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Conspectus

Modern chemistry emerged from the quest to describe the three-dimensional structure of molecules:
van't Hoff's tetravalent carbon placed symmetry and dissymmetry at the heart of chemistry. In this
Account, we explore how modern theory, synthesis, and spectroscopy can be used in concert to
elucidate the symmetry and dissymmetry of molecules and their assemblies. Chiroptical spectroscopy
—including optical rotatory dispersion (ORD), electronic circular dichroism (ECD), vibrational
circular dichroism (VCD), and Raman optical activity (ROA)—measures the response of
dissymmetric structures to electromagnetic radiation. This response can in turn reveal the
arrangement of atoms in space, but deciphering the molecular information encoded in chiroptical
spectra requires an effective theoretical approach. Although important correlations between ECD
and molecular stereochemistry have existed for some time, a battery of accurate new theoretical
methods that link a much wider range of chiroptical spectroscopies to structure have emerged over
the last decade. The promise of this field is considerable: theory and spectroscopy can assist in
assigning the relative and absolute configurations of complex products, in revealing the structure of
non-covalent aggregates, in defining metrics for molecular diversity based upon polarization
response, and in designing chirally imprinted nanomaterials. The physical organic chemistry of
chirality is fascinating in its own right: defining atomic and group contributions to optical rotation
(OR) is now possible. Although the common expectation is that chiroptical response is determined
solely by a chiral solute’s electronic structure in a given environment, chiral imprinting effects on
the surrounding medium and molecular assembly can, in fact, dominate the chiroptical signatures.

The theoretical interpretation of chiroptical markers is challenging because the optical properties are
subtle, which results from the strong electric dipole and the weaker electric quadrupole and magnetic
dipole perturbations of the electromagnetic field. Moreover, OR arises from a combination of nearly
canceling contributions to the electronic response. Indeed, the challenge posed by the chiroptical
properties delayed the advent of even qualitatively accurate descriptions for some chiroptical
signatures until the last decade when, for example, prediction of the obsgrveflexperimental

OR became accessible to theory.

The computation of chiroptical signatures, in close coordination with synthesis and spectroscopy,
provides a powerful framework to diagnose and to interpret the dissymmetry of chemical structures
and molecular assemblies. Chiroptical theory now produces new schemes to elucidate structure, to
describe the specific molecular sources of chiroptical signatures, and to assist in our understanding
of how dissymmetry is templated and propagated in the condensed phase.

E-mails: E-mail: david.beratan@duke.edu; E-mail: pwipf@pitt.edu.
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Introduction

Chiroptical effects were first reported about 200 years ago. Modern theoretical descriptions of
the most familiar chiroptical signature, optical rotation (3R)merged just a few years after

the disclosure of the Schrédinger equation in 1926. Yet, reliable methods to predict OR are
just a decade old. The first accurabénirio calculations of OR used static-field linear-response
method€ and time-dependent response methdBsiccess in assigning the absolute
configuration of small molecules and natural products using these theoretical methods
immediately followed as did further advances in electronic structure metfictis.

The elucidation of molecular structure is a worthy goal for theory, but reliable chiroptical
algorithms provide a much richer cache. This account focuses on contributions from our group
in elucidating molecular structure, and in understanding how a combined spectroscopic-
synthetic-theoretical program can be used to analyze and correlate complex structures. Optical
rotatory dispersion (ORD), electronic circular dichroism (E@Dbbrational circular

dichroism (VCD)(,3 and Raman optical activity (RO7—\)1ave proven to be of particular value

in this regard.

We were first drawn to this problem by a desire to understand the relationship between chemical
structures and OR, with an eye on using this understanding to solve challenges in the
assignment of absolute configuration. Our studies immediately showed how strongly geometry
impacts OR, motivating studies of molecular assembly and solvation. Investigations of
complementary probes of dissymmetry followed. Here, we summarize the physical origins of
chiroptical phenomena, and then describe how molecular substitution, geometry, assembly and
solvation, influence the chiroptical response. In fact OR depends strongly on all of these factors.
Chiroptical spectroscopies probe different aspects of stereochemistry, aggregation, and
solvation. OR interrogates overall (thermally averaged) molecular structure because it is
derived from the sum of all mixed electric dipole-magnetic dipole transitions from ground to
excited states. ECD, in contrast, probes the electric dipole-magnetic dipole transition strength
(rotational strength) between the ground and specific excited states. Vibrational chiroptical
spectroscopies (VCD and ROA) further couple the electronic response properties to specific
vibrational modes of motion. We have used Monte Carlo (MC) and molecular dynamics (MD)
simulations in combination with experimental and simulated ROA data to assess ensembles of
solution structures, particularly those of peptides.

Origins of OR, ECD, VCD and ROA

Chiroptical spectroscopy cannot be formulated in the familiar electric-dipole approximation.
Indeed, the spatial variation of the incident fields on the molecular length scale “senses” the
molecular dissymmetry. Deciphering molecular structure information encoded in the
chiroptical response requires three electronic response tensors: the electronic polarizability
(0), the electric dipole-magnetic dipole polarizabilicy), which takes center stage, and the
electric dipole-electric quadrupole)(tensorsl.18v9

OR is recognized as the rotation of plane-polarized light as it passes through an optically active
medium, and the ORD represents the variation in OR of an optically active medium with
wavelength. The optical rotatory paramefii¢ an isotropic average, proportional to the trace

of theG" tensor. Coupled-cluster (CC), time dependent density functional theory (TD-DFT),
and Hartree-Fock (HF) methods have been used to compute OR anﬂit@&ﬁbmputational
efficiency of TD-DFT methods favors their use in many instaRces.

ECD and VCD represent the differential absorption of right- and left-circularly polarized light
associated with electronic and vibrational excitations of chiral molé‘l;um)ectively. The
ECD signal is proportional to the rotational strengtthe dot product of the electric dipole
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and magnetic dipole transition moments. ECD calculations based on empirical models, QM
treatments, and mixed methods have been used to describe ECD spectra of small organic
compounds, polypeptides and globular prot@ilﬁecently, CC and TD-DFT methods have
also been applied to ECD and VAECD relies on the presence of electronic transitions,
often n->t* or n->n* transitions, and probes dissymmetry in the molecular array situated
proximal to the transition.

ROA measures the different intensity of right- and left-circularly polarized Raman scattered
light, and reports on chirality associated with vibrational mddese interference among light
waves scattered via G', andA produces a dependence of the scattered intensity on the circular
polarization of the incident light. The ROA signal is calculated fep@’, A.7 As with OR,

(1)ORD, ECD and VCD, ROA computations based on TD-DFT are of particular recent interest.

In our group, we use OR, ORD, ECD and ROA to determine: (1) the relative and absolute
configuration of natural products and synthetic compounds, (2) the conformer distribution of
chiral molecules in solution, (3) the structure of non-covalent molecular assemblies, (4) the
structure of molecule-solvent assemblies, including chiral solvent imprints, and (5) the nature
of chirally imprinted nanoclusters.

Probing molecular dissymmetry using chiroptical spectroscopy

1. Configuration and conformational analysis of molecules

Conventional methods to determine the absolute configuration (AC) of chiral substances
include X-ray diffraction, ECD, nuclear magnetic resonance (NMR) analysis of Mosher esters
and related covalent derivativé%,total synthesié,2 and chemical degradatiéﬁ.These
approaches are often time consuming, costly, and may require significant amounts of analyte.
The comparison of computed and experimental OR data, in contrast, can provide a streamlined
approach that, at a minimum, significantly reduces the number of possible stereoisomers.

We reported the first ab initio theoretical AC assignment of a natural product, hennoxazole A,
by computing the molar rotation of its fragments and using van’t Hoff's superposition principle
to reach a final assignme%fl’his approach divided the flexible natural product into weakly
interacting fragments, computed the Boltzmann-averaged molar ORs for each fragment, and
summed the contributions to obtain a composite value for comparison with experimental ORs.
The hennoxazole analysis clearly demonstrated the hypersensitivity of OR calculations to
geometry. Thus, reliable predictions of the OR for flexible structures require extensive thermal
conformational averaging. Prior experimental studies had already validated the additivity of
fragment OR contributions for this natural prod%t.

The computation of OR was successfully extended to determine the AC of the natural product
pitiamide AlS Subsequently, we also combined the use of NMR NOEs, chemical shifts, and
J-coupling measurements with experimental and computational OR and ECD data to determine
the AC of the marine natural product bistramide C (Figuﬁeﬁ]])his study demonstrated that

the judicious use of electronic structure analysis and spectroscopic data enabled a successful
AC assignment even of a large and conformationally flexible natural product with multiple
unassigned stereocenters. Other groups have also noted the utility of applying multiple
chiroptical methods (including ORD, ECD, VCD, and ROA) to determinetAC.

The reliability of computational methods for predicting OR was further validated by assigning
the previously unknown configuration of a series of small organic molecules. For example, we
used TD-DFT OR calculations to assign the absolute configurations:ef(S)- andrrans-
(R)—Iadderaneé.8 Subsequently, Mascitti and Corey carried out an enantioselective synthesis
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of pentacycloanammoxic acid withrrans-(S)-ladderane coré® The product was found to
have a positivedf] p, consistent with our predictions and a general rule for this novel compound
class based entirely on computational analysis.

Beyond its practical applications, the development of computational methods that successfully
describe chiroptical response is also establishing more intuitive links between OR and
structure. This is not a trivial task since there is no intuitive or reliable fragment based rule to
predict either the sign or magnitude of the OR for even the simplest molecules, despite earlier
attempts to establish such correlatiéRs22 This gap in knowledge exists even though tens

of thousand of experimental OR measurements have been recorded. OR may be the most
frequently measured physical constant for which rudimentary structure-property rules remain
yet unknown.

One approach to understanding the origins of OR is to define chemical group contributions.
We have developed algorithms that map atomic and functional group contributions to OR and
thus provide insight into geometric effects and damping of the dissymmetric footprint with
distance from the stereocenferAtomic contribution maps diagnose the sensitivity of OR to
molecular geometry, and thus assist in making reliable predictions of molar rotations for
flexible molecule€? This sensitivity is highlighted in a recent study of Vaccaro and co-
workers that described a strong dependence of computed OR on molecular conformations in
2-substituted butanés similar to earlier treatment of OR in twisted “molecular wire
potentials”.26

The increasing availability of commercial ROA spectrometers and the corresponding
computational methods have improved the utility of ROA spectroscopy for the stereochemical
and conformational analysis of chiral molecidésWe have showcased the benefits of ROA
computations by predicting: (1) the AC of the synthetic muSk@alaxolide®, which is
composed of a mixture of §45)- and (49,7R)-epimers?8 and (2) the distribution of dominant
N-acetylalaningy’-methylamide (Ala dipeptide model) conformations in aqueous soléflon.

The conformational flexibility of the alanine dipeptide model has been probed using multiple

spectroscopic methods, including ROA. Despite these extensive studies, a consensus aqueous

solution structure for this compound has not yet emerged. For exampieCtN&IR spectra

of the alanine dipeptide model in water and in liquid-crystalline media suggest that its structure

in both media is dominated by left-handed PPII helical conforma%grrr’leollowing these

NMR studies, Mehtar al. concluded based d3C NMR spectra that the alanine dipeptide

model adopts a mixture of PPII and compact right-hangdttlical conformations in water.
2Kim et al. probed the conformational heterogeneity of the alanine dipeptide model in

agueous solution using 2D-IR and reported the presence of PPII-like conforn$§t'r0|ﬁ9g

outag helical conformations. Raman spectroscopy, however, suggests thatPBiid the

intra-molecular hydrogen bonded C7eq conformations co-exist in aqueous¥nedia.

The significant variation of the proposed alanine dipeptide model conformations warrants
further analysis, and supports the utility of closely linking chiroptical simulations to
experimental data. Indeed, we have analyzed the ROA spectra of the alanine dipeptide model
in H,O and BO using TD-DFT on Monte Carlo (MC) sampled geome@%examining the
consistency of MC generated structures and the corresponding simulated spectra with
experimental ROA data. Our analysis of the Raman and ROA spectra of this compound
indicates thatig and PPIl conformations are predominant in aqueous solution (Figure 2).
Therefore, it is inappropriate to ascribe all of the experimental signals to one dominant
conformation, namely the PPII, as suggested by previous spectroscopic%@u@?e%.sThis
approach of simulating spectra from an extensively sampled ensemble of theoretical structures

Acc Chem Res. Author manuscript; available in PMC 2010 June 16.
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and pruning them to a subset that is consistent with experimental spectra is growing in
popularity in the biophysical contexP

2. Chiroptical signatures of intra- and intermolecular interactions

Analysis of atomic and chemical group contributions to OR indicates that chemical groups far
from the stereogenic center(s) can dominate the chiroptical effect. We found that the large
difference in the OR of the marine natural products calyculin A and B, which differ only by
the E)- vs ¢)-configuration of a terminal double bond in a tetraene unit distant from the
stereocenters, arise from the polarizability of the terminal cyanide (CN) substituent, and are
not due to the dissymmetric twisting of the tetraene unit or the direct perturbation of the
stereogenic carbor® Figure 3 shows the Boltzmann-weighted atomic contribution maps for
the [o]p of calyculin fragments withH)- and ¢)-configurations. These maps demonstrate that
n-mediatedntramolecular electronic communication between the stereocenter and a distant
CN group dominates the OR. Other polarizable groupsassithrans-derivatives such as

enones and enoates coupled via conjugeateléctron pathways to stereogenic centers are
likely to display similar behavior. The nature of the response depends on the substituent dipole
moment as well as the strength of its electronic coupling to the stereocenter.

Intermolecular interactions also significantly influence the OR of chiral molecules. For
example, we found that the]p of (R)-pantolactone is controlled by intermolecular hydrogen
bonding, and the equilibrium between monomers and dimers. Thus, the RPpahfolactone

in carbon tetrachloride at room temperature arises from a combination of monomer and dimer
structures (Figure 43.7

The chiroptical response of molecules in solution can be opposite in sign compared to the gas
phasef.38 Specifically, 1) chiral solvent imprintin%? 2) perturbation of the solute electronic
structure b%/ solvation, including association of solvent moleéjtfﬂ@,solute clustering or
assembly?f and 4) shifts in the solute conformational distribufbhave all been shown to

exert substantial changes on the OR.

Methyloxirane represents a particularly dramatic case of solvent effects on OR, and its
properties have challenged some of the highest-level computational métadbe long-
wavelength regime S§-methyloxirane displays a positive ORD spectrum in water and a
negative spectrum in benzeﬁ%l.:igure 5 shows that the hydrogen bonded methyloxirane-
water adduct dominates the ORD in w&t8For methyloxirane in benzene, the chiral imprint

in the surrounding benzene cluster dominates the ORD spe%?rﬁmmarkably, removing

the methyloxirane and computing the ORD of the imprinted benzene essentially reproduces
the observed ORD spectra.

In order to understand the physical origins of the positive OR of methyloxirane in water, we
compute&0 the specific rotation {p) of the §)-methyloxirane-water adducts at 589 nm as

a function of water angular positions. Figure 6 shows the angle histograsifor (
methyloxirane-water adducts, which illustrates that positiyg yalues for methyloxirane in
water arise from watemti-configurations (where water is on the opposite face of the oxirane
ring from the methyl gronaag. Xu and coworkers recently studied methyloxirane in water using
VCD, OR, and simulatioft® They concluded that the methyloxirane-water binary complex
dominates the chiroptical signature in aqueous media at room temperature,and the
conformation is preferred over thg-conformation, consistent with our predictidH%.

The ORD signature of methyloxirane in benzene contrasts dramatically with its behavior in
water. In benzene, the ORD arises from the chiral solvent imprint, not from the solvated parent
structure3® The methyloxirane-benzene system demonstrates that an achiral solvent,
perturbed by a chiral solute, may dominate the chiroptical response. Indeed, chiral solutes are

Acc Chem Res. Author manuscript; available in PMC 2010 June 16.
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known to induce chiral solvent ordering that contributes to the chiroptical response. In
complementary studies, Fidleral. showed that dissymmetric solvent organization around a
chiral solute accounts for 10-20% of the total CD intensity attributable to an optically active
chromophoré‘.4 Yet, the dominance of induced chirality on the OR signature was shown for
the first time by the theoretical dissection of methyloxirane’s ORD spectrum in béhzene.

More recently, Wang and Cann employed MD simulations to study the extent of chirality
transfer from a chiral solute to solvé\‘ﬁ.'l'hey concluded that chirality transfer is most
pronounced for solvents that are hydrogen bonded to solutes, and that the dissymmetric solvent
shell at specific positions contributes strongly to the chirality transfer.

Continuum and point charge solvent models for computing the chiroptical response in the
condensed phase do not describe induced chirality. The absenge®f knowledge of
solvent-solute interactions, or their influence on the chiroptical signature, necessitates an
exploration of thermally averaged solute-solvent clusters and a comparison with simpler
solvent studies, as shown by theoretical investigations of solvent effects on methyloxirane OR.

3. Chirality of nanoclusters

The optical activity of metal compleﬂ%and metal nanoclusters is of particular interest. For
example, the chirality of nanoclusters with chiral adsorbates is the subject of intense study
because of potential applications in enantioselective caté@s;iaantiodiscriminatioﬁ,g
enantioselective crystallizatiéﬁ and photonic§.1 Theory indicates that the chiroptic

response of metal clusters with chiral adsorbates may arise from the intrinsically chiral core
structure of a metal cluster, a chiral surface or chiral adsorPAwe used a simple
dissymmetrically-perturbed particle-in-a-box model to examine the influence of dissymmetric
adsorbates on the chiroptical signatures of nanoclusters. CD was predicted to be induced in a
nanoparticle by a chiral monolayer as in glutathione-passivated gold nanoddsters.
“inside-out” analogue of the solution chiral imprints described above, our analysis indicates
that the chiroptical response of the chiral monolayer protected cluster can arise from imprinting
the adsorbate structure on the nanoparticle electronic charge distribution (Figure 7). Gautier
and Blurgi recently showed (using thiolate-for-thiolate ligand exchange experiments on gold
nanoparticles) that the optical activity of gold nanoparticles is indeed dictated by the chirality
of the adsorbed thiolatéé‘, consistent with our predictions.

New Horizons

While our studies of chiroptical signatures began with the “simple” challenge of describing
the sign and magnitude of OR, our explorations have found that the influence of molecular
geometry, self-assembly, solvent interactions and binding, and solvent imprinting can
dominate the chiroptical signature. Indeed, our theoretical studies of methyloxirane’s imprint
in a benzene solution show that this solute’s chiral solvation shell can dominate the measured
OR. It will be interesting to explore whether chirality transfer from a solute to a chiral solvent
is a general effect, i.e. if it can be observed and controlled in other contexts. The experimental
possibilities for observing these phenomena are improving. For example, Xu and coworkers
recently demonstrated that chirality transfer from methyloxirane to hydrogen-bonded water
could be determined with VCH3 Indeed, the dissymmetric distribution of molecules
surrounding chiral solutes is used in molecular imprinting techniques to synthesize polymers
with molecular recognition capabilitiéé Hoshinoet al. recently showed that polymerization

of monomers in the presence of the bee toxin melittin produced imprinted polymer
nanoparticles with a high affinity for mellit®® Thus, polymerization “locks in” the solvent
imprint of melittin, producing polymers with little affinity for other pepti@@é()ne may

imagine that asymmetric organic synthesis and chiral chromatographic separation could be
impacted similarly by imprinting effects.

Acc Chem Res. Author manuscript; available in PMC 2010 June 16.
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Chiral adsorbates on metal surfaces were recently shown to “imprint” the quantum dynamics
of electron transfer. The “current” associated with electronic excitation via circularly polarized
light interacts differently with left- and right-handed chiral adsorbates, producing distinctive
electron transfer yields. Remarkably, both the electron and its angular momentum can be
transmitted through a chiral mediut.Since this chirality effect depends on the transport
mechanism (e.g., tunneling vs. resonant transport), the signature promises to diagnose electron
transport mechanism.

Intrinsically disordered proteins are implicated as having important biological functions in
cellular regulation and signaling, and their structural characterization is of intense interest.
58,59Recent studies suggest that ROA can be used to characterize backbone conformations
of unfolded polypeptides and proteins in aqueous sol@f?cnspecially when an assignment
based on ECD is difficu®l We have shown that ROA calculations based on DFT and MC
simulatigg can be used to identify populated conformations of the peptide backbone in aqueous
solution:

Mounting evidence indicates that water is an integral part of protein structure, dynamics and
function®2 For example, protein folding kinetics are determined by both protein and the
interacting water shefi3 ROA studies of polypeptides and proteins also indicate that water
facilitates conformational fluctuatior®é Thus, ROA may be used to identify the chiroptical
fingerprints of organized water layers.

It has now been thoroughly documented that theoretical predictions of ORD, ECD and ROA
spectra depend strongly on the QM methods empl@?emhd that the predicted spectra are
strongly geometry dependent. This does not really come as a surprise. Chiroptical signatures
are small because of the weakness of the magnetic dipole interactions and, in the case of ORD,
because the trace 61 is 1-3 orders of magnitude smaller than contributifignsor elements.

6 Response properties are well understood to depend strongly on basis set (influencing the
ability of electrons to polarize in applied fields), the description of electron correlation
(influencing the position of resonances in the electronic response), solvent, molecular
geometry, and molecular vibrations. In contrast, anisotropic Rayleigh OA (RayOA) is not
determined by the trace 6f and is attractively robust to changes in the level of th@ As
such, RayOA promises to provide an elegant probe of molecular structure.

RayOA is the difference in the Rayleigh scattered intensity for right and left circular polarized
light. Figure 8 shows the computed frequency-dependent depolarized right-angle RayOA
curves computed for (+)-§511S)-Troger’s base, using Hartree Fock (HF) and DFT methods
with different functionals®’ The predicted RayOA signal has the same sign and nearly
identical frequency dependence in the 400t¢m700 cm' range. The robustness of the sign

to the QM method suggests a particularly valuable place for RayOA spectroscopy if the
appropriate instrumentation can be developed.

Chiroptical response properties can be a starting point for establishing structure-activity
correlations. For example, an olfactophore mBBelescribes the influence of a set of

molecular features -- such as hydrophobic groups, and hydrogen-bond donors and acceptors
-- that could be critical determinants of odor. Figure 9 show that the values of the anisotropic
RayOA invariantg;2 andp,? (calculated from the, G’ andA tensors§7 can be used to
differentiate between musky odorants and odorless compounds. Thus, dynamic molecular
property tensors that contain information regarding both molecular topology and electronic
structure may be useful as descriptors for structure-odor correlations. Chirality descriptors
based on the, G’ andA response tensors may therefore also provide key descriptors for
biological activities and help to facilitate the computer-aided design of new odorants and drugs.
The fundamental tools are now at hand to elucidate and to manipulate the chiroptical response
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and chiral imprinting of significant molecular assemblies. This emerging level of control seems
likely to present extraordinary new opportunities for addressing challenges in asymmetric
catalysis, nanomaterials, photoinduced redox processes, molecular templating/imprinting, and
molecular stereochemistry.
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Figure 2.

Measured (green) and computed Raman optical activity spectra derived from the extended left-
handed PPII (blue) and the compact right-hangg@ted) helical conformations of an alanine
dipeptide model in aqueous solution. The fact that the simulated spectra account for the key
experimental spectral features indicates that the dipeptide model assumes these conformations
in agueous solutiof®
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Figure 3.

- Calyculin A fragment
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Boltzmann-weighted atomic contribution maps (BWAMS) of the optical rotation (OR) of

1duosnuey Joyiny Vd-HIN

calyculin A (A) and B (B) fragment%@ The atoms are colored according to their contributions
to the OR, which highlights the large effects arising from the CN group and the two adjacent
carbon atoms. The difference BWAM (C) of the calyculin A and B fragments also clearly
visualizes the dominance of the CN group in optical activity.

Acc Chem Res. Author manuscript; available in PMC 2010 June 16.



1duosnuely Joyiny Vd-HIN 1duosnuey Joyiny Vd-HIN

1duosnuey Joyiny Vd-HIN

Mukhopadhyay et al.

Page 15

[o]o (deg/{dmig/miTy)

b
N
e
]
!

Experimental b

-16 L. - - . .

0 10 20 30
Concentration (mM) in CCla

Figure 4.

The concentration-dependent specific rotatiaify,[ of (R)-pantolactone in carbon
tetrachloride (CQ)) at 26 °C37The computedd]p=y[oy] + xn[ay] (red line) values are based
on the theoretically obtained thermally averaged specific rotation of the monajihearffl
dimer (Joy;]) species (top structures). The mole fractignsndy,, of the monomer and dimer
species were determined with the experimekitak 8.9 + 0.6 M-1at 26 °C.
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Figure 5.

Measured (dashed line) and computed (solid line) ORB)ahethyloxirane in watere() and
benzenex). The hydrogen bonded methyloxirane-water adduct (top structure) dominates the
ORD in aqueous solutidtP In contrast, the chiral benzene cluster (bottom structure)
dominates the ORD in benzeR&:4>
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Figure 6.

Distribution of optical rotation off)-methyloxirane-water adduct at 589 nnjd, as a function

of water molecule position defined by the angfé) The inserts show structures with water
molecules on the same or opposite face of the oxirane ring from the methyl group, defined as
the syn-or anti-configurations, respectively. Thri-configuration dominates the positive

[o]p of (S)-methyloxirane in water.
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Figure 7.

Schematic representations (A) of a chiral adsort®atadthylthiirane; green) and a gold cluster
(yellow).23 Induced chiral-image charge densities using particle-in-a-box model illustrate (B)
that the negatively charged sulfur groups (yellow) of the adsorbate dissymmetrically perturb
the electron density in the box, leaving positive image charges in the central region (blue), and
negative charges (red) on the edge of the box.
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Figure 8.

ORD (A) and depolarized right-angle ICP RayOA curves (B) of (§)-18S)- Troger's base
calculated using HFK) and DFT with B3LYP &), BHLYP (e), BLYP (V) functionals.
Calculations used the 6-31G* basis set with the B3LYP/6-311G** optimized geometry. The
predicted ORD curves show significant variation depending on the choice of the QM method.
In contrast, the RayOA curves are uniformly negative in sign and possess nearly identical
curvature®
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Musky Odorants Odorless

Figure 9.

Chirality descriptors for an olfactophore model of structure-odor correlafighands,2 are
RayOA invariants derived from the dynamic molecular tensor propértiasdA.°° The

musky odorants (red) have negatf® andg,2. In contrast, the odorless compounds have
positivef;2 andp,2. Thus, dynamic molecular tensor properties may be used as descriptor of
structure-odor correlations.
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