitation and emission properties
of Eu(dpa3~ and Thdpa3~ complexes have
been studied extensively in both solid-state and
solution-phase sampld48,19. Analyses of these
properties have produced reasonably good charac-
terizations of the crystal-field energy-level struc-
tures within the’ | (J=0-6) multiplet manifolds
of both EG* and TB" , the lowest-enerdy (D ,
°D,, D, multiplet manifolds of Ed&" , and the
lowest-energy® @ multiplet manifold of T
The locations and widths of these®@u®*") and
4f8(Tb3") multiplet manifolds are shown in the
energy-level diagram of Fig. 4. For Epa3~ in
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Fig. 4. Locations and widths of thé ;F and lowest-energy
5D, multiplet manifolds of E&"(4f®) and TIB*(4f%) in
Eu(dpa3~ and Tddpa3~ complexes. The widths of the
respective manifolds reflect energy differences between the
lowest and highest crystal-field levels split out of the parent
25+1, multiplet states.

solution, the emitting state i D, and the most
intense luminescence is observed in the<FD,
and "F < %D, transition regions. However, the
luminescence observed in the, 4 °D, transition
region exhibits the strongest chiroptical properties,
and most of the Eulpa3~ luminescence measure-

J.P. Bolender, ES. Richardson / Biophysical Chemistry 105 (2003) 293-322

5D, multiplet, and luminescence is observed in
each of the severi ;H(J/=0-6) < °D, transition
regions. The most intense Iluminescence
observed in the’ & °D, transition region, and
this luminescence also exhibits strong chiroptical
properties. Our TR-CL measurements on
Tb(dpa)3~ are carried out at emission wavelengths
within the 7 i, < D, transition region.

is

3.2. Quenchers

In the present study, the relevant electro@ad
vibronic) states of the quencher molecules are
those that can provide acceptor levels for Eu*-to-
Co and Tb*to-Co energy-transfer processes
(where Eu* and Tb* denote Edpa3~ and
Th(dpa3~ complexes in thei? B an8l P excited
states, respectively, and Co denotes a(llCp
guencher complex in its ground electronic siate
The 5D, donor state of Eu* is located approxi-
mately 17190 cm? (above grounyl and the® Q
donor levels of Tb* span the interval 20 450—
20505 cnt! (above groungl The donor deexci-
tation pathways relevant to the Eu*-to-Co
energy-transfer processes are through one or more
of the severf |~ °D, transition manifolds of Eu*,
the lowest-energy of which spans the interval
12 030-12 250 cm* and the highest-energy of
which is centered at 17190 cth . The donor
deexcitation pathways relevant to the Tb*-to-Co
energy-transfer processes are through one or more
of the severl [~ °D, transition manifolds of Tb*,
the lowest- and highest-energy of which span the
intervals 14 710-14765 and 20290-20 505
cm~t, respectively. It follows that all of the
Eu*(deexcitation—Co(excitation transition reso-
nances germane to the energy-transfer processes
examined in this study must be at energies between
12030 and 17190 cm , and the
Tb*(deexcitation—Calexcitation transition reso-
nances must be at energies between 14 710 and
20505 cnt . For each of the six Qd) com-

ments reported in this paper were carried out at an plexes used as quenchers in the present study, all

emission wavelength that corresponds to ¢oé
the two crystal-field components of the
’F, < ®D,, transition. For Thdpa)3~ in solution,
emission occurs from crystal-field levels of the

of the transitions falling within these energy
regions correspond to 3d—3d electrofic vibron-
ic) excitations localized within thECoNg]** coor-
dination core of the complexes.
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Fig. 5. Absorption spectra recorded over the 300-650 nm
wavelength range for the six Cidl ) complexes employed as
guenchers in the present study. The inset spdstrawn in the
upper part of the figure display those parts of the
Tb(dpa3~ and Edpa3~ emission spectra that fall within the
300-650 nm wavelength region. All spectra were obtained on
aqueous solution samples at 293 K and neutral pH.

Optical absorption and circular dichroist@D)
spectra measured for each of the({llg complex-
es (in aqueous solutionare shown in Figs. 5 and
6. Also shown in Fig. 5 are those parts of the Eu*
and Tb* luminescence spectra that fall at emission
wavelengths<650 nm. The absorption band cen-
tered at approximately 475 nm for each (Gb)
complex is assigned tepin-allowed d—d transi-
tions that have' A,— 'T,, octahedral(O,) par-
entage. This band completely overlaps the
highest-energy Tb* emission ban@Fs< °D,),
and it also partially overlaps the next-highest-
energy Th* emission ban(fFs < °D,). However,
there is little or no overlap between this absorption
band and any of the Eu* emission linéassigned
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to ’F, ,< °Dytransitions. These observations sug-

gest that parts of the energy-level manifold derived
from the! T,4 electronic excited state of €o  can
satisfy the resonance conditions for Tb*-to-Co
electronic energy transfer; but this manifold does
not contain suitable acceptor levels for Eu*-to-Co
energy-transfer processes.

Six-coordinate amine complexes of €o are
known to havespin-forbidden d—d transitions that
span significant parts of the 550—900-nm spectral
region. These transitions are generally too weak to
be observed in the absorption spectra of dilute
solutions, but they have been studied and charac-
terized in some detail for GdH3)3" in single
crystals[24]. Their absorption bands overlap sev-
eral ’F, < °D,4(Tb*) and ’F « Dy(Eu*) emission
regions, and their excited-state manifolds can sat-
isfy the resonance conditions for both Tb*-to-Co

A—(AAL)-bc
15 .

A—(AMAA)—mc

10 A—(885) ]

g-¢ M'cm?)

W

- A-(A38) N

W
0

A-(0N)

Il 1 ] ]
400 450 500 550

Wavelength (nm)

L
300 350 600

Fig. 6. CD spectra recorded over the 300—600 nm wavelength
range for the six Cdll) complexes employed as quenchers in
the present study. All spectra were obtained on aqueous solu-
tion samples at 293 K and neutral pH.
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and Eu*-to-Co energy-transfer processes. Given
the low oscillator strengths of the Th* and Eu*
emissive transitionand of the resonant Co absorp-
tive transitions, it is nearly certain that these
energy-transfer processes involve short-rafugs-
tact) interaction mechanisms.

2AI(\ 1)

T0u0) (3)

gem()ht) =

The quantitied and Al are often referred to as
total luminescence (TL) and circularly polarized
luminescence (CPL) intensities, respectively, and
gem IS cOmmonly called armission dissymmetry
factor.

) The wavelength-dependent parts &h,r) and

The general theory underlying the types of Ajy(\ ) reflect intrinsic optical and chiroptical
experiments carried out in this study has been gmission properties of thaL* and AL* luminop-
described in several previous papers, and the Opti'hores, and here we incorporate these properties
cal measurement techniques useq in these gxperimto four quantitiesF4 (\), FA (\), F (\), and
ments have also been described previously F2s.(\), the details of which are described in Ref.
[11,25,26. Here we shall review just a few aspects [2¢] The time-dependent parts af(A,r) and
of the general theory and measurement methodol- AI(\2) reflect the decay kinetics of thaZ* and

ogies that are cr_ucial to un_derstanding our experi- Ay emitting-state populations and are formulated
ments and data interpretations. __here in terms of the time-dependehL* and AL*

The samples used in our experiments contain a concentration quantititesy2,(r) and N3.(1). Fac-
racemic mixture of chiral luminophoreswith  toreq into separate wavelength-dependent and

enantiomeric structures denoted here d) and  ime-dependent part#(\,r) and AI(\,r) may now
AL) in solution with a small, optically-resolved po expressed as

concentration of chiral guencher molecu(egnot-

ed here by CQ The luminophores are excited IO =FA OONA (1) + F2A (VNA
with a pulse of unpolarized light to produce an N =F7 )N (1) i (VN en1)

4. Theory and measurement methodology

— A
initially racemic excited-state populatidiof AL* =F7L(MNem(), (4)
and AL* enantiomer$ which may subsequently A A A A
evolve to a non-racemic composition in the pres- AI()"[):FiPL(}‘)Nem(Z)"'FCPLO‘)N ork)
ence of enantiopreferential quenching actions by =Fgp (NAN enf1), (5)
the CQ species. Changes in the enantiomeric com-
position of the excited-state population as a func- where  Nen(1) =Ngo{) + N, AN )=

tion of time after excitation are determined from
TR-CL measurements performed over the lifetime
of the excited population. In these TR-CL meas-
urements, light emitted from the excited luminop-
hores is first resolved into Ildff)- and
right(r)-circularly polarized intensity components,
I, and I,, which are then wavelength-resolved and
measured as functions of tinf@fter excitation at
t<0). The polarization(l/r)-, wavelength(:)-,
and time(r)-resolved emission intensities obtained

from these measurements are then combined to

obtain the following quantities:
IO =L\ + (N D), D

AIOND) =1\ ) —1,(\ 1), (2

NA(D—NA(D, and we have made use of the
following relationships(applicable to optical iso-
mers: Fi (M) =Fr. (\) and Fés (M) = — F&p (M).
Insertion of Eqgs.(4) and (5) into Eq. (3) yields

the following expressions for emission
dissymmetry:
ZFéPL()\)J
em Ni)=
Serl ) (F%L(A)
ANeo{())
(e )-eoomatn, @

whereme(1) gives the time-development efian-
tiomeric excess in the overall luminophore emit-
ting-state population, ang},(\) is the emission
dissymmetry that would be observed for a fully
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resolved emitting-state ofAL*
enantiomers.

All of the enantiopreferential quenching infor-
mation derived from our TR-CL experiments
comes from the time-dependent parts I6h 1),
AI(N 1), and ge(\ 1), Which reflect sums anfbr

differences of theVa.(r) and N3.(¢) concentration

population
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_dv 3';“) = (ko+ kot KA[CQINALD)

_ché\rr(t)r

(8

where [CQ] denotes the ground-state quencher
concentration, which can be assumed to be con-
stant under the specified conditions that CQ*

quantities. The rate processes relevant to a purelyCQ relaxation processes are much faster thamlL*

phenomenological analysis a4, and N4, time
dependence are:
(a) excited-state enantiomer interconversions

kA

AL* —> AL*,

kA

AL*— AL
kb =ke=k,

(b) radiative and nonradiative decay ofL*
and AL* in the absence of any quenché€Q)
actions

kot

AL*— AL+E,+E,,

R

AL* > AL+E,+E,,
kb =ki=k,
(whereE, and E,, denote radiative and nonradia-

tive energies, respectively
(c) deexcitation of AL* and AL* via bimolec-

ular quenching events
kgh
AL*¥+CQ—- AL+ CQ*
| fast
CQ
kg
AL*4+CQ—AL+CQ*
| fast
cQ

Based on the rate processes showr(ah (b)
and (c) above, the differential rate equations for
NA(1) and N2, (1) decay may be written as

B % = (ko +ke+ KA[CQN A1)

_chém([)1 (7)

L decay processes. These equations may be inte-
grated and then combined to obtain the following
expressions for the sums and difference®/gf(1)
and N5, (1):

Nen(t) =NA3{1) + N4 t)

— Nem(o) _ —t/71
== {(z—2k)e "
+(Z+2k)e~ "2}, (9
ANen(t) =N eult) —Net)
em 0 -
Nl fcqe e
—kao[CQle™"/72}, (10
where
kaq=ki =k Z=[(kadCQI?+4k%]",
and
%=ko+kc+kg[CQ]+Z/2, (11
i=1<o+kc+kfg[ccg]—z/2, (12

T2

where k= (kg+kq)/2. In the derivation of Egs.
(9) and (10) from Egs. (7) and (8), the initial
concentrations ofAL* and AL* were set equal
(i.e. NA(0)=N4,(0)) to reflect the racemic com-
position of the initially prepared luminophore
excited-state population.

Egs. (9) and (10) may now be combined with
Egs. (4)—(6) to obtain the following expressions
for I\ 1), AI(\ 1), and gor(N,0):

I =1,(Ne" 1+ 1,(N)e /"2, (13
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AI(N ) =AI(N)[e" /" —e /"9, (14)
N kaq[CQ] tant(—Zt/Z)}

e =200 225 e O

where
I.(N)=F{,(MN(0)[Z—2k{/2Z,
I,(\) =FA (MNe(0)[Z+2k /22,
AION) =F&p (MN o 0)k 4{CQ1/2Z,

and the guantity inside the braces in H{.5)
corresponds to thenantiomeric excess function
Ner{t) =AN (1) /N 1). Note from Eqgs(13) and
(14) thatI(\,r) will decay smoothly from a value
of I,(N\)+I,(\)=F4 N..(0) att=0 to a value of
0 at long times(r— «) after excitation, whereas
AI(\,r) will have an initial value of 0, grow to a
maximum (in magnitude at r=[7,7,/(T,—
79]In(7,7y), and then decay to 0 at long times
after excitation. The emission dissymmetry factor
gerl\,1) Will have an initial value of 0, then grow
in magnitude towards a ‘limiting’ value of

kafCO)) 16

0)= — oA Rdgl >l
Zem(\, ) gen(h){z+2kc

ast— o,
Parametric fits ofI(\,r), AI(\,r) and ge(\,1)
data to Eqs(13)-(15) yield all the information
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of these rate constants are determined from sepa-
rate sets of experiments carried out on samples
that contain no quencher species.

5. Experimental section
5.1. Sample preparation

All of the luminescence quenching measure-
ments reported in this study were carried out on
neutral H,O and D, O solution samples that con-
tained a 10 mM concentration of either
Eu(dpa3~ or Th(dpa3 complexes(the luminop-
hore9 and a 1QuM concentration of chiral Ca@ll )
complexes(the quencheps Stock solutions of the
luminophores and the quencher systems were pre-
pared separately, and these solutions were then
used in preparing the samples on which the
guenching experiments were performed.

Aqueous solutions of Hdpa3~ and
Th(dpa)3~ were prepared by reaction of the appro-
priate lanthanide carbonate, JXGOZ;); or
Th,(CO5) 5 with six equivalents of dipicolinic acid
and three equivalents of Bla GO in,H O. The
resulting solutions were heated mildly to drive off
excess CQ and were then brought to pH 7 by
dropwise addition of 1 M Na CQ . Portions of
these solutions were then evaporated to dryness
(under high vacuum and the resulting solids were
dissolved in B O to form stock P O solutions of
Eu(dpa3~ and Tkdpa3-.

Four of the six Célll) complexes used
as quenchers in this study are structural dias-

needed to evaluate the rate parameters of principaltereomers with ligand compositions and elements
interest in this study. These rate parameters are theof structural chirality specified byA-(A\N)-

mean quenching constant (k§') and theenantiod-
ifferential quenching constant (kqq), which may be
used to determine thenantiospecific quenching
constants (kg andky) from the relations:

Ky =kT+(1/2)kaq K5=kT—(1/2kaq (1D

[Co(R,R-dach;]**, A-(A\3)-[CO(R,R-dach,(S,S-
dach]®*, A-(A83)-[Co(R,R-dach(S,S-dach,]*",

and A-(88%)-[Co(S,S-dach;]®**, where R R-dach
and S,S-dach denote the(®),2(R) and 15),2(S)
optical isomers oftrans-1,2-diaminocyclohexane
(dach ligand molecules. These complexes were
synthesized and their diastereomeric structures

The ‘unquenched’ luminescence decay constant were resolved and characterized following methods

(k,) and the enantiomer interconversion rate con-

stant(k.) may also be evaluated from parametric
analyses of the TR-CL data obtained in the

reported by Harnung et al. and by Geue et al.
[27-29. Additional details regarding the synthe-
sis, resolution, and structural characterization of

guenching experiments, but in practice the values these complexes can be found in RE0).
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The two additional C@ll) complexes used as
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modulation. The modulation frequency of the PEM

quenchers have structures in which either one or was 50 kHz, corresponding to a period of @8.

both of the trigonal faces ofA-(A\\M\)-[Co(R,R-
dach,]®* are capped by a tiimethylengamino

The light passed through the circular-polarization
analyzer unit was then focused onto the entrance

group attached to three nitrogen atoms of the slit of a single-grating monochromator tuned to
[CoNg]®** coordination core. These complexes pass light of either 543.7 nm wavelendtior Th*
were prepared together in a single sequence ofluminescenck or 594.8 nm wavelengtléfor Eu*
reactions, and thenono-capped and bi-capped luminescenck The intensity of the light exiting
complexes in the product mixture were then sepa- the monochromator was measured using an RCA-
rated using cation-exchange column chromatogra- C31034 photomultiplier tube and photon-counting
phy. The structures of the complexes were electronics. Photon counts were collected ipnS-
characterized by X-ray crystallograpfy, Hald C bins which were synchronized to the modulation
NMR spectroscopy, and elemental analysis. Details cycle of the PEM. These bins were stored in arrays
regarding the preparation and characterization of in a computer along with their time and circular-
these complexes are given in REBQ]. polarization information. The left- and right-cir-
cularly polarized counts occurring in each g6-
modulation cycle were then added to obtain the
desiredI(\,r) =1L (\,0) +L(\,) intensity data, and
Optical absorption spectra were obtained using were subtracted to obtain th&I(\,r)=1(\1)—
a Cary Model 5E UVVis/NIR absorption spec- [I,(\,r) intensity data. The excitation pulses
trophotometer, and CD measurements were per-occurred randomly in either half of the PEM
formed using a Jasco Model J-720 Cdbbsorption modulation cycle, and the counting bins were
spectrophotometer. All TR-CL measurements were sequenced such that the left—right—left—right order
carried out using instrumentation and techniques was reversed for each successive excitation-lumi-
developed in the authors’ laboratory at the Uni- nescence decay measurement. Each of/thed
versity of Virginia. Al decay curves used in our analyses of excited-
The TR-CL measurements were performed on state decay kinetics represented a statistical aver-
solution samples contained inxi1x3 cm?® fluo- age of data acquired from at least 10
rescence cuvettes retained in a thermostattedexcitation-luminescence decay measurements.
cuvette holder. The excitation source was a cw Marquardt-based non-linear least-squares fitting
argon-ion laser(Coherent Innova 90)6tuned to routines were used to fit th&(\,r), AI(\,r), and
either 488.0 nm outpuifor Th(dpa3~ excitation gemN,1)=2AI(N 1) /I(\ 1) data to Egs(13)—(15),
or 465.8 nm output(for Eu(dpa)3~ excitation. with appropriate modifications for dark counts
The cw output from the laser was chopped with a present in the data.
Stanford Research Systems SR-540 mechanical
chopper to create excitation pulses of 3G
duration at a repetition rate of 100 Hz. The
excitation pulses were directed into the solution 6.1. General
sample through the bottom of the sample cuvette,
and luminescence from the sample was collected In all of the experiments performed in this study,
from one side of the cuvette, along a direction the spectral dispersion characteristics of the Eu*
perpendicular to the direction of excitation. The and Tb* luminescence were observed to be iden-
collected luminescence was then passed through atical for solution samples preparedtz and with-
photoelastic modulatofPEM) and a linear polar-  out inclusion of quencher molecules. Furthermore,

5.2. Spectroscopic measurements

6. Results

izer, which together function as a dynamic circular-
polarization analyzer unit. This analyzer unit
alternately passed left- and right-circularly polar-
ized light during its 3us periods of full-depth

the CPL generated by enantiodifferential quench-
ing exhibited spectral dispersion characteristics
identical to those observed in CPL generated by
circularly polarized excitation of Hapa3~ and
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Tb(dpa3~ complexes in the absence of any chiral
reagents. These results indicate that the lumines-
cence observed in our quenching experiments
derives entirely from Eu* or Th* complexes that
are free of any perturbations by the quencher
molecules. The quenchers alter the decay kinetics
of the A and A luminophore excited-state popu-
lations, and thereby reduce the mean lifetimes and
intensities of the sample luminescence, but they
have no effects on the spectral dispersion charac-
teristics of the sample luminescence. Chiroptical
luminescence spectra of Hipa3~ and
Tb(dpa)3~ complexes (in the presenceand
absence of CQ moleculesave been presented in
several previous paperf9,26 and will not be
shown again here. All of the results given in the
present paper were obtained from TR-CL experi-
ments in which left- and right-circularly polarized
emission intensities were measured at either
594.8 nm(for the Eu* luminophoresor A =543.7

nm (for the Tb* luminophorek

Examples oftime-resolved TL (I=1,+1,), CPL
(AI=15—1), and emission dissymmetr{g.=
2AI/I) data obtained from our TR-CL measure-
ments are shown in Fig. 7. Note from the data
shown in this figure that the emission dissymmetry
has an initial value ofzero (diagnostic of an
initially racemic excited-state population of lumi-
nophore$, and then it grows in magnitude with a
time dependence that reflects the evolution of
enantiomeric excess in the luminophore excited-
state populatiofidue to enantiodifferential quench-
ing kineticg. The time dependence Ofem
conforms to the rate expression given by Etp);
the time dependence of CPL intens{ty/) follows
the double-exponential rate expression given by
Eqg. (14); and the time dependence of the TL
intensity (I) follows the double-exponential rate
expression given by Eq13).

Fits of the TR-CL data to Eqs(13)—(15)
yielded values for ther,,7, and Z parameters,
which were then combined with knowiindepen-
dently measuredvalues ofk, andk. to determine
kg andkq, The k, data relevant to this study can
be found in Refs[9-11], and thek. data can be
found in Ref.[23] (or generated from the results
shown in Table 1 of the present pape®ver the
273-308 K temperature range represented in this
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Fig. 7. TR-CL data for 10 mM Eidpa3~ in H,O with 5 pM
A-(AAMN)-[Co(R,R-dach;]**. The bottom frame shows the
time-resolved TL(I_ +Ig, smooth track and CPL (I, —Ig,
noisy trace. The top frame shows the time-resolved emission
dissymmetry data calculated from the CPL and TL data given
in the bottom frame. The heavy trace in the top frame repre-
sents a fit of theg,, data to Eq(15). The sample was excited
with chopped radiation at 465.8 nm, and emission intensity was
monitored at 594.8 nm. Sample temperature was 293 K.

study, k, varies from 611 to 624 s* for Eu* in
H,O, from 314 to 321 s for Eu* in B O, from
476 to 481 s for Tb* in H O, and from 446 to
450 st for Th* in D,O. Over this temperature
range thek. values are in all cases50 s *.

Throughout the remainder of this paper we will
use the chirality labelsA-(A\N), A-(AND), A-
(\33), and A-(353) to distinguish between the
four A-[Co(R,R-dach;_,(S,S-dach,] (y=0, 1, 2
or 3) complexes, and we use the notatidn
(AAN)-mc and A-(AAN)-bc to identify, respective-
ly, the mono-capped and bi-capped derivatives of
A-[Co(R,R-dach;]3+.

6.2. Quenching kinetics at 293 K

The enantiospecific quenching constant$
(o=A or A) and quenching efficiencies; deter-
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Table 2
Rate constants, quenching efficiencies and enantioselectivity parameters determined from TR-CL measurements of enantiodifferential
excited-state quenching kinetics i,H O and D O solution samples at 283 K

Solvent  Quenchet kgx10~" (M~ts™1) £g %100 E,
A-Eu*  A-Eu*  A-Tb* A-Tb A-Eu*  A-Eu*  A-Tb* A-Tb*  Eu* Th*

H-0 A-(333) 0.44 3.16 0.56 3.20 6.6 33.8 105 40.2 -0.76 —0.70
A-(\33) 2.22 9.60 2.81 9.83 264 60.8 37.2 673 —-0.62 —0.56
A-(AND) 4.39 5.53 5.25 6.26 415 47.1 52.4 56.8 -—-0.11 —0.09
A-(NNN) 11.41 3.19 12.61 413 6438 34.0 72.6 46.4 0.56 0.51
A-(ANN)-mc 8.43 2.22 10.31 3.71 576 26.4 68.4 43.8 0.58 0.47
A-(ANN)-be 3.37 2.15 6.86 437 352 25.7 59.0 47.8 0.22 0.22

D0 A-(333) 0.34 2.64 0.40 191 9.7 45.4 8.2 299 -0.77 —0.65
A-(\33) 1.99 8.78 3.12 11.94 385 73.4 411 728 -063 —-0.59
A-(AND) 3.64 4.64 6.21 790 534 59.3 58.1 639 -0.12 -0.12
A-(NAN) 9.50 2.84 14.83 492 749 47.2 76.8 52.4 0.54 0.50
A-(ANN)-mc 6.51 1.88 10.55 3.71 67.2 37.2 70.2 45.4 0.55 0.48
A-(ANNN)-be 2.16 1.39 5.12 3.17 404 30.4 53.4 415 0.22 0.24

aAll measurements were carried out on neutral aquéély®© or D,0O) solution samples in which the Edpa3~ or Th(dpa$-
luminophore concentration was 10 mM and the cobalt quencher concentration wad.10

P The rate constants(a=A or A) are defined according to the expressions given in Section 4; the quenching efficiency
parametergg (o= A or A) are defined according to E(L8); and the quenching enantioselectivity paramétgs defined according
to Eq. (19).

¢ See Section 2.2 for a description of quencher notation and labeling schemes.

mined from TR-CL measurements carried out on  The E; quantities shown in Table 2 are defined
solution samples at 293 K are shown in Table 2. by

The quenching efficiencies are defined according

to _ka—kq _ kug

E,= = 19

CRAHKY 2k (19

o_ k3g[CQl —1_ ko (18) and following previous practice we shall refgy
1 ko +kS[CQ ko+kg[CQ]’ as a quenchingnantioselectivity parameter. This

parameter can have values betweed and —1,

and its magnitude and sign provide useful indica-
and they correspond to the fractional contribution tors of thedegree and sense of enantioselectivity
of AL*~CQ (or AL*~CQ) quenching actions to  in the quenching processes.
the total rate of AL* (or AL*) deactivation. A We note from the results shown in Table 2 that
significant part of the solventH,O vs. D,O and the E,(Eu*) andE(Tb*) data sets are very similar
luminophore(Eu* vs. Tb*) dependence exhibited with respect to quencher-dependent trends, and
by the & data derives from the solvent and that within each of these data sets thg values
luminophore dependence of tlkg rate constant.  exhibit a striking dependence on relatively small
At 293 K, the relevant values df, are: 620 s* incremental changes in quencher structure. Perhaps
for Eu* in H,O; 318 s! for Eu* in D O; 477  most striking is the observation that the(A\\),
s~ for Tb* in H,O; and 447 s* for Tb*in B O.  A-(A\\)-mc, and A-(AAN)-bc quenchers produce
All of the results shown in Table 2 were obtained E, values that are opposite in sign to those pro-
from measurements on solution samples in which duced by theA-(333), A-(A33), and A-(A\D)
the quencher concentration wiBQ] =10 wM. qguenchers. The latter exhibit a preference for
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Ln* (over A-Ln*) guenching interactions, whereas

the former exhibit a preference fok-Ln* (over Lo S ' ‘

A-Ln*) quenching interactions. These results give A-(A55)

clear evidence that both the degree and sense of 081

chiral recognition and discrimination manifested in

the quenching processes are in large part deter- 061

mined by the chiral structural elements associated A—(339)
04}

with the individual ligands and chelate rings of
the quencher complexes. The configurational chi-
rality defined by the helicity of the chelate-ring
distribution about the metal center in these com-
plexes appears to have a much less significant
influence on chiral recognition and discrimination.
In our enantiodifferential quenching experi-
ments, the time development of enantiomeric

A-(AAS)

A-(MAA)-be

Excited-State Enantiomeric Excess

excess in the luminophore emitting-state popula- 04
tion is given by
0.6}
AN () (kg —kg)[CQltanK —Zt/2)
Tl Nen(t) Z+2kganHz1/2) o8r A-(MA)-me
(20 o . . . . , : :

where AN.(t) and N (1) are defined as shown Time (milliseconds)

in Egs. (9) and (10), and Z=[(k§ —kg)*[CQI*+

4k?]¥2. Plots of men() are shown in Fig. 8 for  Fig. 8. Time development of enantiomeric excess produced in
Eu* quenching in H O solution samples at 293 K the Eudpa3~ (°D,) excited-state population by the enantio-

; _ preferential quenching actions of the six different chira(lio
(where in each CaséCQ] 10 MM)' These plots complexes. The plots shown in this figure are based on meas-

give a partlc_ularly clear illustration of the r(_amark- urements performed on aquedi,0) solution samples at 293
ably large differences between the enantioprefer- k.

ential quenching kinetics observed for the six
guencher systems. the form:

6.3. Temperature dependence of quenching kinetics E°
Inkg =InA° — R—; (Arrhenius (2D

TR-CL measurements were performed on each
of the 12 luminophore—quencher systetirs both . 4 4
H,O and D, O solutionsat eight different sample In[k—q)=ln(@J+ AST AHU, (Eyring)
temperatures between 273 and 308 K, witfi= T h R RT
5 K intervals between the different temperatures. (22)
Over this temperature range the spectral dispersion
characteristics of the Eu* and Tb* luminescence where c=A or A (which distinguishes between
show no detectable temperature dependence andA-Ln* vs. A-Ln* quenching processgsthe kg are
no solvent(H,O vs. D,O dependence. However, the enantiospecific quenching constams; and
in each case the quenching constants evaluatedEg are the Arrhenius preexponential and activa-
from our TR-CL measurements show temperature- tion-energy parameters, respectively; axsf and
dependent behavior that can be represented quiteAH? are phenomenological activation entropy and
well by either Arrhenius or Eyring equations of enthalpy parameters.
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Fig. 9. Plots of Iikg/T) vs. I/T, using quenching constant data obtained over the 273-308 K temperature range for 45yédus
solution samples that contained a 10 mM concentration ¢flga3~ and a 10.M concentration of th€a) A-(AAN), (b) A-(AND),
(c) A-(\33), or (d) A-(333) diastereomeric structures §€o(R,R-dach;_,(S,S-dach,]** (y=0, 1, 2 or 3. The straight lines
shown in the figure were obtained from error-weighted least-squares fits of the data points(&2kEg.

In Figs. 9—11 we show [litg/T) vs. 1/T (Eyr-
ing) plots that encompass all thg rate-constant
data obtained from our measurements op H O
solution samples. Fits of the data points in each —t
plot to Eq.(22) yielded theAH* and AS# param- q
eter values shown in the upper halves of Tables 3
and 4. Each data fit took into account uncertainties
in the measured values &f. Eyring plots of the
kg data obtained from our measurements on D O
solution samples are not shown here, but the
AH? and AS* parameter values derived from
analyses of that data are listed in the bottom halves
of Tables 3 and 4. Also listed in Tables 3 and 4
are values of theenantiodifferential activation
parameters: AAH? = AH% — AH%; AAS#=AS% —

AS%; and AAG*=AAH#* —TAAS* (evaluated at
T=293 K).

Expressed in terms of the enantiodifferential

activation parameters, the temperature dependence Mechanistic pathways for the types of compet-

of the quenching enantioselectivity parameigy)
is given by

AAS*
2R

AAH#J_

- AAG#)
2RT

2RT )

(23)
Figs. 12 and 13 show, vs. T plots in which the
data points correspond to experimentally measured
values ofE, and the solid lines represent plots of
Eg. (23), with the relevant values oAAS# and
AAH?# taken from Tables 3 and 4. All the data
shown in these figures are from measurements
carried out on H O solution samples.

7. Discussion

7.1. General mechanistic considerations
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Fig. 10. Plots of Ifkg/T) vs. YT, using quenching constant data obtained over the 273-308 K temperature range for aqueous
(H,0) solution samples that contained a 10 mM concentration ¢tip#3~ and a 10uM concentration of th&a) A-(AXN), (b)
A-(AN3), (©) A-(\33), or (d) A-(333) diastereomeric structures fEo(R,R-dach;_,(S,S-dach,** (y=0, 1, 2 or 3. The straight

lines shown in the figure were obtained from error-weighted least-squares fits of the data point{28)Eq.

ing AL* and AL* quenching processes investigat- kat

ed in this study have been considered in some AL*"'CQ,;:)A(AL*

detail in several of our previous papdfsl,12,29. ket T

Here we will focus only on those parts of the —CQ) 2 (AL-CQ*)—> AL+CQ, (24)
previously described mechanistic models and path- ket

ways that are essential to interpreting or rational- "

izing the enantio-differential quenching kinetics AL*+CQe (AL*

observed for the systems examined in the present e R

study. In these systems, quenching occurs via ket o

electronic energy transfetfrom L* to CQ) in _CQ)ki(AL_CQ*)_’ALJFCQ' (29

transient L*—CQ contact pairs formed during dif-

fusional encounters between the excited luminop- where the last step shown in each sequence is
hores and ground-state quencher species indefined to encompass all processes that deactivate
solution. The key steps to consider in analyses of the (L-CQ*) species to ground-state L and CQ
the enantiodifferential quenching kinetics are species. Analyses of these two reaction sequences,
shown in the following two sequences of interac- using steady-state approximations for the concen-
tion/reaction rate processes: trations of (L*~CQ) and (L—CQ*) species, yield
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Fig. 11. Plots of Itkg/7) vs. 1/T, using quenching constant data obtained over the 273-308 K temperature range for aqueous
(H,0) solution samples that contained a 10 mM concentratioaisér Eu(dpa3~ or Th(dpa3~, and a 10uM concentration of

either the A-(ANN)-mc or the A-(AXN)-bc Co(lll) complexes.

Table 3

Thermal activation parameters determined AoEu* and A-Eu* quenching processes in,H O and D O solution samples

Solvent Quencher AH? (kJ mol~1)® AS? (Jmol~t K~1)P Enantiodifferential activation parametérs
A-Eu* A-Eu* A-Eu* A-Eu* AAH#* AAS# AAG#* (kI mol™?)
(kJmol*) (molr* K™% at293 K
H,0 A-(383) —-7.04) —9.425) —1411) —133.242) 2.44) -8(2) 4.74)
A-(A8%) 3.1(2) 2.544) —93.35) —-83.31) 0.6(2) —10.005) 3.52)
A-(AND) 5.52) 0.9(1) —79.97) —93.15) 4.6(2) 13.99) 0.5(2)
A-(ANN) 4964) -0.7(1) —73.61) —103.45) 5.7(1) 30.005) —-3.1(1)
A-(ANN)-mc 4534) -0.7(1) —-77.61) —106.64) 5.2(1) 29.005) -3.3D
A-(NAN)-be —5.3(1) 0.8(7) —-11902) —1023) —6.1(9) —17(3) —-1.1(9)
D;0 A-(883) —5.4(6) —-7.90) -138(2) —129.52) 2.5(6) —8(2) 4.8(6)
A-(A\S8%) 3.0(1) 2.772) —94.713) —-83.21) 0.2(1) —11.53) 3.6(1)
A-(ANS) 5.51) 0.0(1) —81.25) —-97.94) 5.52) 16.76) 0.6(2)
A-(ANN) 5713) —1.258) —7251) -—106.43) 6.9609) 33.93) —2.999)
A-(ANN)-mc 4973) —-0.91) —78.21) —108.14) 5.91) 30.54) -3.2(D)
A-(ANNN)-be —4.3(3) 1.2(4) —11901) —104(2) —5.55) —-15(2) —1.1(5)

2Obtained from analyses @f(7) data measured over the 273-308 K temperature range.
b Defined according to Eq(22).
CAAH#*=AH% — AH%; AAS#* =AS% —AS%; AAG#*=AAH# —TAAS?.
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Table 4
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Thermal activation parameters determined AsiTb* and A-Tb* quenching processes in,H O and D O solution saniples

Solvent Quencher AH? (kJ mol~1)P

AS# (Jmol~t K~1)b

Enantiodifferential activation parametérs

A-Tb* A-Tb* A-Tb* A-Tb* AAH* AAS# AAG?* (kJ mol?)

(kdmol'*) (@ mol"* K1) at293K

H0 A-(3383) -3.04) -061 —12602) —102.93) —2.44) —23(2) 4.34)
A-(\33) 3.84) 2.81)  —8%(1) —82.24) 1.0(4) —7(1) 3.1(4)

A-(AND) 6.03) —0.203) —76(1) —96(1) 6.2(4) 20(1D) 0.34)

A-(ANN) 5307) -04(2) -7162) —100.47) 5.7(2) 28.67) —2.73)
A-(ONN)-mce 3.936) 0.6(2) —78.02 —97.96) 3.302) 19.96) —2.52)
A-(OMNN)-be . —1.8(2) 2.33) —1011) -91(1) —4.1(3) —-10(1) -1.1(3)

D0 A-(3383) —2.7(8) 3.6(2) —1273) -93.16) —6.38) —34(2) 3.7(8)
A-(\33) 3.4(3) 291  —90(1) —-80.32) 0.5(3) —10(1) 3.4(3)

A-(AND) 6.2(2) 0.91) —74.44) —90.44) 5.3(2) 16.0(8) 0.6(2)

A-(ANN) 6.245) —-051) —67.12) —99.35) 6.7(1) 32.25) —2.7(D)
A-(ONN)-me 5.007) 0.22) —-7412 —99.37) 4.802) 25.27) —2.602)
A-(MNN)-be —0.838) 2.91) -100.03) —91.a5) —3.72) -8.8(8) -1.1(2)

2Obtained from analyses @f/(7) data measured over the 273—-308 K temperature range.

b Defined according to E((22).

CAAH*=AH% — AHE; AAS*=ASE —ASE, AAG*=AAH* —TAAS?.

the following expression for theAL* and AL*
guenching constants:

fo— K3kS
1 (kT k) + (kS /kG)

(26)

whereo=A or A, andKg =kg/kq,.

For each of the systems examined in this study,
it is expected thatg >k°., in which case Eq.
(26) may be reduced to

Kgke
=, @7
1+(kg /kg)
and this equation may be reformulated to obtain

k(r
kg = [1 — —“ngk‘; (28)
kg

In our mechanistic kinetics schem#} and k2
denote rate constants for tHgfusional association
processes,AL* +CQ— (AL*—CQ) and AL* +
CQ—- (AL*—CQ), respectively. Calculations of

[31,32, yield kg values>5x10° M~1 s~ under
all of the conditions represented in our experi-
ments. At any given temperature between 273 and
308 K, the values ofkl are calculated to be
approximately two orders-of-magnitude larger than
the largest observed values of thg quenching
parameters. These results suggé$yks ratios
sufficiently small to permit the reduction of Eq.
(28) to
kg =Kk, (29)
which upon comparison with E427) implieskZ/

kg ratios with values<1.

Under the conditions for which Eq(29) is
valid, the K2 and K4 parameters may be consid-
ered quasi-thermodynamic equilibrium constants
that reflect the formation and dissociation proper-
ties (and thermodynamic ‘stabilities’ of the
(AL*-CQ) and (AL*~CQ) species formed by
diffusional encounters between the luminophore
and quencher molecules in solution. Th& and
k5 parameters are unimolecular rate constants asso-
ciated with the L*-to-CQ electronic energy-transfer
processes that occurithin the (AL*—~CQ) and

thesekg rate parameters, using a model based on (AL*—~CQ) encounter complexes.

the Debye—Smoluchowski treatment of the diffu-
sion of charged particles in aqueous solution

Based on expressions &f andk; according to
Eq. (29), the enantiodifferential guenching rate
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Fig. 12. Plots oft,(7) data obtained over the 273—-308 K tem-
perature range for aqueoikl,O) solution samples that con-
tained a 10 mM concentration of Edpa3~ and a 10uM
concentration of quenchers species. The solid lines shown in
the figure represent plots of ER3).

parametekq,) Mmay now be written as

kaq=k5 —k5=(1/2)(K5A—K4)(ks+ k%)
+(1/2) (KA +K5)(kKA—kY, (30

where the first term on the right-hand side of this

equation reflects chiral discriminations in the for-

mation andor dissociation properties of thg*—

CQ) species, and the second term reflects chiral
discriminations in the L*-to-CQ electronic energy-

transfer processes. The corresponding expression

for the enantioselectivity quenching parameter
(Ey) is
| (Ka/K2) - (k)
T (KA/KR)+ (KK
1—(Kake/K3k's)

1+ (KAK/KAKY)

(3D
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For the types of systems examined in this study,
where the interacting species of interest are oppo-
sitely charged ions, th&J parameterdexpressed
in units of M~1) may be approximated bji 1,25

K7=10"2(4mr3/3)Nrexd —U,/RT], (32

whereN, is the Avogadro constant, is defined
as the separation distandén nm) between the
metal centers in dL*—~CQ) encounter complex,

and U, is the energyper mol® associated with
the formation of(L*~CQ) complexes from free
L* and CQ species in solution. Given E(32),
the ratio ofK2 to K5 may be expressed as

1.0 T T - T
0.8+ 7
0.6k A—(AN)
0.4F A-(AAM)-mc |
02 «r\i\'\l\r\.\.\_‘__
A—~(AAA)—be
E 00r =
q . .
0 L A-OAS) |
0.4+ A-(A88) ]
06 -_q v i) v ]
— v v v v x .- v
0.8 A—(855)
-L.0 280 290 300 310

Temperature (K)

Fig. 13. Plots ofE(7) data obtained over the 273—-308 K tem-
perature range for aqueoisl,O) solution samples that con-
tained a 10 mM concentration of Tipa3~ and a 10uM
concentration of quencher species. The solid lines shown in the
figure represent plots of E{23).
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K2

AP .
2o = [—J exf —AU/RT |,

ra

(33

where AU, reflects chiral discriminatory contri-
butions to theU, interaction energies and is

defined asAU.4=U,—U,. If we further define
fm=(Fr+74)/2 and Ar=7,—7,, and assume
Ar <rny, then Eg.(33) may be rewritten as

. .
K _eXF{3Ar _ AUcd}, 3

KA Fm  RT
whereAr/r,, reflects the relative ‘compactness’ of
the (AL*—CQ) vs. (AL*—~CQ) complexes (as
related to metal-metal separation distances
Following previous work11,25, we view ener-
gy-transfer processes within thie*—CQ) encoun-

ter complexes as proceeding along a reaction
coordinate that passes through a particular nuclear

(stereochemical and relative orientationebnfig-

J.P. Bolender, ES. Richardson / Biophysical Chemistry 105 (2003) 293-322

kg=10" 24(4#;2/3)NAKgV(¢,
xexq — (U, +AG%)/RT|

=2.523/3kgviexd — (U, +AGE)/RT|,  (37)

and the ratio of, to k5 may be written as

kY kAdvh nm
d —weprAr/rm

kg xkevi

— (AU +AGE)/RT), (38)

If we assumevl =vi=kgT/h, then Eq37) may
be reformulated to give

kS k ASE
|n[—“] = |n[—B] +In(2.52373k2) + A
T h R
(U,+AHY)
—_——, (39
RT

and theAS? and AH? parameters obtained from

uration of the L* and CQ constituents, and express ;s fits of the temperature-dependeigt data to

the k¢ rate constants as

k¢ =xgviex] —AGE/RT|, (35)

where AG*
associated with ‘activation’ ofL*—~CQ) complex-
es to the critical configurationp} denotes the
frequency of nuclear motions leading to this con-
figuration, andkg represents the probability for
electronic energy transfer in the activatéd—
CQ)* complexes. Given Eq(35), the ratio ofky

to k5 may be written as

k&  kevik s

2= as O —AGL/RT (36)
e eVA

where

AGE,=AGK —AGE.

Substitution of Eqs(32) and(35) into Eq.(29)
gives

represents the free-energy function

Eqg. (22) may be expressed as
AS# =R |n(2.523f:°',|<g)+ASﬁ, (40)
AH?=U,+AH% (41)

Furthermore, the enantiodifferentia?dAS#* and
AAH?* parameters may be expressed as

AAS* =RIn(k3/x3)+3R(AF/7 ) +AS%y  (42)
AAH# =AU g+ AH%, (43)
where

ASE,=ASE —ASE

and

AHi{y=AH% —AH}.

For the triply-charged luminophore and quench-
er systems used in this study it is reasonable to
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assume that electrostatitharge—charge interac- quantity Z, Z, has a value of~ —4 (rather than
tions will make the overwhelmingly dominant the —9 value predicted from the net formal charges
contributions to thd7, energy functions, in which ©n the luminophores and quenchersf we set
case these functions may be expressed, to a good3=0.8 nn* andZ Z,= —4, assumeD=81+6

approximation, as (over the 273-308 K temperature range of our
experiment}, and assign values of (48).2 nm to
A 10°Z Zye? the 7, distance parameters, then the value# of
C AmeDro(1+BFy) may be estimated to fall within the-3.5 to —8.5
1.389x105Z, Z kJ rnol*1 range, a_nd_ the values &g may be
=== — "9 (JmolY), (44) estimated to fall within the 10-20-M range. If

Dry(1+prs) we further assumdr= +0.1r,, and assign values

of 0.840.2 nm to7,, then theAUy, functions
may be estimated to have values within thd.1l
to —1.1-kJ mol! range, and thi} /K4 ratios are
expected to fall within the 0.85—1.15-range.
Although the electrostatic charge)—

where e denotes the elementary charge
(1.602x107*° O), g, is the vacuum permittivity
(8.854x107*? C?2J3* mY), D is the dielectric
constant of the sample mediur, is the inverse

Debye length parametdexpressed here in recip- . : .
rocal nm unit3, andZ, andZ, denote the ‘effec- chargéZ,e) interactions considered above are

tive’ net chargein units ofe) on the luminophore expectAed to ma1<e the most important contributions
and quencher species, respectively. Given(gd), to theU, andAU.4 energy functions, other, short-

the chiral discriminator)AfJCd energy function may gg:ﬁ%git'?éiaﬁ I?f?: gzzazgneéggftzﬂcf repllggle;
be approximated by 9

to AGE andAG{,. These energetics are associated

—1.38%10°Z, ZoAN(1 + 287 ) with the relative motions of the luminophore and

AT o= (3 mol1) quenche.r structuresithin the(L*—C_Q) comple_x-
od DiZ(1+Bry)? es, and it is expected that they will reflect highly
(45) anisotropic interactions that have a strong, chiral-
ity-related orientational dependence, as well as a
Substitution of this expression into E¢34) dependence on the,  contact distance parameters.
yields the fo”owing expression for the ratio of The interactions that contribute to thE electronic
KA to KA parameters may also be anisotropic, but for the

Ln*(donon—Co(acceptoy systems examined in

R this study, these interactions most likely reflect a

K—gzexp|£ two-electron exchange mechanism in which the

K2 Fm kg parameters may be presumed to sdadetrop-
(46) ically) with exp[—ar,], where a is a parameter

defined to be identical foo = A andA.

The ionic strength of all the solution samples

examined in the present study was 0.06 M, and 7.2. Eu*~CQ vs. Tb*~CQ quenching

the B parameter in each case may be estimated to

have a value o~0.8 nnT ! . Thenet formal charge The Eudpai~ and Thdpa)3 luminophores are

on each of the luminophores was3e, and the essentially identical with respect to size, shape,

net formal charge on each of the quenchers was stereochemical details, and distributions of charge,

+3e. However, results obtained from a previous and it is reasonable to assume that the association

study[11], in which the ionic-strength dependence constant€Kg) of (Eu*—CQ) encounter complexes

of excited-state quenching rates was determined, will be essentially identical to those of the corre-

indicate that for the luminophore—quencher sys- sponding (Tb*—~CQ) complexes. However, the

tems examined here the ‘effective’ charge-product electronic energy-level structures, optical emission

3+

1.671x10°Z Zo(1+2B 7 ) ﬂ
DT? o1+ BF ?
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spectra, and excited-state lifetimes of (Bpa)3~ Table 5 K .

and THdpa)3 are distinctly different, and one may Comparisons of thekg(Th*)/k3(Eu™), ko/ks, and ky/2kG

anticipate differences between the rate Cons,[amsratlos determined for quenching processes in H O solution
p ) samples at 293 ®°

(kg) for Ln*-to-Co electronic energy-transfer pro-

cesses iN(Eu*—CQ) vs. (Tb*—~CQ) complexes.  Quencher k(Tb*)/ k§/kb KD /2k KA/ 2k

The ’F <« °D, emission manifolds of Th* carry kg (Eu)

more oscillator strength, span a broader wave- A A Eu* Tb* Eu* Tb* Eu* Tb*

length range, and show greater spectral overla

witfiJ Co(lllg) absorptive trgnsitions pthan do thepA'(%S) 127101 715 571 012 0.15 0.88 085

; e apsorptive . A-(\33) 1.26 1.02 4.32 350 0.19 0.22 0.81 0.78

F,<°D, emission manifolds of Eu*, but the 4f  A.\x3) 120 1.13 1.26 1.19 044 046 056 054

electronic configuration of Eu* is expected to have A-(\\) 1.11 1.29 0.28 0.33 0.78 0.75 0.22 0.25

a slightly greater spatiafradial) extent than the  A-(ANN)-mc 1.22 1.67 0.26 0.36 0.79 0.74 .21 0.26

4f® electronic configuration of Tb*. In all of the ~A-(AMM-bc 204 203 064 064 061 061 039 039

Eu*—CQ systems examined in this study, it is 2All data are from measurements performed on solution

almost certain that an electron-exchange interac- samples in which the Edpa3~ or Th(dpa3~ luminophore

tion mechanism will make the dominant contribu- concentration was 10 mM and the quencher concentration was

. 10 pM.
*_to)-
tions to the Eu*-to-Co energy transfer processes. bThe quenching constants( A or A) are defined

In the Th*~CQ systems, however, it is possible according to the expressions given in Section 4, idhel (k) +
that both multipole—multipole and electron- k3)/2.

exchange interaction mechanisms make significant
contributions to the Tb*to-Co energy-transfer are comparisons of thég/ki and the kg /2%y
processes. ratios determined for Eu* and Tb* quenching in

The results obtained in this study show some H,O solution samples at 293 K. Th&g/2ky
differentiation between Eu*-~CQ and Tb*-CQ (o=A or A) ratio corresponds to the fractional
guenching kinetics, but the differentiation is rela- contribution of ¢-Ln* quenching to the tota(A-
tively weak compared to that related to quencher Ln* plus A-Ln*) quenching rate. Thég/k; and
structure. Under nearly all of the temperature and kg /2kg ratios provide alternative measures of the
solvent conditions represented in our experiments, degree and sense of enantioselectivity in the
the rate constants determined te#Tb* quenching guenching processes, and they are related to the
are larger than those determined ésEu* quench- enantioselectivity parametéf, according to:
ing, but in all cases th&J(Tb*)/kZ(Eu*) ratios AJIA
are observed to bec2.1. Aqmong th?e six quencher — 1~ (ka/kq) - kg _ kg
systems examined in this study, thecapped A- a 1+(k3/k3) 2k 2ky
(AAN)-[Co(R,R-dach;]** complex gives results
showing the largestg(Tb*)/kg(Eu*) ratios. The
[CoNgI®* coordination corgland energy-acceptor
moiety) of this complex is less accessible to
luminophore contact interactions than are those of
the other quencher systems, and this most likely
diminishes the relative contributions of electron-
exchangdvs. multipole—multipolg interactions to
the Ln*to-Co energy-transfer processes. The
smallestkg(Tb*)/kg(Eu*) ratios are observed in
the results obtained foA-Ln* quenching by the
A-(833) and A-(\33) quencher systems.

The kg(Tb*)/kg(Eu*) ratios determined from
results obtained on H O solution sampleg 293 All of the Co(lll ) complexes used as quenchers
K) are shown in Table 5. Also shown in Table 5 in this study have essentially identical electronic

(47)

The quencher-dependent trends in kg,
kg/2ky, and E, data are essentially identical for
Eu* and Tb*, but the degree of enantioselectivity
observed in the Eu* quenching kinetics is on
average approximately 10% greater than that
observed in the Tb* quenching kinetics. The least
differentiation between the Eu* vs. Tb* quenching
enantioselectivities is found in the results obtained
with the A-(AXN)-bc quencher system.

7.3. Dependence of quenching rates and enantio-
selectivities on the details of quencher structure
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state structures and excitation properties in the Both the R R- and S,S-dach ligands form rigid,
energy regions relevant to Eu*-to-Co and Tb*-to- non-planar chelate rings of well-defined symmetry
Co electronic energy-transfer processes. Therefore,(C,) and conformational structure, but theR-
one expects very little differentiation among these dach chelate rings have a conformational chirality
complexes with respect to satisfying the donor— (\ opposite that(d of the S,S-dach chelate rings.
acceptor level resonance conditions for energy In our abbreviated notation for thA-[Co(R,R-
transfer. Moreover, all of the quenchers carry a net dach;_ (S,S-dach,]** series of complexes,
charge of +3¢ and are similar in size, which where they=0, 1, 2 and 3 members of the series
suggests that the encounter complexes they formare denoted byA-(AXN), A-(AND), A-(A33) and
with the luminophores in solution will have similar  A-(383), respectively, the complexes are distin-
stabilities with respect to electrostatic charge— guished entirely in terms of their distributions of
charge interaction energies. The principal differ- chelate-ring conformational chirality.
ences between the six quencher complexes are The A-(ANN), A-(ANS), A-(A33) and A-(885)
found in the structural details of their constituent quencher structures differ significantly with respect
ligands and chelate ring systems, and our quench-to the orientational distributions of the six N-H
ing results show that the relative quenching effi- (amino group bonds that protrude from each of
ciencies and enantioselectivities exhibited by the their two trigonal faces. These N-H bond orienta-
six complexes are extraordinarily sensitive to these tional distributions are likely to have a significant
structural details. It is likely that these structural influence on the relative strengths and geometries
details have their strongest influence in the energy- of the H-bonding interactions between the amino
transfer step of the overall quenching kinetics, groups of the quenchers and the carboxylate groups
where they modulate the donor—acceptor separa-of the Ln(dpa3~ luminophore structures, and thus
tion distances and orientational distributions that they may be expected to play a significant role in
regulate thekg rate constants. However, they may determining the relative stabilities of the various
also influence the formation properties and stabil- structural configurations within luminophore—
ities of the luminophore—quencher encounter com- quencher encounter complexes. Each trigonal face
plexes that areprecursors to the energy-transfer  of the A-(AAN) quencher structure has three N-H
step. The latter type of influence would be reflect- bonds that are directed sharply away from the
ed in theKZ (association constanparameters of  threefold symmetry axis of the structure, and three
the kg =K3k? expressions for the enantiospecific N—H bonds that are oriented neaglyrallel to this
quenching constants. axis. The latter provide a particularly favorable
Each of the four A-[Co(R,R-dach;_,(S,S- three-point interaction template for H-bonding with
dach,]** (y=0, 1, 2, 3 complexes used as luminophore carboxylate groups. In contrast, all
quenchers in this study contains three chelate ringssix of the N—H bonds on each trigonal face of the
that together form a three-bladed propeller-like A-(888) quencher structure are oriented more or
structure ofright-handed screw senséor helicity) less obliquely to the threefold symmetry axis of
about either an exact or an approximate threefold the structure, and they provide a somewhat less
symmetry axis. However, the four complexes differ favorable template for H-bonding interactions with
with respect to structural details that reflect the the luminophore carboxylate groups. The trigonal
absolute stereochemistry of their constitu&ng- faces of theA-(AA3) andA-(\33) quencher struc-
and/or S,5-dach ligands, the conformational prop- tures have mixtures of N—H bond orientations
erties of the chelate ringgéor propeller blades (parallel to, away from, and oblique to the psuedo

formed by these ligands, and the orientational
distributions of the amino(donor group N-H

bonds that protrude from the two trigonal faces of
each complex. The N-H bond orientations are
dictated by chelate ring conformational structure,
which in turn is dictated by ligand stereochemistry.

C; symmetry axis of these structuye A-(A\3),
only two N—-H bonds(per trigonal facg are ori-
ented parallel to the psuedo; C axis, andAn
(\33) only one is so oriented.

From the above discussion it may be predicted
that for H-bonding interactions at their trigonal
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faces, the relative H-bonding capabilities of the
(AN, A-(AND), A-(N33) andA-(333) quenchers
will fall in the order A-(AAN)>A-(AND) >A-
(\33)>A-(833). This order is the same as that
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exhibited by A-(AAN)-bc are more than a factor

of two smaller in magnitude. This suggests that
chiral discrimination in the quenching processes
are dependent to at least some extent on luminop-

observed in the quencher dependent trends of thehore access tdor docking ai an open, non-

k§ and &5 results obtained for both-Eu* and A-

capped trigonal face of a quencher molecule,

Tb* quenching, and it is the same as that observedwhere N-H bonds are available and favorably

in the quencher dependent trendskgf/k; ratios
measured in the Eu* and Th* quenching experi-
ments. However, it differs from the order of
quencher effectiveness found in titg and kg
results, where for both the\-Eu* and A-Tb*
guenching, the order iA-(A33)>A-(AN3) > A-
(AAN) > A-(3583). These results suggest that lumi-

oriented for H-bonding interactions with the lumi-
nophore carboxylate groups.

The most striking results obtained in this study
are those reflected in the relative signs and mag-
nitudes of theE, enantioselectivity parameters
(and theAAG#* enantiodifferential activation par-
ameterg determined for theA-(AAN), A-(AND),

nophore—quencher H-bonding interactions may A-(A33) andA-(8583) series of quenchers. In both

play a significant role in determining the rates and
efficiencies of the A-Ln* quenching processes,
and that they may also be important in determining
the relative efficiencies of theA-Ln* vs. A-Ln*
guenching processes.

H,O and D, O solution samples, at all temperatures
between 273 and 308 K, th&-(A\\) guencher
exhibits a preference forA-Ln* over A-Ln*
quenching(E,>0 and AAG# <0), whereas each
of the A-(AN3), A-(A33) and A-(855) quenchers

Comparisons between the results obtained for exhibit a preference forA-Ln* over A-Ln*

the A-(M\N), A-(MMN)-mc  and  A-(AAN)-bc

quenching(E4<0 andAAG#>0), with A-(AA3)

guenchers give further evidence that quencher showing the weakest enantioselectivity in its

N-H bonds may play an important role in regulat-
ing the kinetics ofA-Ln* quenching and in deter-
mining the relative rates ofA-Ln* vs. A-Ln*

guenching actions andA-(888) showing the
strongesi(see relevant data in Table 2 and in Figs.
12 and 13. These results show that replacement

guenching processes. Recall that the structures ofof just one of theR,R-dach ligands inA-(AAMN)-

A-(AN\N)-mc and A-(AAN)-be are identical to that
of A-(AXN), except that in theA-(A\\)-mc struc-
ture one of the trigonal faces is capped by a
tris(methylengamino group, which eliminates all
three axially oriented N—H bonds on that face, and
in A-(AAN)-bc both trigonal faces are capped by
tris(methylengamino groups, which eliminate all
the axially oriented N—H bonds on the two trigonal
faces of the quencher structure. The relative effi-
ciencies of A-(AAN), A-(AAN)-mc and A-(AXN)-

bc as quenchers oA-Eu* and A-Tb* fall in the
order A-(OANN) > A-(ANN)-mc > A-(ANN)-be.

[Co(R,R-dach;]** with an S,S-dach ligand, to
form A-(ANS)-[Co(R,R-dach,(S,S-dach]**, is
sufficient to change the enantiopreferences in the
A, A-Ln* quenching processes from aA-Ln*
preference to a\-Ln* preference. It is clear that
both the degree and sense of the chiral discrimi-
nations evident in the luminophore—quencher
interaction processes are governed predominantly
by the structural chirality present in the individual
chelate rings of theA-[Co(R,R-dach;_,(S,S-
dacri»y]3+ complexes, rather than by the overall
configurational chirality(A) of these complexes.

Expressed as ratios, the relative efficiencies are Structural details in the individual propeller blades

1.84:1.63:1 forA-Eu* quenching in H O solutions,
and 1.23:1.16:1 forA-Tb* quenching in H O
solutions. There is considerably less differentiation
betweenA-(AAN), A-(AAN)-mc and A-(AAN)-bc

in their quenching ofA-Eu* and A-Tb* (see the
results given in Table 2 The enantioselectivies
(E,-values exhibited by A-(AXN)-mc are very
similar to those exhibited byA-(AAN), but those

(chelate rings of these three-bladed propeller-like
systems play a more important role in differenti-
ating between the\-Ln* and A-Ln* luminophores
than does the screw sense of the overall propeller
structure. Incremental structural changes in the
individual propeller blades of these systems lead
to pronounced changes in their chiral recognition
discrimination behavior.
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7.4. Temperature dependence of quenching rates
and enantioselectivity

The temperature dependence of thg rate-
constant data is well represented by either Arrhe-
nius or Eyring type plot§¢based on Eqg21) and
(22), respectively, and the temperature depend-
ence of theE, (enantioselectivity parametedata
is well represented by the expression frgiven
in Eq. (23). Eyring type plots of thek(7) data
are shown in Figs. 9-11, ani, vs. T plots are
shown in Figs. 12 and 13. ThéH?, AS%,
AAH#, AAS* and AAG* parameter values
obtained from the Eyring type analyses are pre-
sented in Tables 3 and 4.

According to the mechanistic considerations pre-
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comments about the results shown in Tables 3 and
4 without indulging in excessive speculation about
the interaction mechanisms operative in the
guenching processes. We will not do that here, but
modeling studies are underway that may help give
detailed interpretations in the future. It is clear that
the thermal activation parameters shown in Tables
3 and 4 exhibit significant variations with changes
in quencher structure, but these variations across
the quencher series differ, both qualitatively and
qguantitatively, for A-Eu* vs. A-Eu* and A-Tb*

vs. A-Tb* quenching. The results obtained from
measurements on,H O solution samples are quali-
tatively similar to those obtained for,D O solution
samples, but there are small quantitative differenc-
es between these two sets of results. Perhaps the

sented in Section 7.1, the temperature dependencemost striking results are those obtained forand

of the quenching constant§ will reflect (a) the

temperature-dependent properties of the luminop-

hore (L* )—quenchelCQ) associatiofidissociation
processes, L* CQs (L* —CQ) and (b) the ther-
mal requirements for structural reorganizational
motions that facilitate (L* —CQ)— (L —CQ%*)
electronic energy-transfer processesthin the
(L*~CQ) encounter complexes. For all of the
systems examined in the present study ¢h&-
CQ complexes are formed from oppositely

A-Eu* quenching by the\-(833) quencher struc-
ture (Table 3. This quenching is characterized by
large negative values for both theH? and AS#
parameters, and bAG# values that vary from
31.5 to 36.4 kamol* forA-Eu* quenching and
from 26.9 to 31.6 kI mol* foA-Eu* quenching
over the 273-308 K temperature range, in H O
solution samples. These results may be compared
to those obtained foA-Eu* and A-Eu* quenching

by the A-(\838) quencher structure, which differs

charged molecular ions, and one may expect their from A-(353) by the replacement of just ors-

formation energetics to make substantiabther-
mic contributions to the phenomenologicAlH%

dach ligand with aR,R-dach ligand(Fig. 2). The
A- and A-Eu* quenching byA-(A33) is charac-

parameters derived from our Eyring-type analyses terized byAH# >0 andAS# <0 parameter values,

of thekg(7) data. In Section 7.1 we estimated that

the values of these contributiofdenoted by,
in Eq. (41)) should be in the—3.5 to —8.5-

and by AG# values that vary from 28.6 to 31.8
kJ mol~* for A-Eu* quenching and from 25.3 to
28.2 kI mol* forA-Eu* quenching over the 273—

kJ mol~* range, and that the association constants308-K temperature range.

(KZ) of the (L*~CQ) complexes should have
values in the 10-20-mM' range. The thermal
energy requirements for ‘activating’ the electronic
energy-transfer processesithin the (L*—CQ)

Another interesting comparison can be made
between the thermal activation parameters obtained
for A- and A-Eu* quenching by theA-(A\N), A-
(ANN)-mc and A-(AAN)-be quencher structures. In

complexes are somewhat more difficult to assess particular, we note that whereas thgd?, AS?%,
in the absence of any detailed knowledge about AAH# andAAS# parameter values determined for
the dominant energy-transfer mechanisms and their A-(AAN) are similar in magnitude and identical in

dependence on the relative motions and orienta-

tions of the L* and CQ structures in t{&*—CQ)
complexes. It is clear, however, that these requi-
rements will be reflected idH* >0 contributions
to the AHZ parameters defined by E¢41).

It is difficult to make any detailed interpretive

sign to those determined foA-(AAMN)-mc, the
AH%, AAH* and AAS# parameter values deter-
mined for A-(AAN)-bc have signsopposite those
determined forA-(ANN) and A-(ANN)-mc. Addi-
tionally, we note from theE, vs. T data plots
shown in Figs. 12 and 13 that the enantioselectivity
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of A-(ANN)-bc exhibits a temperature dependence
both qualitatively and quantitatively different from
that exhibited byA-(AXX) and A-(A\AN)-mc. The
only structural differences between tde(AAN),
A-(AAN)-mc and A-(AXN)-be quenchers are found
on the trigonal faces of their structures, the details
of which were described in Section 7.3

7.5. Solvent dependence

The unquenched excited-state lifetimeg) and
As A enantiomer interconversion rates of
Eu(dpa3~ and THdpa3~ are different in H O
vs. D,O solutions[9-11,23,38 Over the 273—
308-K temperature range, thg values for Eu*
vary from 1.64 to 1.60 ms in H O solutions and
from 3.19 to 3.11 ms in B O. Over this same
temperature range, thg values for Th* vary from
2.10 to 2.08 ms in K O solutions and from 2.24
to 2.22 ms in D O. Thus changing from,H O to
D,O solution samples in our quenching experi-
ments we could lengthen the time period over
which luminophore—quencher encounters and
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little solvent dependence is observed in th&*
data, but for several of the luminophore—quencher
systems, theAH# parameters exhibit a quite sig-
nificant solvent dependendsee, in particular, the
results listed for the\-(838) guenchey.

8. Conclusion

The results obtained in this work demonstrate
the extraordinary sensitivity of intermolecular chi-
ral recognitiofdiscrimination processes to small
changes in molecular electronic and stereochemical
structure. In all of the systems examined here, the
interacting chiral molecules have three-bladed pro-
peller-like structures of similar overall shapes and
sizes, and in all cases the interaction events occur
in transient encounters between the molecules
(rather than in long-livedtatic complexe$. The
systems differ only with respect to eithéa) a
change in the electronic state structure of one of
the interacting molecule&s in replacing Eu* with
Tb* luminophore$, or (b) small structural changes

guenching actions could occur. Furthermore, since in one or more of the propeller blades of the other

it is known that theA s A enantiomer intercon-
version rates of Ltdpa3~ are different in H O

interacting molecule(as in the series ofA-
[Co(R,R-dach;_,(S,S-dach,]** (y=0,1,2o0r 3

vs. D,O solutions, it is reasonable to assume that Molecules. It was found that these types of small
any structural changes necessary for promoting changes in the structures of the interaction partners
electronic energy-transfer processes in the lumi- can lead to remarkably large changes in the chiral
nophore—quencher encounter complexes mightrecognition and discrimination properties of the

also be solventH,O vs. D,O dependent.
As described in Section 4, both the solvent

systems.
Several types of intermolecular interaction rate

dependence and the temperature dependence of th@rocesses contribute to the enantio-differential

unguenched excited-state decay constéhis 1/

7o) and the enantiomer interconversion rate con-
stants(k.) are taken into account when our TR-CL
data are analyzed to obtain values for thg
guenching constanf{€gs.(7)—(15), and the asso-
ciated discussion Moreover, thek, decay con-
stants appear explicitly in our definition of the
quenching efficiency parametes§ (Eq. (18)).

From the results shown in Table 2, we note that
both the quenching constar(ts]) and the quench-
ing efficiency parameterésg) exhibit significant
solvent(H,0 vs. D, O dependent behavior, where-
as the enantioselectivity paramete(8,) show
very little solvent dependence. Among tie7#
and AS# results shown in Tables 3 and 4, very

excited-state quenching kinetics monitored by our
TR-CL measurements. These rate processes
include (a) those governing the formatigdisso-
ciation dynamics(and lifetimes of the luminop-
hore(L* )—quencheifCQ) encounter complexes in
solution, (b) those reflecting structural reorgani-
zational dynamics within théL*—CQ) complexes,
and (c) those governing the rates of electronic
energy-transfer, (L* —CQ) —» (L —CQ*), events
within the encounter complexes. For the systems
examined in this study, it is expected that the
processes referred to i) will be most sensitive

to the stereochemical details of the interacting L*
and CQ molecules and will make the dominant
contributions to the chiral discriminations observed
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in the enantiodifferentialAL* vs. AL*, quenching to the results shown in Fig. 8, which were obtained
kinetics measured in our TR-CL experiments. on agueou$H,0) solution samples that contained
The enantioselectivity results obtained in this a 10 mM concentration of Edpa3~ and a 10
study show that small changes in the stereochem-wM concentration of quencher molecules. Those
ical structures of the CQ molecules can produce results show the time development of enantiomeric
changes in both the sign and magnitude of the excess produced in the Eu* excited-state popula-
enantioselectivity paramete(E,). However, for tion by the enantiopreferential quenching actions
any given CQ structure, thg, parameter values of the various quencher molecules used in this
obtained for Eu* quenching are very similar to study. Note that three of the quenchers produce
those obtained for Tb* quenching. The enantiomeric excess values0.7 (in magnitude
Eu(dpa3~ and THdpa3~ complexes used as within 3 ms after the Eu* excited-state population
luminophores in the present study differ somewhat is preparedin a racemic state, via excitation with
in the details of their electronic energy-level struc- linearly polarized laser light at 465.8 nm
tures and excited-state decay properties; but in  The results shown in Fig. 8 were obtained under
each case the excitation and deexicitation pro- conditions in which the time-dependent enantio-
cesses relevant to their use in our experiments meric excess functiom..(z), defined earlier in
involve intraconfigurational 4f—4f electronic tran- Eg. (20), may be reduced to the forme.(t)=
sitions which are relatively insensitive to any tanh(—kq.[CQlz/2), wherekqq=kg—k% Compar-
structural changes that occur outside the inner- ing the data shown in Table 2 for the various
coordination sphere of the lanthanide ion. This, quencher molecules, we note that although Ahe
combined with the fact that the stereochemical (838) quencher exhibits a greater enantioselectiv-
structures of theA- and A-Eu(dpa3~ complexes ity |E4l, than any of the other quenchers, fitg|
are essentially identical to those of thhe and A- values are smaller than those determined for the
Tb(dpa)3~ complexes, can explain in large part A-(A33), A-(AAN) and A-(A\MN)-mc quenchers.
why the enantioselectivities observed in our Eu* This is reflected in then..(z) results obtained for
and Tb* quenching experiments are very similar. Eu* quenching, as shown in Fig. 8, and also in
For all of the systems examined in this study, the analogous results obtained for Th* quenching
the excited-state quenching rates are observed to[30].
be at least two orders-of-magnitude slower than
the rates of diffusional encounters between the Acknowledgments
luminophore and quencher speciés both H,O
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