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ABSTRACT  Rapid progress in asymmetric synthesis stimulated a further develop-
ment of methods and techniques for the determination of absolute configuration of chi-
ral molecules. In recent years the direct methods, i.e. X-ray diffraction analysis, circular
dichroism (vibrational and electronic), Raman optical activity, optical rotation measure-
ments, as well as indirect methods for relative configuration assignment with the use of
NMR spectroscopy or enzymatic transformations, are receiving increasing attention not
only by specialists in the field but also by synthetic and structural chemists alike. This
paper provides a short overview of the methods currently used, as well as references to
contributions collected in this Thematic Issue of Chirality. Chirality 20:606-608,
2008.  © 2008 Wiley-Liss, Inc.
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INTRODUCTION

Ever since the suggestion in 1874 by van’t Hoff and
LeBel that individual molecules possess a three-dimen-
sional structure that may give rise to dissymmetry,'? the
exact orientation of the atoms in space, i.e. the absolute
configuration (AC) has been an intriguing problem to be
solved. In 1938, however, Kuhn suggested an absolute
configuration assignment of the two enantiomers of 2-buta-
nol, based on their different interaction with right and left
circularly polarized light,® which later turned out to be cor-
rect. The definite solution came in 1951, when yet another
Dutch scientific achievement was announced by Bijvoet
et al. who had discovered that in X-ray crystallography an
anomalous dispersion effect, recognizable from a heavy
atom in a crystal of an optically active compound, could be
used to determine its absolute three-dimensional struc-
ture.* Fortunately, it then turned out that all configurations
that had been established based on Fischer’s arbitrarily
assigned (+)-I-tartaric acid® and p-glyceraldehyde were in
fact correct and did not need to be reversed. More re-
cently, thanks to the development of computerized ab initio
quantum mechanical calculations of chiroptical data [elec-
tronic (ECD) and vibrational (VCD) circular dichroism
spectra as well as optical rotation (OR)], particularly within
the framework of density functional theory (TD DFT), a
big step forward has been taken, soon probably making
direct AC determination an uncomplicated matter. Below,
a brief tutorial introduction to the basic features of the
methods presented in this Special Issue of the journal is
given.
© 2008 Wiley-Liss, Inc.

CHIROPTICAL METHODS

All chiroptical methods depend on the different interac-
tion of an optically active compound with left- and right-
handed circularly polarized light (CPL). Plane polarized,
monochromatic light can be treated as composed of a left
and right circularly polarized vector component. If these
components interact differently with a chiral medium
(such as a solution of a chiral compound), the medium is
said to be optically active. This can be manifested in differ-
ent ways: (a) Because of a difference in velocity through
the medium, a circular birefringence or anisotropic refrac-
tion is obtained, i.e. (n;, — ng) # 0, observed as a rotation
of the plane of polarization. (b) Because of a difference in
absorption by the medium, a circular dichroic effect or an-
isotropic absorption can also be registered, i.e. (A — Ag)
# 0, hence A¢ # 0.

The first of these phenomena has been utilized for a
very long time in the form of polarimetry, i.e. determina-
tion of optical rotation at a specific wavelength (often at
589 nm, the sodium D-line). The limited value of polarime-
try in conjunction with determination of AC and the neces-
sity to measure the optical rotation at shorter wavelengths,
led to instruments for recording the optical rotatory disper-
sion (ORD) over the available UV-VIS region, giving infor-
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mation about the change in sign of the rotation on passage
of the absorption band, the Cotton effect (CE). The octant
rule, used for the determination of AC in the steroid field,
is a result from the pioneering work of Djerassi and collab-
orators® in the 1950’s. While of increasing interest in com-
bination with ab initio methods for calculation of optical
rotation,” ORD has largely been replaced by ECD as an
experimental technique. In this issue the application of
ECD combined with OR calculation for the determination
of absolute configuration of simple arene metabolites is
presented by Kwit, Sharma, Boyd, and Gawronski.

Chmielewski, Cierpucha, Kowalska, Kwit, and Frelek
use the calculated ECD spectra for structural correlations
within the clavam antibiotic family. Quantum chemical
ECD calculations can be combined with on-line HPLC-
ECD measurements for assignment of the absolute config-
uration of natural products, as described in this issue by
Bringmann, Gulder, Reichert and Gulder.

In CD the absorption band is either positive (+CE) or
negative (—CE), except when the compound contains
two or more chromophores suitable to interact with each
other through space (coupled oscillators). Such interaction
leading to a split CD band (couplet) represents the basis
of the exciton chirality approach, first introduced by
Harada and Nakanishi as the dibenzoate chirality method
in the early 1970’s.® In the past few decades the CD exci-
ton chirality method has undergone a further development
and has established itself as one of the most versatile
methodologies for determination of AC of natural prod-
ucts® and other chiral molecules.'®

In the absence of conformational ambiguity, the sign of
the couplet can be directly correlated with the mutual ori-
entation of the chromophores and thereby the AC.
Accounts on basic principles and various applications of
exciton chirality can be found in several review articles
and monographs,®™? including the excellent book from
2000 on the various CD methods available and their use.!

Vibrational CD (VCD) makes use of CPL in the infrared
i and has become a very powerful technique
since the introduction of the first commercially available
instrument. The large number of diagnostically useful
bands in a VCD spectrum, and the relative ease by which
a spectrum can be calculated, represent two advantages
over electronic CD. A review of the use of VCD spectros-
copy for the determination of the absolute configurations
is presented in this issue by Stephens, Devlin, and Pa.
Polavarapu discusses the importance of simultaneous use
of more than one chiroptical spectroscopic method for
determination of the structures of chiral molecules. Freed-
man, Cao, Luz, Zimmerman, Poupko, and Nafie present
the application of VCD spectroscopy for determining the
absolute configuration of cyclotriveratrylene derivatives.

X-RAY CRYSTALLOGRAPHIC METHODS

The direct method, introduced by Bijvoet and relying on
the anomalous scattering effect produced by a heavy atom,
is still regarded as the most reliable method; provided
only that a suitable single crystal can be obtained and that
the intensity difference between the Bijvoet pairs obtained
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is large enough. Rigorous differentiation of enantiomers
by the X-ray diffraction method is now possible through
the use of the Flack parameter.'® In this issue Flack and
Bernardinelli provide in-depth review of X-ray crystallogra-
phy for absolute configuration determination.

In many cases, though, it may be necessary to perform a
derivatization of the compound to get a crystalline product.
If a chiral reagent is used for this purpose, a second stereo-
genic center of known AC is introduced and the X-ray
structure obtained is then unambiguous and gives the AC
of the first compound. A number of such indirect methods
have been developed and successfully applied.”*®

NMR METHODS

By the use of chiral derivatization techniques similar to
those mentioned above, the difference in NMR anisotropy
effects between two diastereomers can be used to deduce
the absolute configuration. The method requires knowl-
edge of the most stable solution conformations of the re-
spective diastereomer for an interpretation of the chemical
shift difference observed due to the difference in anisotropy
effects.!® So far, it has been used mainly for AC determina-
tion of monofunctional compounds, like alcohols, amines
and carboxylic acids, and of bifunctional species such as
diols and amino alcohols. Several chiral reagents for this
purpose have been developed from the initially used
Mosher’s acid (a-methoxy-a-(trifluoromethyl) phenylacetic
acid, MTPA). In all these reagents an aromatic moiety
(phenyl-, naphthyl-) is essential as a producer of the neces-
sary anisotropy effect. Naturally, the complexity of the sys-
tem studied in the NMR increases in polyfunctional com-
pounds and the procedure may require a multistep opera-
tion to give safely interpretable data. Highly instructive
reviews of the field have been published?”?! and a mono-
graph by Wenzel appeared quite recently.?? In this issue
the method is addressed by Harada.

ENZYMATIC METHODS

Since most enzymes are highly stereoselective and often
used for kinetic resolution of racemates, it is not surprising
that studies in this field have led to empirical rules used for
the determination of absolute configuration. Such methods
were used quite early for the determination of the absolute
configuration of some simple compounds (e.g. acetates)
which were chiral only by virtue of isotopic (*H, °H) substitu-
tion.Z® With the computational facilities available today, mod-
eling of an enzyme’s active site combined with docking
experiments have opened up new possibilities for rationaliza-
tion and even prediction of the outcome of enzyme-catalyzed
stereoselective reactions.?* In this issue Kazlauskas and Jing
review the determination of absolute configuration of sec-
ondary alcohols using lipase-catalyzed Kinetic resolutions.

OTHER METHODS, TECHNIQUES, AND
APPLICATIONS

Studies of crystal growth in three dimensions and partic-
ularly the inhibition of growth has enabled a method of
direct determination of absolute configuration.”> The

Chirality DOI 10.1002/chir
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method is reviewed in this issue by its co-inventors, Weiss-
buch, Leiserowitz, and Lahav. Another interesting tech-
nique is based on the formation of a helical cholesteric
phase when a chiral solute is dissolved in an achiral liquid
crystalline nematic phase, followed by observation of the
sign of the induced CE in a CD spectrum of the helical
phase.?®?” The method is reviewed here by Ferrarini, Pier-
accini, and Spada.

Methods other than those mentioned above have been
used for AC determination and the interested reader
should consult the superb monograph by Eliel and Wilen.?

SOME FINAL COMMENTS

Of course, all methods have their limitations and the reli-
ability of the results is entirely dependent on the quality of
the data produced. Thus, while in chiroptical methods the
conformer distribution of the compound must be known,
in X-ray crystallography the solid state eliminates this prob-
lem. On the other hand, non-crystalline compounds can be
used directly in chiroptical methods, but have to be derivat-
ized or otherwise modified to be applicable to X-ray meth-
ods. Also, ECD spectroscopy requires a suitable chromo-
phore in the compound,?® while this is irrelevant with VCD
and ROA (Raman optical activity) techniques. On the other
hand, an ECD spectrum can be obtained from sub-ug
amounts, while the methods based on vibrational optical
activity require much larger amounts.

To cover the field completely, we have thought it is
appropriate not to exclude methods for AC determination
that are not direct, but requiring a chiral auxiliary (such as
a chiral derivatizing agent, CDA) or reference of known
AC. Consequently, a number of important methods that
may be classified as indirect have been included. These
methods, strictly speaking, deliver relative configuration,
since the configuration of CDA or reagent (enzyme) is a
priori known. Such methodologies include NMR aniso-
tropy methods with the use of an internal source of chiral-
ity, enzymatic methods as mentioned above and chemical
correlation methods. The latter, however, even though of
tremendous importance for the establishment of configura-
tional relationships since the days of Fischer, have not
been incorporated. Their significance for the AC determi-
nation of compounds with axial and planar chirality®
should be kept in mind, however.
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ABSTRACT

Absolute configurations of a number of cis-dihydrodiols (cis-1,2-dihy-

droxy-3,5-cyclohexadienes), synthetically useful products of TDO-catalyzed dihydroxyla-
tions of 1,2- and 1,3-disubstituted benzene derivatives, have been determined by a com-
parison of calculated and experimental CD spectra and optical rotations and by methods
involving X-ray crystallography, 'H NMR spectra of diastereoisomeric derivatives, and
by stereochemical correlations. The computations disclosed a significant effect of the
substituents on conformational equilibria of cis-dihydrodiols and chiroptical properties
of individual conformers. The assigned absolute configurations of cis-dihydrodiols have
allowed the validity of a simple predictive model for TDO-catalyzed arene dihydroxyla-
tions to be extended. Chirality 20:609-620, 2008.  © 2007 Wiley-Liss, Inc.

KEY WORDS: absolute configuration; conformation; cis-diene; cis-dihydrodiol; TDDFT;
fluorine effect; circular dichroism; optical rotation

INTRODUCTION

Experimental determination of absolute and relative con-
figuration of organic as well as inorganic molecules cur-
rently relies on techniques such as X-ray crystallography,
circular dichroism,! analysis of NMR spectra of diastereo-
isomeric derivatives,? and stereochemical correlation.® In
principle, absolute configuration (AC) of a chiral molecule
can be deduced from its optical rotation (OR) and/or its
electronic circular dichroism (ECD) data. In practice, this
requires the use of reliable methodologies for calculation
of OR and/or ECD, followed by comparison with the cor-
responding experimental data.

Many successful assignments of AC of chiral molecules
have been reported during the past decade by comparison
of experimental and theoretical ECD spectra.*” This
methodology allows not only the determination of the AC
but also the preferred conformations of investigated mole-
cules (absolute stereochemistry) in the same calculation
process. Recently, Diedrich and Grimme systematically
investigated and critically reviewed the applications of
modern quantum chemical methods for predicting ECD
spectra.?

In recent years, advances in the field of theoretical
chemistry have led to development of new computational
approaches for calculating OR at various levels of accu-
racy’*® and allow direct assignment of AC. In many cases,
the accordance of experimental and theoretical data was
found satisfactory.!*

The calculations of OR, as well as ECD, are very sensi-
tive to inaccuracy in determining the equilibrium of partici-
pating conformers. Thus, carefully carried out conforma-
© 2007 Wiley-Liss, Inc.

tional analysis of the molecule is the first and the most im-
portant step of the calculations. For rigid molecules, which
were investigated in the pioneering years of the studies,
this step could be neglected, but for floppy molecules the
relative energies of participating conformers should be cal-
culated with the highest available accuracy.’®® It has
been shown that even minor changes in molecule confor-
mation can result in a change of sign and/or magnitude of
calculated OR.19%1

Recently, TDDFT calculations of both OR and ECD are
being increasingly used for determining ACs.??>* The
essence of such an approach has been summarized by
Stephens et al. as providing higher reliability of the AC
determination. If the use of OR and CD confrontation
yields opposite ACs, the AC determination using either
phenomenon is ambiguous.?® Such methodology has been
used quite recently for the stereochemical characterization
of cytotoxic natural products®* and chiral rigid and flexible
alkenes with satisfactory results.?
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The method we use in this study relies on comparison
of experimental and calculated electronic CD spectra and
ORs of conformationally flexible chiral molecules. In cases
where full agreement (ECD and OR) is not achieved, anal-
ysis of conformer population and/or chiroptical properties
of contributing conformers allows identification of one of
the two properties (ECD or OR) with which the assign-
ment of AC is considered conclusive.?®

Experimental and calculated ECD and OR measure-
ments have been successfully applied to a series of chiral
cis-dihydrodiol metabolites B/B'Y = Hor X # Y # H)
obtained from the corresponding substituted benzene sub-
strates A, Y = Hor X # Y # H; Scheme 1).26?8 Thus,
using whole cells of the bacterium Pseudomonas putida
UV4 (a source of toluene dioxygenase, TDO), asymmetric
dihydroxylation of monosubstituted benzene substrates A
(Y = H) yielded mainly enantiopure (>98% ee) cis-dihydro-
diols B (Y = H).26%° Only the cis-dihydrodiol from fluoro-
benzene (A, X = F, Y = H) showed evidence of the other
enantiomer B’ (Y =H, X =F, 60-70% ee). By contrast, bio-
transformation of 1,4-disubstituted benzene cis-dihydro-
diols (A, X # Y # H) often yielded both enantiomers (B/
B, X # Y # H), particularly when substituents X and Y
were of similar size.?”?%3° All of these cis-diol metabolites
B/B,Y =HorX # Y # H) resulted from asymmetric
dihydroxylation exclusively at the unsubstituted 2,3-bond
of both monosubstituted (A, Y = H) and 1,4-disubstituted
benzene substrates (A, X # Y # H).

Under similar biotransformation conditions in the pres-
ent study, the cis-dihydroxylation of 1,2- (A, X and Y # H)
and 1,3-disubstituted benzene (A, X and Y # H) sub-
strates could in principle occur at either of the two unsub-
stituted bonds to yield cis-dihydrodiols of types C/C’ or
D/D’ X and Y # H from 1,2-disubstituted benzenes) and

X ] *
# ; N
oINS
L, X X
YRR s ] i Y7 oH
OH = i OH
: ] -
i 2 HO

OH COH
D D

Scheme 1. Possible cis-dihydrodiol regio- and stereoisomers from cis-
dihydroxylation of substituted benzenes X > Y).
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E/E or F/F’ X and Y # H from 1,3-disubstituted ben-
zenes). In this context, the application of CD spectroscopy
and OR measurements (involving matching of experimen-
tal and computational results) has been used: (i) to assign
or confirm the ACs of cis-dihydrodiols derived from 1,2-
(C/C, X and Y # H) and 1,3-disubstituted benzenes (E/
E,Xand Y # H)*33 and (ii) to extend the validity of an
earlier predictive model for the determination of ACs dur-
ing the TDO-catalyzed asymmetric dihydroxylation to 1,2-
and 1,3-disubstituted benzene substrates.?83%3%33

EXPERIMENTAL
Computational Methods

In our computations, all excited-state calculations have
been performed, based upon the ground state geometries
of single molecules, with the use of a Gaussian program
package.®* Rotatory strengths were calculated using both
length and velocity representations. In the present study,
the differences between the length and velocity of calcu-
lated values of rotatory strengths were quite small, and for
this reason only length representations were taken into
account. The CD spectra were simulated by overlapping
Gaussian functions for each transition according to the
procedure described by Diedrich and Grimme.®

Conformational analyses of all the benzene cis-dihydro-
diols 1a-1d, 2a-2d, and 3a-3d were carried out by a
systematic conformational search with the use of a B3LYP
hybrid functional and a 6-31+g(D,P) basis set, starting
from the structure optimized by the B3LYP/6-31+g(D,P)
method. To find the relationship between the energy of
the molecule and conformations of the hydroxy substitu-
ents the torsion angles H—O—C*—H were rotated at 30°
steps to give 144 different structures for each molecule.
Then the structure optimizations were performed for each
structure and this allowed the construction of the potential
energy surface (PES) for 1a-1d, 2a-2d, and 3a-3d. The
conformers which were found as energy minima on the
PES were fully reoptimized at the B3LYP/6-311++g(D,P)
level of theory. For optimized structures, frequency calcu-
lations were carried out at the B3LYP/6-311++g(D,P)
level of theory to confirm that the conformations are
stable.

For all conformations having relative energies ranging
from 0.0 to 2.0 kcal mol !, percentage populations were
calculated for each compound on the basis of the AE and
AG values, using Boltzmann statistics and T = 298 K. Due
to their similarity, only AE values were taken into further
consideration.

To test which combination of functional/basis set per-
forms better in the case of calculations of CD spectra and
OR of substituted benzene cis-dihydrodiols, two different
functionals: mPW1PW91 and B3LYP have been employed
in combination with 6-3114++g(2D,2P) basis set. For
selected cases, additional calculations at the B3LYP/Aug-
cc-pVTZ level have been performed.

The computed oscillator strengths and rotational
strengths were converted to the UV and CD spectra by
broadening to Gaussian shape absorption curves. The
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calculated spectra were red-shifted by ca. 10 nm in relation
to the experimental ones regardless the method used.
Although each experimental spectrum was reproduced
well by either B3LYP or mPW1PW91 hybrid functionals in
conjunction with the basis sets augmented with diffuse
functions, still better overall agreement was obtained
with the use of mPW1PW91 hybrid functional and 6-
311++g(@2D,2P) basis set. It is well known that the
mPW1PWO91 hybrid functional generally provides results
which are close to, or even better than, those obtained
with the widely used B3LYP method, both for the ground
as well as for the excited states.>*%

The ORs were calculated at the B3LYP/6-311++g(2D,2P)
level and B3LYP/Aug-cc-pVTZ level for selected cis-dihydro-
diols. Due to similar values of the calculated ORs and
because of longer calculations time with the use of B3LYP/
Aug-cc-pVIZ method, the ORs were calculated only at
B3LYP/6-311++g(2D,2P) level for other cis-dihydrodiol
molecules.

No correlation for the medium dielectric constant was
implemented. For a detailed discussion see Refs. 26
and 27.

General Information

'H NMR spectra were recorded at 300 MHz (Bruker
Avance DPX-500) and at 500 MHz (Bruker Avance DRX-
500) in CDCI; solvent unless stated otherwise. Chemical
shifts (§) are reported in ppm relative to SiMe4 and cou-
pling constants (/) are given in Hz. Mass spectra were
recorded at 70 eV on a VG Autospec Mass Spectrometer,
using a heated inlet system. Accurate molecular weights
were determined by the peak matching method with per-
fluorokerosene as standard. Elemental microanalyses
were obtained on a Perkin-Elmer 2400 CHN microana-
lyser. CSPHPLC was carried out using a Shimadzu LC-6A
liquid chromatograph connected to Hewlett Packard diode
array detector. The disubstituted benzene substrates and
reagents used in the formation of cis-dihydrodiol deriva-
tives were obtained commercially.

The enantiomeric excess (ee) values of the cis-dihy-
drodiols were determined by CSPHPLC using Daicel
columns (method i)?® However, as the majority of cis-
dihydrodiols were single enantiomers (>98% ee), an al-
ternative method was adopted. It involved the formation
of cycloadducts of the cis-dihydrodiols by reaction with
Cookson’s reagent (4-phenyl-1,2,4-triazoline-3,5-dione),
followed by reaction with the acid chloride derivatives
of (R)- and (S)-a-methoxy-a-(trifluoromethyl)phenyl ace-
tic acid (MTPA) to yield the corresponding di-MTPA
esters and NMR analyses (method ii).?® The formation
of the corresponding diastereoisomeric boronate esters,
using (R)- and (S)-2-(1-methoxyethyl) benzeneboronic
acid, followed by 'H NMR analysis of the diastereoiso-
meric composition, provided another simple approach
(method iii).?® 'H NMR analyses of the di-MTPA
(method ii) and boronate (method iii) esters also pro-
vided an empirical method to determine the ACs of the
parent diols. Unequivocal methods used include X-ray
crystallography and stereochemical correlation.
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Shake flask biotransformations were carried out on ca.
0.5 g scale, using Ps. putida UV4, under reported condi-
tions. The cis-dihydrodiols obtained after bioconversion of
the corresponding arene substrates were separated and
purified by PLC (silica gel, 50% EtOAc in hexane). The
minor regioisomer formed in some of the biotransforma-
tions was detected by 'H NMR, GC-MS, and CSPHPLC
analyses.

(1S,2S)-1a. (0478 g, 80%), mp 115-118°C (from
CH,Cly/hexane); [alp + 6 (¢ 1.24, MeOH); Found: C,
33.9; H, 2.6. CeHgO4BrF requires C, 34.5; H, 2.9%; 55 (500
MHz, CDCls) 4.38 (1 H, m, 2-H), 4.61 (1 H, m, 1-H), 5.90
(1H, m, 6H), 6.04 1 H, m, 5-H); m/2 (ED) 210 M™*, 41%),
208 (43), 192 (11), 190 (11), 164 (22), 83 (100); UV
MeOH) A 268 nm (¢ 5800); CD A 284 nm (Ae + 8.0), A
245 nm (Ae +6.2), » 214 nm (Ae — 6.1); >98% ee and AC
(method ii, confirmation by X-ray crystallography); ca. 5%
regioisomer D’ X = F, Y = Br).

(15,2S)-1b. (0.136 g, 21%), mp 80-81°C (from
CH,Cly/hexane), [alp — 92 (¢ 1.05, MeOH); Found: C,
49.0; H, 4.1. CgHgOoF, requires C, 48.7; H, 4.1%; &y (500
MHz, CDCls) 440 (1 H, m, 2-H), 4.62 (1 H, m, 1-H), 5.76
(1 H, m, 6H), 5.88 (1 H, m, 5-H)); m/z (ED) 148 (M",
68%), 130 (63), 119 (40); UV (MeOH) A 257 nm (¢ 3150);
CD A 255 nm (Ae — 5.4), A 204 nm (Ae + 5.5); 85% ee and
AC (method ii).

(AS,2R)-1c. (0.422 g, 70%); mp 98-101°C (from
CH,Cly/hexane); [alp — 65 (¢ 1.1, MeOH); Found: M*,
198.0304. C;HgOoF, requires 198.0304; &y (500 MHz,
CDCly) 4.46 (1 H, m, 2-H), 4.60 (1 H, m, 1-H), 5.92 (1 H,
m, 6-H), 6.23 (1 H, m, 5-H); m/z (ED) 198 M™, 79%), 180
(11), 158 (64), 101 (100); UV (MeOH) A 258 nm (g 3300);
CD A 257 nm (Ae — 1.9), A 214 nm (Ae — 3.9); >98% ee
and AC (method ii).

(1S,2R)-1d. (0.380 g, 58%); mp 78-80°C (from
CH,Cly/hexane); [alp — 32 (¢ 1.3, CHCls); Found: C,
58.1; H, 6.3. C;HyOsF requires C, 58.3; H, 6.3%; dy (500
MHz, CDCl;) 1.85 3 H, s, Me), 4.06 (1 H, dd, Jor = J21
6.0, 2-H), 4.43 (1 H, m, 2-H), 5.85 (2 H, m, 5-H and 6-H); m/
z (ED) 144 (M™, 61%), 126 (84), 97 (100); UV (MeOH) A 264
nm (g 3500); CD A 257 nm (At — 2.0), A 206 nm (Ae + 6.4);
>98% ee and AC (method ii, confirmation by X-ray crystal-
lography); ca. 5-10% regioisomer IV X = F, Y = CH3).

(1S,25)-2a. (0.240 g, 40%), mp 97-100°C (from
CHCls/hexane); [a]lp + 61 (¢ 0.29, MeOH); Found: C,
34.5; H, 2.6. CgHgO4BrF requires C, 34.5; H, 2.9%; 55 (500
MHz, CDCl;) 440 (1 H, dd, J>1 5.7, Jo4 1.5, 2-H), 4.48 (1
H, dd, /12 5.7, J16 11.2, 1-H), 5.52 (1 H, m, 6-H), 6.33 (1 H,
m, 4-H); m/z (ED) 208 (M™, 16%), 190 (7), 129 (24), 83
(100); UV (MeOH) A 272 nm (¢ 4800); CD A 271 nm (Ae
+ 2.4), A 203 nm (Ae — 5.9); >98% ee method (1); <3%
regioisomer F X = F, Y = Br).

(1S5,25)-2b. (0.130 g, 21%); mp 63-65°C (from
CH,Cl,/hexane); [alp + 25 (¢ 1.25, MeOH); Found: M™*
148.0338 CgHgOoFs requires 148.0324; 8y (500 MHz,
CDCl3) 2.47 (2 H, bs, OH), 446 2 H, m, 1-H and 2-H),

Chirality DOI 10.1002/chir
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531 1 H, m, 6H), 5.88 (1 H, m, 1-H); m/z (EI) 148 (M,
57%), 130 (90), 114 (72), 101 (100); UV (MeOH) A 259 nm
(€ 2700); CD A 254 nm (Ae + 1.0), A 204 nm (Ae — 1.6);
56% ee and AC (method ii).

(15,2R)-2¢. (0.150 g, 25%); mp 60-62°C (from
CHCl;/hexane); [a]lp — 26 (¢ 0.33, MeOH); Found: M~
198.0312. C;HgO-F, requires 198.0304; 8y (500 MHz,
CDCl) 4.45 1 H, d, /21 5.9, 2-H), 4.56 (1 H, m, 1-H), 5.60
(1 H, m, 6H), 6.47 (1 H, m, 4-H); m/z (ED) 198 M™, 77%),
180 (10), 152 (70), 101(100); UV (MeOH) X 263 nm (e
3300); CD X 255 nm (Ae + 6.1), A 226 nm (Ae — 2.4)., A
205 nm (Ae — 1.0); >98% ee; <3% regioisomer FF (X = F,
Y= CFg)

(1S5,2R)-2d. (0.09 g, 34%); mp 95-98°C; [alp + 118
(¢ 0.31, MeOH); Found: M* 144.0586. C;HqO4F requires
144.0587; 8y (300 MHz, CDCl3) 1.96 (3 H, s, Me), 4.23 (1
H, m, 2-H), 4.31 (1 H, m, 1-H), 5.36 (1 H, m, 6-H), 5.65 (1
H, m, 4-H); m/z (ED) 144 (M™, 54%), 126 (61), 125 (30),
97(100); UV (MeOH) A 263 nm (g 3300); CD A 261 nm (Ae
+ 2.6), 2 207 nm (A —2.3); 98% ee and AC method (ii).

(15,25)-2e. (0.195 g, 31%); mp 80-82°C; [a]p + 61 (¢
0.36, MeOH); Found: M™ 164.0046. C¢HgO4CIF requires
164.0040; 5y (500 MHz, CDCl;) 4.37 (1 H, m, 2-H), 4.48 (1
H, m, 1-H), 5.47 (1 H, m, 6-H), 6.09 (1 H, m, 4-H); m/z (EI)
164 (M™, 100%), 146 (38), 118 (89), 83 (88); CD A 271 nm
(Ae + 2.4), & 203 nm (Ae - 5.9); >98% ee (method 1); <3%
regioisomer FF X = F, Y = Cl).

(1S5,25)-2f. (0.265 g, 46%); mp 98-101°C (from
CHCl3/hexane); [alp + 74 (¢ 0.48, MeOH); Found: C,
28.2; H, 2.1. CgHgO,IF requires C, 28.1; H, 2.3%; &y (300
MHz, CDCl;) 433 (1 H, d, /> 5.9, 2-H), 443 (1 H, m, 1-
H), 5.58 (1 H, m, 6-H), 6.63 (1 H, m, 4-H); m/z (E) 256
(M™, 58%), 129 (67), 83 (100); CD A 272 nm (Ae + 1.3), A
238 nm (Ae — 2.2), A 202 nm (Ae — 3.3); >98% ee and AC
(method ii).

(15,2R)-2g.* [alp + 99 (c 0.4, MeOH); CD A 212
nm (Ae — 4.2), 2 279 nm (Ae + 0.9); >98% ee and AC
(method ii).

(1S$2R)-3a. [alp + 26 (c 0.79, MeOH); CD A 228
nm (Ae + 3.4), 2 260 nm (Ae — 0.6); >98% ee and AC
(method iv).

(15,2R)-3b.>* [alp —101 (c 0.50, MeOH); CD A 254
nm (Ae —2.5), A 211 nm (Ac —0.7); >98% ee and AC
(method iv).

(15,2R)-3d.** [a]lp —16 (c 0.36, MeOH); CD A 194
nm (Ae — 2.8), A 210 nm (Ae + 2.1), X 255 nm (Ae —
1.25); >98% ee and AC (method iv).

(15,2R)-3e.* [alp + 20 (c 0.83 MeOH); CD A 227
nm (Ae + 2.25), A 260 nm (Ae — 0.8); >98% ee and AC
(method iv).

(1S5,2R)-3£.3 [alp + 43 (c 0.77, MeOH); CD A 212
nm (Ae — 3.1), * 242 nm (Ae + 4.9), A 305 nm (Ae —
0.35); >98% ee and AC (method iv).

Chirality DOI 10.1002/chir

KWIT ET AL.

(15,2S5)-5a. (0.410 g, 65%); mp 112-115°C (from
CH,Cly/hexane); [alp — 13 (¢ 0.4, MeOH); Found: C,
43.7; H, 3.2. CgHgO2FCl requires C, 43.8; H 3.7%; dg (500
MHz, CDCl;) 4.32 (1 H, dd, /o F 6.0, /21 6.0, 2-H), 4.62 (1
H, m, 1-H), 5.93 (1 H, m, 6-H), 5.98 (1 H, m, 5-H); m/z (EI)
164 (M™, 66%), 146 (21), 118 (80), 83(100); CD A 292 nm
(Ae + 2.6), A 256 nm (Ae + 1.1), A 235 nm (Ae — 4.4);
>98% ee and AC (method ii); ca. 5-10% regioisomer D’ (X
=CLY=F).

(15,2S5)-5b. (0.248 g, 43%); mp 86-89°C (from
CH,Cly/hexane); [alp + 20 (¢ 0.68, MeOH); Found: C,
28.3; H 2.3. C4HgOSFI requires C, 28.1; H 2.3%; 8y (500
MHz, CDCl;) 440 1 H, d, J.; 6.3, 2-H), 458 (1 H, m,
1-H), 5.86 (1 H, m, 6-H), 6.09 (1 H, m, 5-H); m/z (EI) 256
M, 51%), 238 (67), 129 (38), 83 (100); CD A 278 nm (Ae
+ 2.3), L 226 nm (Ae — 8.3); >98% ee and AC (method ii).

(15,2S5)-5¢c. (0.368 g, 58%); mp 107-108 °C (from
CHCly); [a]lp + 38 (¢ 1.8, MeOH); Found: C, 52.3; H, 5.5.
C;Hy0,Cl requires C, 52.3; H, 5.6%; &y (500 MHz, CDCls),
191 B H, s, Me), 417 A H, d, /1> 6.2, 1-H), 4.51 (1 H, d,
Jo1 6.2, 2-H), 5.84 (2 H, m, 5-H and 6-H); m/z (E) 160
(M™, 31%), 142 (40), 79 (100); CD A 284 nm (Ae + 5.4), A
225 nm (Ae — 7.2); >98% ee and AC (method ii); 20%
regioisomer D' X = Cl, Y = Me).

(15,25)-5d. (0.34 g, 56%); mp 110-111°C (from
CHCl3/hexane); [a]lp + 25 (¢ 2.1, MeOH); Found: C, 41.0;
H 4.0. C;HgO45Br requires C, 41.0; H 4.4%; 8y (300 MHz,
CDCly), 1.92 3 H, s, Me), 4.26 (1 H, m, 1-H), 449 (1 H,
m, 2-H), 5.82 (1 H, dd, /56 9.6, J51 1.5, 5-H), 5.90 (1 H, dd,
Jos 9.6, Jo1 2.7, 6-H); m/z (EI) 204 (M*, 29%), 206 (28),
188 (11), 186 (12), 79 (100); CD A 281 nm (Ae + 1.6), 1
222 nm (Ae — 4.9), X 210 nm (Ae — 2.6); >98% ee and AC
(method ii).

(15,25)-5e. (0.300 g, 52%); mp 98-100°C (from
CHCl;/hexane); [alp + 48 (¢ 1.63, MeOH); Found: M ¥,
251.9644. C;HgO,l requires 251.9647; dy (300 MHz,
CDCly), 1.97 B H, s, Me), 4.29 (1 H, d, /> 6.0, 2-H), 4.47
(1 H, m, 1-H), 5.81 A H, dd, /56 9.7, J51 1.3, 5-H), 5.94 (1
H, dd, Js5 9.7, Jo1 3.0, 6-H); m/z (EI) 252 (M™, 43%), 234
(100); CD X 285nm (A + 2.5), A 234 nm (As — 7.4), 214
nm (Ae + 4.6); >98% ee and AC (method ii, confirmation
by X-ray crystallography).

(1S,2R)-5£.% [alp —6 (c 0.45, MeOH); CD A 206 nm
(Ae 0.5), L 258 nm (Ac — 0.9); >98% ee and AC
(method iii).

RESULTS AND DISCUSSION

Relative substituent size was found to be an important
factor during TDO-catalyzed cis-dihydroxylation of mono-
A, Y = H) or 1,4disubstitued benzene substrates (A,
X # Y # H) with only one enantiomer being produced
when substituent X was significantly larger than Y.26-283°
A preliminary study of cis-dihydrodiols (C/C’ and E/E’, X
and Y # H) derived from the corresponding 1,2- and 1,3-
disubstitued benzene substrates (A, X and Y # H)?132
suggested that substituent size (based on the sequence
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CF; > 1> Br > Cl > Me > F > H) could also be an im-
portant factor in the determination of both their regio- and
stereoselectivity during TDO-catalyzed cis-dihydroxylation.
Thus cis-dihydrodiols of type C/C' (1a-1d, 5a-5f) and
E/E (2a-2g) having X > Y were obtained without any
evidence of the alternative regioisomers (D/D’ and F/F).
However, when substituent sizes are relatively similar,
then alternative types of cis-dihydrodiol regioisomers from
both 1,2-(D/D’) and 1,3-disubstitued benzenes (F/F') are
detectable by 'H NMR and HPLC analysis. Fortunately,
the minor proportions of the latter regioisomers 1d (5-
10%), 5a (5-10%), 5c¢ (20%), and 2a-2g (<3%) were
removed by chromatography and fractional recrystalliza-
tion before experimental CD spectra and OR measure-
ments were obtained on the major type C/C’ and E/E’ cis-
dihydrodiols (1a-1d, 5a-5f, and 2a-2g).

Enantiopurity (% ee) values of the cis-dihydrodiols were
determined by methods reported earlier and references
therein.?”?®3% These included chiral stationary phase
HPLC (2a, 2¢, and 2e, DAICEL columns, method i), 'H
NMR analysis of both (R)- and (S)-di MTPA esters formed
from cycloadducts with 4-phenyl-1,2,4-triazoline-3,5-dione
(1a-1d, 2b, 2d, 2f, and 5a-5e, method ii) and of boro-
nate esters formed from (R)- and (S)-2-(1-methoxyethyl)
benzeneboronic acids (1b, 2b, 2g, and 5f, method iii).
The other % ee values were determined by stereochemical
correlation during their chemoenzymatic synthesis (3a—
3f, method iv).%"

X-ray crystallography of the cycloadduct diMTPA esters
(from 1la, 1d, and 5e) and stereochemical correlation
(3a-3f, method iv) provided unequivocal AC determina-
tion methods. Tentative ACs were determined by method
ii (Ib, 1c, 2b, 2d, 2f, and 5a-5e) and method iii (1b, 2b,
2g, and 5f). The assignment of ACs of cis-dihydrodiols 2a,
2c¢, and 2e relied totally on CD spectroscopy (see later).

With the series of cis-dihydrodiols (1a-1d, 2a-2g, 3a,
3b, 3d-3f, 5a-5f) having diverse substituents attached

M1 M2
@ = H-C2-0-H anti (+) syn (+)
[ = H-C1-0-H anti (+) anti (+)

Yo 2~C0H
4 D
5 I
F 8 |_|OH
1a X=Br 2a X =Br 3a Y=Br
1b X=F 2b X=F 3b Y=F
1c X=CF3 2c X=CF3 3c Y=CFj3
1d X =CHs; 2d X =CHs; 3d Y =CHgj
2e X=ClI 3e Y=CI
2f X= I Y=
2g X=CzH5

4a X =Br 52 X=Cl,Y=F
4b X=F 5b X=1,Y=F
4c X = CF; 5¢ X=Cl, Y =CHs
4d X=CHz  5d X=Br,Y=CH,

5e X=1Y=CHs
5f X=CoHs,Y=F

Chart 1.

to the diene chromophore available, a major objective is
to study their effect on both the conformation and the chi-
roptical properties of these biotransformation products
(Chart 1).

Conformational analysis of the dihydrodiols 1a-1d, 2a-
2d, and 3a-3d has been carried out using the DFT-based

Z, __ X 4 XY
" H"‘/—O-_._H:\ ¥ /FH_§:>_K
H Ze] H 0-H
H H
P1 P2 P3
anti (-) anti (-) syn (+)
anti (-) syn (-) syn (+)

Scheme 2. Diastereoisomeric P and M conformers of cis-dihydrodiols, torsion angles « (H—C,—O—H), 8 (H—C;—0—H), and typical hydrogen-
bond patterns between the hydroxy groups in conformers M1, M2, P1, P2, and P3.

Chirality DOI 10.1002/chir
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TABLE 1. Calculated at the B3LYP/6-311 ++G(D,P) level relative energies (AE, AG), populations, and structural parame-
ters (a, B, 7) for the low-energy conformers of cis-dihydrodiols 1a-1d, 2a-2d, and 3a-3d

Dihydrodiol Conformer AE (population) (kcal mol™Y) AG (population) (kcal mol™?) a (©) B () v (©)
la M1 0.08 (44)® 0.29 (37) 157.7 153.3 -10.9
M2 0.00 (52) 0.00 (60) 55.2 159.1 -9.7

P1 1.42 (4) 1.74 (3) —155.7 —159.1 9.6

1b M1 0.00 (53) 0.16 (42) 158.7 152.6 -10.2
M2 0.15 (41) 0.00 (55) 49.1 159.0 -9.1

P1 1.25 (6) 1.58 (3) —153.7 —156 9.0

1c M1 0.84 (19) 0.67 (24) 158.0 151.7 -10.4
M2 0.00 (81) 0.00 (76) 55.3 158.4 -11.5

1d M1 0.00 (70) 0.00 (66) 162.1 152.8 -11.5
M2 1.86 (3) 1.20 (9) 48.3 159.4 -11.1

P1 0.54 (27) 0.56 (25) —150.7 —159.5 9.7

2a M1 0.76 (16) 0.66 (16) 162.7 154.6 -10.8
M2 0.89 (13) 0.47 (20) 50.8 161.1 -9.5

P1 0.00 (58) 0.00 (46) —154.6 —155.1 9.9

P3 0.89 (13) 0.54 (18) 78.8 70.5 10.3

2b M1 0.91 (16) 0.77 (17) 163.1 154.2 -10.4
M2 1.21 9) 0.67 (20) 45.2 161.1 -9.2

P1 0.00 (74) 0.00 (62) —153.3 —151.6 9.5

2c M1 0.84 (15) 0.73 (18) 159.8 154.3 -12.0
M2 0.00 (63) 0.00 (64) 53.9 160.4 -10.4

P1 0.74 (17) 1.02 (11) —155.0 —158.3 10.6

P2 1.93 (2) 1.58 (4) —-162.0 —56.2 10.7

P3 1.84 (3) 1.92 (3) 54.9 67.5 11.7

2d M1 1.45 (8) 1.45 (8) 165.8 154.6 -11.0
P1 0.00 (92) 0.00 (92) —149.4 —156.6 9.8

3a M1 0.00 (52) 0.00 (50) 158.7 152.5 —-114
M2 1.48 (4) 1.22 (6) 62.1 159.7 —-114

P1 0.13 (42) 0.17 (37) ~153.2 —159.4 11.2

P2 1.82 (2) 1.20 (7) —160.1 —59.6 11.3

3b M1 0.00 (80) 0.00 (61) 156.5 151.6 -10.5
M2 1.46 (7) 0.44 (29) 70.5 159.2 -10.5

P1 1.06 (13) 1.07 (10) —153.1 —160.6 10.1

3c M1 0.69 (22) 0.61 (21) 161.7 153.1 -114
M2 2.02 (0) 1.36 (6) 51.5 160.4 -11.1

P1 0.00 (72) 0.00 (59) -151.9 —1574 11.0

P2 1.45 (6) 0.84 (14) —159.1 59.9 11.3

3d M1 0.00 (70) 0.00 (67) 157.7 152.2 -11.7
P1 0.50 (30) 0.54 (27) —152.8 —160.4 11.7

P2 2.37 (0) 1.36 (6) —160.3 —65.3 11.8

#Values within parentheses are percentages.

protocol described in our previous publications.?®?” In

brief, this method uses the B3LYP hybrid functional and
searches the PES arising from the rotation of the hydroxyl
groups at C(1) and C(2). As it was found previously,?5%’
the energy of conformers of P and M helicity is strongly
dependent on the pattern of intramolecular hydrogen
bonding and distinct conformers can be envisioned, differ-
ing in diene helicity (P or M, characterized by torsion
angle v) and H—-C—O—H torsion angles « and B
(Scheme 2).

Thus, the conformers which are within an arbitrarily
chosen 2 kcal mol ! window, belong to either of the ster-
eoisomeric type, M1, M2, P1, and P2 (for the assumed
AC). Furthermore, in two cases (2a, 2c¢) the P3 con-
former, having both torsion angles « and @ synperiplanar,
was found to contribute to the conformational equilibrium
to a small extent. The calculated conformer relative ener-
Chirality DOI 10.1002/chir

gies and populations (both in AE and in AG formalism)
are given in Table 1.

The structures of the conformers are rigorously charac-
terized by the torsion angles «, B, and y (Table 1) and
intramolecular hydrogen bond distances (the numerical
data are available on request). Thus, for the anti and syn
conformation of the H—C—O—H bonds the values o and
B are in the range 149-166° and 45-78°, with the signs ei-
ther positive for M1 and M2 or negative for P1 and P2
conformers. The calculated diene torsion angle « is in the
range *(9-12°). Intramolecular O—H.--O bonds are
formed by equatorial H donor and axial acceptor groups
and their length is calculated at 2.12-2.20 A. In M2 con-
formers, one of the O—H bonds (sy» H—O—C,—H) is
parallel to the C—X bond, providing a further stabilization
of the conformer, if X is an electronegative substituent.
Since this interaction is absent in P2 conformers, M2
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conformers are of lower energy, when X is Br (1a, 2a), F
(1b, 2b), or CF3 (1¢, 2¢). In some of the cases (1a-1c,
2c¢) the M2 conformer is of the lowest energy and in sev-
eral cases the P2 conformer energy is beyond the 2 kcal
mol ™! window (therefore not listed in Table 1). This con-
formational preference (M2 over P2) was previously
observed for “parent” cis-dihydrodiols 4a, 4b, and 4¢.?° If
X is the methyl group, the M2 conformer is of high
energy (1d, 2d, 3d as well as 4d%%). Overall, cis-diene
conformers of M helicity strongly prevail for 1a-1d, 2c,
3b, and 3d, regardless of the calculation formalism used
(AE or AG). Dihydrodiol 3a does not show a strong pref-
erence towards either an M or P conformation, whereas
2a, 2b, 2d, and 3c exist preferably in a P1 conformation.
Axial donor hydroxy groups are found in P3 conformers
and the hydrogen bond in these conformers is longer,
making these species less stable.

The anomalous behavior of substituted benzene is seen
in substrates bearing only fluorine atoms, where TDO-cat-
alyzed cis-dihydroxylation can produce both the expected
cis-dihydrodiols B X = F, Y =H, 4b), C X =Y = F,
1b), E X =Y = F, 2b) and minor amounts of the corre-
sponding enantiomers B X =F,Y=H,4b),C X =Y
=F, 1b), E X =Y = F, 2b'). This can be rationalized in
terms of the small steric requirements of a fluorine atom
and greater mobility of substrate in the active site of TDO.
Conformational differences clearly demonstrate a further
effect of the fluorine substituent attached to the diene
chromophore in 1la, 1b, 1d, and 2a, 2b, 2d. Regio-
isomeric cis-dihydrodiols show opposite conformational
preferences, i.e., M1 dominates over P1 in la, 1b, 1d,
whereas P1 is the most stable conformer of 2a, 2b, and
2d. The effect of a fluorine substituent is readily explained
by the strength of the hydrogen bond O—H--.x in con-
formers M1 and P1. The fluorine-substituted C=C bond
is apparently a more electron-rich and a better acceptor of
the hydrogen bond, thus conformer M1 is more stable
when Y = F and X = Br, F, or CH;, whereas P1 is more
stable when Z = F, X = Br, F, or CH3 (Scheme 2). Sup-
port for the electron-donating effect of a fluorine atom on
an alkene group (trigonal carbon atoms) was evident from
the upfield 'H & values of vinyl fluoride groups in inter-
mediates involved in the synthesis of 3b.3” The case of tri-
fluoromethyl-substituted cis-dihydrodiols 1¢ and 2c is
exceptional. As found previously for 4¢,2® when X = CF;
conformer M2 is the most stable one due to the strong
intramolecular hydrogen bond O—H- - -F5C.

The cis-dihydrodiols 3a, 3b, 3d, obtained from 4a, 4b
and 4d, respectively, by chemoenzymatic synthesis (and
3¢),%" deserve special mention, since the substituent Y
cannot directly interact with the hydroxy groups, as does
the X group in other cis-dihydrodiols. This is reflected in
the observation that neither M2 nor P2 contribute signifi-
cantly to the pool of low-energy conformers. Conformer
M1 is obviously the most stable when Y = F (3b), as dis-
cussed earlier. This is in contrast to Y = Br (3a); in this
case the calculated population of M1 and P1 conformers
does not differ to a great extent. Contrasting behavior is
shown by compounds 3¢ (Y = CF3) and 3d (Y = CH3)
where P1 is the lowest energy conformer in the former,
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TABLE 2. Calculated (mPW1PW91/6-311++G(2D,2P)
level) transition energies, rotational strengths (R), and
oscillator strengths (f) of individual conformers of
cis-dihydrodiols 1a-1d, 2a-2d, and 3a-3d

Transition R (X107*° erg
Dihydrodiol Conformer energy (nm) esu cm gauss 1) f

la M1 288 0.9 0.145
M2 284 -6.3 0.151
P1 294 221 0.168
1b M1 275 -31.2 0.084
M2 274 —34.8 0.087
P1 281 25.9 0.094
1c M1 274 -10.1 0.102
M2 271 -14.0 0.115
1d M1 276 —184 0.117
M2 277 —24.7 0.114
P1 283 33.5 0.130
2a M1 293 8.9 0.145
M2 291 -03 0.148
P1 284 24.8 0.181
P2 278 11.1 0.169
2b M1 277 -16.5 0.076
M2 277 -21.9 0.078
P1 269 36.3 0.092
2c M1 286 —4.8 0.096
M2 286 -11.8 0.112
P1 274 5.6 0.098
P2 277 13.8 0.109
P3 270 -3.1 0.127
2d M1 279 -10.6 0.112
P1 272 45.1 0.138
3a M1 279 -16.5 0.058
M2 283 -21.2 0.063
P1 286 14.8 0.051
P2 289 19.5 0.052
3b M1 270 —28.3 0.084
M2 274 —33.7 0.087
P1 277 20.8 0.081
3c M1 275 -134 0.064
P1 270 20.4 0.064
P2 272 31.6 0.072
3d M1 273 —25.0 0.075
P1 278 20.2 0.072

whereas M2 dominates in the latter case. This appears to
indicate that, in contrast to a fluorine substituent, a trifluor-
omethyl group lowers the electron density and acceptor
ability of the C=C bond for hydrogen bond formation with
the hydroxy group.

Helicity of the diene chromophore is not the only factor
determining chiroptical behavior of a given conformer.
These and previous®*?” calculations show that CD spectra
and OR of cis-dihydrodiols are dependent on diene helic-
ity, conformation of the hydroxy groups, and the nature of
the substituents attached to the cyclohexadiene chromo-
phore (X, Y, Z in Scheme 2).

Whereas there are several electronic transitions which
contribute to the UV absorption and CD spectra of cyclo-
hexadienes above 200 nm, the longest-wavelength transi-
tion located at above 250 nm is taken as the most suitable
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Fig. 1. Experimental CD spectra in methanol solution (solid line) and calculated Boltzmann averaged CD spectra (dashed line) for cis-dihydrodiols
la-1d, 2a-2d, and 3a-3d. The rotational strengths R were calculated at mPW1PW91/6-311++G(2D,2P) level of theory in dipole length representa-
tion. The calculated CD spectra were wavelength corrected (blue shifted by 12 nm — 1b, 2¢; 10 nm - 3d; 8 nm - 1a, 2a, 3a, and 3b; 6 nm - 2¢; 4 nm —
1c, 1d, and 2d) to match the experimental long-wavelength A, values in the UV spectra.

for comparison between different cis-dihydrodiols and
their conformers. This transition is of purely HOMO-
LUMO nr-r* type, in most cases well separated from
higher energy electronic transitions.

In the present case, the calculated rotational strengths
(R) of the lowest energy diene n—n* transitions generally
differ for conformers having P and M helicity (Table 2).
Previous studies have shown that 1,3-cyclohexadiene and
1,2-cis-dihydrodiol ~ conformers contribute rotational
strength in accordance with the sign of diene torsion angle
~v.2638 The presence of a bromine (e.g., 4a) or a cyano
substituent at C(3) may reverse the relationship.

Closer inspection of the data of Table 2 reveals that
indeed this pattern is maintained in all the cases, except
M2 and P1 conformers of 3-bromo-substituted cis-dihy-
drodiols of 1a and 2a. Thus, opposite sign rotational
strengths are observed for M1 and M2 conformers of 1a
and 2a, as well as for P1/P2 and P3 of 2¢. This is quite
significant, considering the fact that these conformers dif-
fer only in the orientation of the O—H bond(s) within the
molecule. Using calculated rotational strengths of cis-dihy-
drodiols and AE based Boltzmann distribution of conform-
ers, the CD spectra and OR at 589 nm were obtained, as
shown in Figure 1 and Table 3, correspondingly.
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Figure 1 also shows the experimental CD spectra of
dihydrodiols 1a-1d, 2a-2d, and 3a, 3b, 3d (the data are
not available for 3c). In general, good agreement between
the shapes of the calculated and experimental CD spectra
is observed, except in the case of cis-dihydrodiol 2c.
Whereas the experimental CD spectrum features a posi-
tive Cotton effect at 251 nm, the calculated one shows a
negative Cotton effect at 267 nm. The two CD curves of 2¢
(Fig. 1) do not have an object-mirror image relationship,
therefore the assignment of AC is in this case inconclu-
sive. While there are five conformers of 2¢ contributing to
the CD spectrum, the two most populated, M2 (63%) and
P1 (17%), appear to have a decisive role in shaping the
CD curve. Figure 2 shows calculated CD spectra of these
two conformers. A comparison with the experimental CD
spectrum leads to a conclusion that the calculation under-
estimates the contribution of P1 conformer, with its
strong positive sign rotational strength transition at 250
nm, in comparison to M 2. It should be noted that the ex-
perimental CD data (Fig. 1) were taken in methanol solu-
tion. Unlike the calculated CD spectra, the effect of intra-
molecular hydrogen bonding on the stability of participat-
ing conformers will be diminished in methanol solution,
possibly leading to the observed differences between the
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TABLE 3. Calculated at the B3LYP/6-311++g(2d,2p)
level and measured optical rotations for cis-dihydrodiols
la-1d, 2a-2d, and 3a-3d

Calcd. Averaged Exptl.
Dihydrodiol Conformer [alp caled. [alp? [a]p?

la M1 +53 +4 +6
M2 —54
P1 +164

1b M1 -75 -97 —108
M2 —166
P1 +180

1c M1 -38 —58 —65
M2 -93

1d M1 -5 +65 -32¢
M2 —134
P1 +256

2a M1 +9 +62 +61
M2 -83
P1 +115
P2 +35

2b M1 —-120 +66 +45
M2 —200
P1 +140

2c M1 —50 —63 —26
M2 —105
P1 +52
P2 +134
P3 -35

2d M1 -79 +169 +118
P1 +191

3a M1 +61 +66 +28
M2 —66
P1 +86
P2 +174

3b M1 =77 —56 -101
M2 —235
P1 +169

3c M1 —41 +55 d
P1 +75
P2 +176

3d M1 -2 +33 -16
P1 +116

2AE Boltzmann averaged.

YIn MeOH, corrected to 100% ee.
‘In CHCl;.

9Data not available.

calculated and experimental CD spectra. Therefore the
configurational assignment for 2¢ based on the CD should
be considered as tentative.

Considering now the calculated OR of individual con-
formers of cis-dihydrodiols, we note that the sign of OR in
general corresponds to the helicity of the diene chromo-
phore, i.e., it is negative for M and positive for P conform-
ers. Exceptions to this relationship are the M1 conform-
ers of 1a, 2a, and 3a for which the calculated ORs are
positive. Since M2 conformers of these dihydrodiols
show a negative OR, this is an additional indication of the
powerful effect of the hydroxy group conformation on the
chiroptical properties of cis-dihydrodiols.
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Table 3 shows the calculated (Boltzmann averaged) and
experimental ORs of cis-dihydrodiols 1a-1d, 2a-2d, and
3a-3d. The signs of ORs are identical (and magnitudes of
ORs are often similar) for the ACs assumed in calcula-
tions, thus allowing the establishment of the configuration
of cis-dihydrodiols, with the exception of 1d and 3d. In
these two cases, the signs of calculated and experimental
ORs are opposite due to the very low calculated ORs of
the most-populated (70%) conformer M 1. The calculated
rotation of the next conformer P1 (27-30%) is ca. 50 times
higher. This imbalance makes the assignment of AC of 1d
and 3d inconclusive, based on OR values. In these two
cases, the AC assignment based on the CD spectra is con-
clusive, since the calculated rotational strengths R of the
two conformers, shown in Table 2, are of comparable mag-
nitude. In addition, the assignment of AC of 1d is in agree-
ment with the assumed structure, based on the X-ray dif-
fraction data (see Experimental section).

A summary of AC determinations of the cis-dihydrodiols
discussed herein is presented in Table 4.

Note that the AC determination presented in this study
is the only one carried out for cis-dihydrodiols 2a and 2c.
Using the chiroptical data for dihydrodiols listed in Table
4 and elsewhere,®® we can additionally predict the ACs of
other halogenated cis-dihydrodiols 2e-2g, 3e, 3f, and
5a-5f. As in our previous publication,?” we used the anal-
ogy between the properties of Cl, Br, and I, as well as
between Me and Et substituted cis-dihydrodiols. In one
case we also assumed that substitution of a C(4) hydro-
gen atom (in 4a) by the methyl group would not alter sig-
nificantly the conformational and chiroptical properties of
the homologue 5d, since the properties of the dihydrodiol
molecule are dominated by the bromine substituent at
C(3) (Table 5).

nm

286 nm

W0 274 nm

Fig. 2. Calculated CD spectra of M2 and P1 conformers of 2c¢. Bars
indicate the rotational strengths of conformer individual electronic transi-
tions.

Chirality DOI 10.1002/chir



618

TABLE 4. Summary of absolute configuration
determinations of cis-dihydrodiols 1a-1d, 2a-2d, 3a, 3b,
3d by different methods (yes, conclusive result; no,
inconclusive result)

CD [OL] D
(exptl. vs. (exptl. vs. NMR of
Dihydrodiol calcd.) calcd.) derivatives®  Xray®

la Yes Yes Yes Yes
1b Yes Yes Yes
1c Yes Yes Yes
1d Yes No Yes
2a Yes Yes
2b Yes Yes Yes
2c No Yes
2d Yes Yes Yes
3a Yes Yes
3b Yes Yes
3d Yes No

“See Experimental section.

In this way we are able to use the CD and OR methods
to assign ACs to cis-dihydrodiols 2a, 2¢, and 2e, to con-
firm the previous tentative assignments made by 'H NMR
spectroscopy (1a-1d, 2b, 2d, 2f, 2g, 5a-5f), and to con-
cur with unequivocal assignments made by X-ray crystal-
lography (1a, 1d, and 5e) and stereochemical correlation
(3a, 3b, 3d-3f).

Based on the confirmed ACs now available from this
study, it is possible to extend the general applicability of
an active site model which had been used earlier for pre-
dicting the preferred AC of cis-dihydrodiol products from
TDO-catalyzed asymmetric dihydroxylation of mono- and
1,4-disubstituted benzene substrates (Scheme 3).28303233
Thus, when substituent X is much larger than substituents
Ys (Y1 =Y, =H),Y; Yo =Yz =H),and Y5 (Y; = Y3 =
H) then the preferred major regioisomer and enantiomer
will be that shown in Scheme 3.

TABLE 5. CD and OR data and absolute configurations for
related halogenated dihydrodiols

Dihydrodiol Ae? [alp? Reference dihydrodiol
2e +2.4 271)° +61 2a
of +1.3 (272) +74 2a
2g +1.2 (271) +994 2d
3e —0.8 (260) +20 3a
3f —0.4 (305) +43 3a
5a +2.6 (292) -13 1a, 1b
5b +2.3 277) +20 la
5¢ +5.4 (284) +38 5d
5d +1.6 (281) +25 4a
5e +2.5 (285) +48° 5d
5f —0.9 (258) —64 1d

%In acetonitrile, ee > 98%.

YIn methanol, ee > 98%.

“Values within parentheses are wavelength (1) in nanometers.
9Data from Ref. 33.

°In chloroform, ee > 98%.
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Scheme 3. Predictive model for the preferred AC of cis-dihydrodiols
resulting from TDO-catalyzed dihydroxylation of mono-, 1,2-, 1,3-, and 1,4-
disubstituted benzenes.

CONCLUSIONS

This study shows that the use of the method based on
comparison of experimental and calculated CD and/or OR
data allows the determination of ACs of flexible organic
molecules, even those with many contributing conformers,
as is the case of cis-dihydrodiol metabolites. In most cases,
both CD and OR data lead to a conclusive assignment.
Analysis of the calculated CD and OR data allows the prop-
erty (either CD or OR) with which the assignment of AC
would be inconclusive, to be discounted. As a result, the
present study led to the first AC assignments of several
cis-dihydrodiols and matched the previous configurational
assignments made by either 'H NMR spectroscopy (dia-
stereoisomer derivatives) or X-ray diffraction.

The study revealed a significant effect of the substitu-
ents attached to the cyclohexadiene chromophore on con-
formational equilibria of cis-dihydrodiols. Despite its small
size, which can account for the presence of the other enan-
tiomeric forms of diols 4b, 1b, and 2b, a fluorine substitu-
ent at C(4) or C(5) also changes the stability of M and P
conformers by modulation of intramolecular O—H. - &
hydrogen bonds.

The sign of calculated rotational strength of a dihydro-
diol long-wavelength transition is distinctly dependent on
the diene substitution pattern (Table 6).

Thus, 3-bromo-substituted dihydrodiols show rotational
strengths of the same sign, regardless of the diene confor-
mation and the presence of an additional fluorine substitu-
ent. For 3-methyl- and 3-trifluoromethyl-substituted cis-
dihydrodiols, the rotational strength is of opposite sign for
M and P conformers, again regardless of the presence of
an additional fluorine substituent. Finally, in the case of 3-
fluoro-substituted cis-dihydrodiols, the sign of rotational

TABLE 6. Sign of rotational strength (R) of the
long-wavelength n—n* transition for M1(M2)/P1 conformers
of cis-dihydrodiols with different substitution pattern

3-Br 3F 3-CF3 3-CH;

Substituent M1/P1 M1/P1 M2/P1 M1/P1
None® +/+ +/= —/+ —/+
4F +/+ —/+ —/+ —/+
5F +/+ ~/+ —/+ —/+
6-FP +/+ c —/+ /¥

“Data from Ref. 26.
PData from Refs. 27, 28, and 30.
“Achiral structure.
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strength changes from positive to negative depending on
the diene conformation and the presence of an additional
fluorine substituent. By contrast, the calculated rotational
strength of P1 conformers of 4-substituted benzene cis-
dihydrodiols 3a-3d is uniformly positive, and for diaster-
eoisomeric M1 conformers, it is negative.

These observations are expected to be useful in further
applications of CD spectra for AC determinations of many
other cis-dihydrodiol metabolites. Furthermore, the ACs
obtained for these cis-dihydrodiols have allowed the valid-
ity of a simple predictive model for TDO-catalyzed arene
dihydroxylations to be extended.
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DISCOVER SOMETHING GREAT

Structure-Chiroptical Properties Relationship in Clavams:

An Experimental and Theoretical Study
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ABSTRACT 1t is well known that the biological activity of clavams depends strongly
on the absolute configuration at the ring junction carbon atom. Therefore, development
of the efficient stereo-controlled synthetic methods for the new oxygen analogs of
penams, and the structure—activity relationship studies call for a reliable determination
of the absolute stereochemistry of newly synthesized compounds. Recently, we pro-
posed an empirical helicity rule relating the configuration of the bridgehead carbon
atom to the sign of the 240 nm band observed in the electronic circular dichroism
(ECD) spectrum of clavams. In the present work, we investigate the validity of this
structure—property relationship for several enantiomeric pairs of model compounds pos-
sessing an additional, interfering chromophore in the molecule. For this purpose a com-
bination of the ECD spectroscopy and the time-dependent density functional theory
(TD-DFT) is used. A comparison of the ECD spectra with the theoretical ones obtained
by the TD-DFT calculations gives a reasonable interpretation of the Cotton effects
observed in the 250-220 nm spectral range. Moreover, the calculations confirm validity
of the helicity rule for systems studied here and demonstrate that ECD spectroscopy
may be used as a highly sensitive probe of the three-dimensional molecular structure of
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clavams. Chirality 20:621-627, 2008.
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INTRODUCTION

The family of B-lactams constitutes one of the largest,
most versatile and commercially valuable classes of antibi-
otics. Amongst them the clavams, which are the oxygen
analogues of penicillins, constitute an important group
because they display interesting therapeutic properties in
both (5R) and (5S) configurational forms. It is well known
that clavams with the (S)-configuration at the ring junction
are antifungal agents but alanylclavam, valclavam, and
hydroxyethylclavam with the same (5S)-configuration are
both bacteriostatic and fungistatic.'! On the other hand,
clavams with the (5R)-configuration exhibit the B-lacta-
mase inhibition and a weak antibacterial activity.!™ The
most important representative of clavams with the B-lacta-
mase inhibitory activity is clavulanic acid, belonging to the
(5R)-clavams family. B-Lactamases, which catalyse hydro-
lysis of the B-lactam ring, are responsible for the antibiotic
resistance and some B-lactams, including clavulanic acid,
were explicitly developed as B-lactamase antagonists. The
very strong B-lactamase inhibitory activity of clavulanic
acid is related to its unique (2R,5R) stereochemistry. The
clavaminic acid, a biosynthetic precursor of clavulanic acid
with the opposite stereochemistry, i.e., (25,55), exhibits a
poor inhibitory activity.* This means that the (5R) stereo-
chemistry is required for this kind of activity. The B-lacta-
mase mediated resistance, however, still constitutes one of
© 2007 Wiley-Liss, Inc.

the more prevalent problems. The clinical significance of
this fact originally prompted, and still continues to stimu-
late considerable efforts toward the discovery of alterna-
tive structures with a similar or improved B-lactamase in-
hibitory as well as other pharmacological and toxicological
properties. In this context, an access to the practical
method that allows for the unequivocal and reliable deter-
mination of the absolute stereochemistry of such bioactive
compounds is vital for further enhancement of their bioac-
tivity by the rational synthetic modifications.

The electronic circular dichroism spectroscopy is a con-
venient and sensitive technique to probe the stereochemis-
try of azetidinones and their polycyclic derivatives.””’
Recently, we reported a correlation between the stereo-
structure of 5-dethia-5-oxacephams and their respective
circular dichroism.® As a result, a simple helicity rule was
proposed, which permits the assignment of absolute con-
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Chart 1. Investigated compounds.

figuration at the ring junction carbon atom based on the
sign of the ECD band at around 220 nm. According to this
rule, a positive sign of the 220-nm Cotton effect (CE) cor-
responds to the (R) absolute configuration at the bridge-
head carbon atom whereas a negative sign of the same CE
indicates the (6S) absolute configuration. The rule was
demonstrated experimentally to be correct for a variety of
oxacephams.®® It was also found that the same rule is
valid for clavams.'®!! This helicity rule for both oxacep-
hams and clavams was established empirically on the ba-
sis of X-ray structures and the tentative assignment of the
electronic transition at ~220 (oxacephams) and 240 nm
(clavams) to an nmn* amide transition in the azetidinone
system.®1” The rule was established under the assumption
of the conformational rigidity of the bicyclic system and a
realization that most of the molecular excitations are local-
ized within the amide chromophore. Since the CD spec-
troscopy is very sensitive to the details of geometric and
electronic structure of investigated molecules, it is obvious
that the successful application of the CD method calls for
an accurate theoretical treatment. The comparison of the
experimental and simulated CD spectra should allow an
assignment of the absolute configuration with higher con-
fidence. Very recently, such a combined treatment of the
ECD spectroscopy and the time-dependent density func-
tional theory was used to investigate the structure—chirop-
tical properties relationship of carba- and oxacephams.!?
The obtained results pointed to a surprisingly high sensi-
tivity of the CD to the molecular conformation. Neverthe-
less, the helicity rule may provide a good first guess of the
absolute configuration of cepham analogues. For a more
definite assignment of the absolute configuration, how-
ever, the good corroboration of the predictions made by
the helicity rule by the computational results was strongly
recommended.

In this work we intend to apply the same combined
treatment of experimental and theoretical analysis of ECD
to the clavams. Since clavams are composed of a five-mem-
bered ring fused to a four-membered B-lactam ring, the
bicyclic system of clavams is expected to be conformation-
ally more constrained than that of cephams. The X-ray
Chirality DOI 10.1002/chir

structure studies revealed that this assumption is indeed
valid.*!® Thus, the presence of different conformers
should not significantly affect the ECD as it was observed
in the case of carba- and oxacephams. However, substitu-
tion of the fused ring with an additional, chromophoric
substituent may substantially perturb the electronic struc-
ture of the system and therefore significantly influence the
ECD spectra. We decided therefore to find a theoretical
model that correlates the observed spectrum to the three-
dimensional molecular structure to validate the helicity
rule in context of the substituted clavams. As model com-
pounds for this study, the group of several enantiomeric
pairs of clavams shown in Chart 1 was chosen.

MATERIALS AND METHODS

The synthesis, biological activity, and spectral character-
ization of compounds 1-8 was published before.!!

Compounds 9-14 were obtained from the (R)- and (S)-
phenyl-glycol by a known sequence of reactions,!! involv-
ing the formation of terminal vinyl ether, [2 + 2]cycload-
dition with chlorosulfonyl isocyanate, and the intramolecu-
lar alkylation of B-lactam nitrogen atom followed by the
separation of diastereomers. The detailed procedures will
be published elsewhere. Among the clavams 1-14 only
two (compounds 9 and 10) formed crystals suitable for
the X-ray diffraction analysis.

(2S,5R,65)-6-Methyl-2-phenyl-4-oxa-1-
azabicyclo[3.2.0]heptan-7-one (9)

[@]2-20 (c 0.3, CHxCly); '"H NMR (500 MHz; CDCl)
1.45 (d, / = 7.7 Hz, 3H), 3.18 (q, / = 7.7 Hz, 1H), 4.02 (dd,
J = 87,59 Hz, 1H); 4.61 (dd, / = 8.7, 7.0 Hz, 1H), 5.09-
5.13 (m, 2H), 7.28-7.34 (m, 3H), 7.36-7.41 (m, 2H); HRMS
(LSIMS) m/z (M + Na)* caled for C15H;3sNO,NaSi: caled
226.08385, found 226.08451.

(2R,5S,68S)-6-Methyl-2-phenyl-4-oxa-1-
azabicyclo[3.2.0]heptan-7-one (10)

m.p. 43-45°C (methanol); [a]?%+22 (c 0.2, CHxCly);
enantiomer of 9.
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(2R,5R,6R)-6-Methyl-2-phenyl-4-oxa-1-
azabicyclo[3.2.0]heptan-7-one (11)

[«]Z+79 (c 0.2, CHyCly); '"H NMR (500 MHz; CDCly)
1.33 (d,/ = 7.6 Hz, 3H), 3.17 (g, ] = 7.6 Hz, 1H), 4.27 (dd,
J = 84, 4.7 Hz, 1H), 4.39-4.46 (m, 2H), 4.96 (s, 1H), 7.30-
7.39 (m, 5H);"*C NMR (125 MHz; CDCls) 11.47, 52.39,
64.02, 77.48, 91.35, 128.32, 128.59, 128.65, 134.97, 176.04;
HRMS (LSIMS) m/z (M + Na)* calcd for C;,H13NO;Na-
Si: caled 226.08385, found 226.08351.

(2S8,5S,65S )-6-Methyl-2-phenyl-4-oxa-1-
azabicyclo[3.2.0]heptan-7-one (12)

[a]#2-56 (c 0.3, CH2Cly); enantiomer of 11.

(2S,58S,6R)-6-Methyl-2-phenyl-4-oxa-1-
azabicyclo[3.2.0]heptan-7-one (13)

[«]#—177 (c 1.5, CH5Cly); 'H NMR (500 MHz; CDCl)
1.26 (d, J = 7.8 Hz, 3H), 3.34 (qd, J = 7.6, 3.2 Hz, 1H),
4.20 (dd5J = 8.0, 5.5 Hz, 1H), 4.42-4.48 (m, 2H), 5.25 (d,
J = 3.2 Hz, 1H), 7.32-7.39 (m, 5H) ;**C NMR (125 MHz;
CDCly) 7.70, 47.86, 63.77, 76.44, 87.82, 128.39, 128.47,
128.59, 134.06, 178.10; HRMS (LSIMS) m/z (M + Na)*
caled for C;3Hi3NO,NaSi: caled 226.08385, found
226.08376.

(2R,5S,6R)-6-Methyl-2-phenyl-4-oxa-1-
azabicyclo[3.2.0]heptan-7-one (14)

[a]??-16 (c 0.1, CHCly); H NMR (500 MHz; CDCl,)
1.20 (d, J = 7.6 Hz, 3H), 3.50 (qd, / = 7.6, 3.2 Hz, 1H),
4.02 (dd, J = 8.6, 5.6 Hz, 1H), 4.53 (dd, J = 8.6, 7.0 Hz,
1H), 5.04 (t, /] = 6.3 Hz, 1H), 5.36 (d, / = 3.2 Hz, 1H),
7.26-7.31 (m, 3H), 7.33-7.37 (m, 2H); *C NMR (125
MHz;, CDCls) 7.72, 48.28, 60.80, 77.66, 87.93, 126.02,
127.75, 128.78, 138.92, 182.41; HRMS (LSIMS) m/z M +
Na)* caled for C;2H;3sNOyNaSi: caled 226.08385, found
226.08355.

The UV spectra were measured using Cary 100 spectro-
photometer in acetonitrile solutions. The CD spectra were
recorded between 185 and 300 nm at room temperature
with a JASCO J-715 spectropolarimeter in acetonitrile solu-
tions. The solutions with concentrations in the range of 0.8
%X 107* to 1.2 X 10 mol dm ® were examined in cells
with the path length of 0.1 or 1 cm.

X-ray Analysis of Compound 9

The data collection for compound 9 was performed at
room temperature on the MACH3 diffractometer, Cu Ka
radiation, and ®-0 scanning mode were used. The struc-
ture was solved by the direct methods using SHELXS97
program®® and refined against F2 with the SHELXL97 pro-
gram.'* The hydrogen atoms were added geometrically
and refined with the riding model'.

"The crystallographic data for structures 9 and 10 have been deposited
with the Cambridge Crystallographic Data Centre as supplementary publi-
cations No CCDC 647860 and CCDC 648134 respectively. The data can be
obtained free of charge at http://www.ccdc.cam.ac.uk or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK.
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X-ray Analysis of Compound 10

The data collection for compound 10 was carried out
with the Bruker KappaCCD diffractometer using graphite-
monochromated MoKa radiation (A = 0.71073 A). The
structure was solved by the direct methods!® and refined
by a fullmatrix least-squares on F2.'* All the hydrogen
atoms were placed in the calculated positions and refined
using the riding model. The structure contains two sym-
metrically independent molecules in the unit cell.

Computational Method

The theoretical calculations of CD spectra were done for
the selected clavams, namely compounds 1-4, and 10-
11. At first we determined the lowest-energy conforma-
tions for each investigated compound. These conforma-
tions were found by the MM3 force field and CONFLEX"®
software and were subsequently reoptimized at B3LYP/6-
311++G(D,P) level.'® All the DFT-optimized structures
converged to only one stable conformer in each case. To
confirm the stability of calculated structures, the fre-
quency calculations were performed at B3LYP/6-
311+ +G(D,P) level. For the stable structures, the rota-
tional strengths were calculated at the B3LYP/6-
311+ +G(2D,2P) level. The rotatory strengths were calcu-
lated using both the length and the velocity representa-
tions. The differences between the length and the velocity
calculated values of the rotatory strengths were quite
small and for this reason only the velocity rotatory
strengths were taken into further consideration. The CD
and UV spectra were simulated by overlapping Gaussian
functions for each transition according to the procedure
described by Diedrich and Grimme.!” No correlation for
the medium dielectric constant was implemented. The
conformational analysis has been performed with the use
of CaChe program package.

RESULTS AND DISSCUSION
Experimental UV and ECD Spectra of Clavams 1-14

The electronic absorption and chiroptical data for com-
pounds 1-14 is presented in Table 1. The considerably
lower intensity of the ECD bands observed for clavams 9-
14 (except clavam 13) in comparison with clavams substi-
tuted at the C(3) position (1-8) is due to the lower optical
purity caused by problems with the separation of dia-
steromers.

As evident from the Table 1, three bands are present in
the ECD spectra of investigated compounds in the spectral
range 200-250 nm. For the purpose of our studies only the
lowest energy band occurring at around 240 nm is of a par-
ticular interest because this band is the subject of the hel-
icity rule. This band can be attributed to the amide
n(0)—>n" transition and its corresponding electronic
absorption is hidden by the neighboring absorption bands
(see Table 1). Most probably, however, the CD band rep-
resents a sum of contributions from the amide and ben-
zene (L) chromophores present in these molecules. In
the respective UV spectra, the electronic absorption of

Chirality DOI 10.1002/chir



624

CHMIELEWSKI ET AL.

TABLE 1. UV and ECD data of clavams 1-14 measured in acetonitrile in the range of 200-300 nm

Comp. UVe (max); [mol ™t dm® em ™! (am)] CD At (imay); [mol ™t dm® em ™! (nm)]
1 14600 (208%P) 12800 (21457 370 (256) —-10.3 (212.5) +17.8 (226.0°") +23.7 (236.5)
2 11600 (208%h) 11000 (215%") 350 (256) +8.7 (213.0) —14.5 (225.0%%) —21.4 (236.5)
3 9750 (208°1) 8300 (215°") 240 (257) —8.5 (200.5) +16.2 (220.5) +15.8 (233.0)
4 7600 (209°") 6800 (215°") 220 (257) +7.6 (200.5) —14.8 (220.0) —13.8 (233.0)
5 11100 (209%P) 10000 (215%") 340 (257) —9.6 (214.0) +11.6 (227.0%M) +18.7 (240.2)
6 11800 (208%™ 10900 (215%%) 410 (257) +10.6 (213.0) —11.0 (226.0°") —19.8 (240.2)
7 8700 (209%M) 7800 (214°") 230 (257) —6.8 (201.5) +13.2 (220.0) +14.2 (236.0)
8 9300 (208°") 8070 (214°") 260 (257) +6.8 (201.0) —13.7 (219.0) —14.6 (236.0)
9 13000 (208%P) 6000 (215°") 360 (256) —4.2 (201.0) +1.7 (218.0) +5.0 (239.5)
10 13750 (206%™ 6250 (215°") 375 (257) +4.4 (201.0) —2.4 (218.5) —7.0 (240.0)
11 11000 (205%%) 7000 (215°") 500 (257) —2.9 (203.5) —3.0 (216.5) +3.2 (240.0)
12 10750 (205%™ 6750 (215°") 375 (257) +1.2 (216.0) —1.1 (240.5)
13 11150 (205%™ 7800 (215°") 400 (257) +9.2 (204.0) +9.2 (216.0) —15.1 (241.0)
14 15000 (206%™ 7250 (215°") 500 (257) +6.9 (200.0) —3.8 (217.5) —9.2 (238.0)

phenyl group is clearly visible at ca. 257 nm and possesses
characteristic fine structure (Table 1).

Regarding the long-wavelength CD band occurring at
~240 nm, the investigated compounds fall under two dif-
ferent classes. In the first class, consisting of compounds
1,3,5,7,9, and 11, the sign of the 240 nm CD band is
positive, whereas in the second class, represented by com-
pounds 2, 4, 6, 8, 10, 12-14, the sign of this band is
negative. According to the helicity rule, compounds from
the first group, which show a positive 240 nm CE, should
have the (R)-configuration at the ring junction, whereas
the negative sign of this CE for the second group would
indicate the (S)-configuration at C(5).” This prediction has
been confirmed by the X-ray structure analysis for clavams
9 and 10 (Fig. 1). In addition, the X-ray data for clavams
9 and 10 demonstrate the pyramidality of the p-lactam
nitrogen atom as evidenced by the distance 51.0 pm of the
nitrogen atom from the least-squares plane containing
C@2), C(5), and C(7) atoms (Table 2). The signs of the
0O=C—N—C, torsional angles for 9 and 10 are negative
and positive, respectively, and, accordingly, the signs of
the long-wavelength CE at about 240 nm are positive and
negative, respectively (Table 1). Thus, it can be concluded
that for clavams 9 and 10 the helicity rule works well and
correlates the negative/positive sign of the O=C—N—C,
torsional angles with a positive/negative sign of the long-
wavelength CD band at around 240 nm.

To prove whether the helicity rule correctly predicts the
absolute configuration at C(5) for clavams, which do not

OR

form crystals suitable for the X-ray analysis, the TDDFT
calculations were performed for the selected clavams.
First, we sought the validation of our calculation methodol-
ogy by the direct comparison of the geometry-related data
obtained from the X-ray studies and from the molecular
modeling of clavam 10. The results demonstrate a good
conformity between the calculated and the solid-state val-
ues (Table 2). The calculated data show a nonplanarity of
chromophores in all clavams. Consequently, they allow to
apply the helicity rule to correlate the structure and re-
spective chiroptical properties. Thus, it can be stated that
among clavams 1-14 the ones with a negative long-wave-
length CE possess the (5S)-configuration whereas clavams
exhibiting a positive sign of this CE have the (5R) configu-
ration. The data from Tables 1 and 2 demonstrates that
clavams 1-14 conform to the above prediction and follow
the helicity rule.”

Concerning the second band occurring between 220
and 227 nm for the 3-phenyl substituted clavams 1-8,
originating most likely from the 'L, phenyl transition, the
shape of this band varies depending on the relative config-
uration at carbons C(3) and C(5). So, for the clavams 1, 2,
5, and 6 with syn-oriented both the hydrogen atom at
C(5) and the phenyl group at C(3), this band is not devel-
oped to a distinct maximum and is visible only as a posi-
tive or negative inflection point on the short-wavelength
part of the 240 nm CD band. The sign of the inflection
point is the same as the sign for the main 240 nm band.
On the contrary, in isomeric clavams 3, 4, 7, and 8 with
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Fig. 1. ORTEP diagrams of compounds 9 (left) and 10 (right). Thermal ellipsoids are shown at 50% probability level.
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TABLE 2. Selected torsional angles in deg (°) and pyramid height for the N-atom in pm determined by the X-ray diffraction

and calculated by DFT/B3LYP/6-311 + +G(D,P) methods

Conf. at 240 nm CE sign
Comp. C(®) obser. pred. 6-7-1-5 8-7-1-2 87-1-5 6-7-1-2 Pyr. height

1 R) (+) (+) calc. +8.2 —54.3 —168.5 +122.4 —50.2

2 ) (&) =) calc. —8.2 +54.4 +168.6 —122.4 +50.1

3 (R) (+) (+) calc. +10.2 —50.9 —166.6 +125.8 —48.6

4 ) (&) (&) calc. —10.2 +50.9 +166.5 —125.8 +48.7

9 (R) (+) (+) X-ray +9.5 —56.4 —170.4 +123.6 —51.0
10 ) =) () X-ray -89 +57.0 +169.9 -121.8 +51.0
calc. —6.7 +54.4 +170.6 —123.0 +48.6

11 (R) (+) (+) calc. +7.9 —55.3 -171.1 +123.6 —45.3

the anti-directed substituents, this band is well developed
and is clearly visible as a maximum or minimum (Fig. 2).

The shape of the ECD spectra of the 2-phenyl substi-
tuted clavams 9-14 also varies depending upon the rela-
tive configuration at carbons C(2) and C(5). If the proton
at the C(5) and the phenyl at C(2) are syn-directed, such
as it is in compounds 9, 10, and 14, the 220-nm CD band
is well-developed and possesses the same sign as the
240 nm band. In the case of the anti-relationship of the pro-
ton and phenyl at C(5) and C(2) carbon atoms, respec-
tively (clavams 11-13), the 220 and the 240 nm CD bands
differ in sign. An additional inflection point occurring in
these compounds approximately at 230 nm possesses the
same sign as the 240 nm band. Accordingly, based on that
observation we may infer a further conclusion regarding
the relative configuration of phenyl substituent in the five-
membered ring.

Calculated ECD Spectra of Clavams 1-4 and 10-11

To corroborate the conclusions made on the basis of
the experimental data, the ECD spectra of the selected
clavams were calculated. A fundamental prerequisite for
the computational calculation of CD spectra is the knowl-
edge of all CD-relevant conformational species of the re-
spective molecule. In our case, the conformational analysis
of clavams 1-4 and 10-11 revealed only one stable con-
former in each case (see Computational Method in Materi-
als and Methods). In the light of this result it can be
asserted that the investigated clavams are conformation-

ally rigid since in the range of 10 kcal mol ! no other sta-
ble conformer is found.

The calculated and experimental ECD spectra of com-
pounds 1-4 and 10-11 are shown in Figure 3. For
clarity, the clavams are divided into three groups, namely
compounds 1 and 4, 2 and 3, and 10 and 11. The mem-
bers of each group differ in the absolute configuration at
the ring junction carbon atom, while the absolute configu-
ration at the carbon atom bearing the phenyl substituent is
the same. In general, the TD DFT singlet state calcula-
tions excellently reproduce the experimental data in the
region between 260 and 215 nm, although the excitation
energies are typically underestimated by about 5 nm. The
higher energy regions are well reproduced in the cases of
clavams 1, 2, and 10, whereas for their respective iso-
mers 4, 3, and 11 the calculated higher-energy rotational
strengths are of opposite signs. Since our attention is lim-
ited to the analysis of the long-wavelength Cotton effects,
the short-wavelength spectral region lies outside of the
scope of present work.

The analysis of spectra shows that the long-wavelength
Cotton effects in each pair are of opposite signs. So, in the
case of clavams 1 and 4 the sign is positive for 1 and neg-
ative for 4. The opposite pattern of signs appears in the
second and third pairs where a negative sign of the same
Cotton effect is observed for clavams 2 and 10, whilst a
positive one for clavams 3 and 11. In the cases of com-
pounds 3, 4, and 10, the 220-nm Cotton effect exhibits
the same sign as the lowest-energy Cotton effect at
240 nm. The best fit for the 215-260 nm spectral range is

40
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Fig. 2. CD spectra of clavams 6 (————), 7 (— - — - —), 8¢ - .- ), and 13 (— — — —) recorded in acetonitrile. [Color figure can be

viewed in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 3. Experimental CD spectra in acetonitrile solution (dashed line) and calculated CD spectra (solid line) for: left - clavams 1 (upper panel) and 4
(lower panel); middle - clavams 2 (upper panel) and 3 (lower panel); right - clavams 10 (upper panel) and 11 (lower panel). The vertical bars represent

calculated at B3LYP/6-311++G(2D,2P) level rotatory strengths.

obtained for clavam 10, whereas in the case of clavams 3
and 4, the rotatory strengths calculated at ca. 220 nm are
underestimated. However, the location of this underesti-
mated rotatory strength in both clavams 3 and 4 is in a
perfect agreement with the location of the ECD band in
the experimental spectrum (Fig. 3).

In the cases of 1, 2, and 11 both the experimental and
the calculated spectra show bisignate sequence of Cotton
effects observed at around 240 and 220 nm. The sequen-
ces of effects are as follows: positive/negative for 1 and
11 and negative/positive for 2.

In addition, each of the investigated pairs has two long-
wavelength transitions with one large and the second one
with very small rotatory strengths. In the case of clavam 1
the calculated first long-wavelength electronic transition,
originating mainly from the n—rn* electronic transition in
phenyl ring and the #(0) - n* transition in amide chromo-
phore, is located at 239 nm. The second transition at
237 nm involves the HOMO(1), HOMO(-2) and the
LUMO(+1) and LUMO(+2) orbitals, but its very small
rotational strength does not affect the calculated overall
long-wavelength CE. The same is observed in the case of
clavam 2, for which both transitions are calculated at 239
and at 237 nm, respectively. In the case of clavams 3 and
4 the two long-wavelength electronic transitions are calcu-
lated at 237 and 232 nm. These rotatory strengths gener-
ated by the transitions at 237 and 232 nm are of the oppo-
site signs. The rotatory strenghts at 237 nm have very
small magnitudes and their influence on the overall long-
wavelength Cotton effects is negligible.

In compounds 1-4 the third electronic transitions calcu-
lated at 220 nm originates mostly from the HOMO(-1),
HOMO (-2) and the LUMO, LUMO (+1) transitions of phe-
nyl chromophore. According to our results, the signs of ro-
tatory strengths generated by these electronic transitions
reflect the chirality on the C(3) carbon atoms. The same
Chirality DOI 10.1002/chir

situation is observed in clavams 10 and 11 for the elec-
tronic transitions calculated at around 220 nm. The most
intense lowest-energy electronic transitions in both clav-
ams are calculated again at around 240 nm. They repre-
sent a mixture of the degenerated n—n* electronic transi-
tion in phenyl ring and the #(0)—n* transition in amide
chromophore. Because of the low intensity of the second
low-energy electronic transition calculated at about 235
and 231 nm, respectively, only the transitions calculated at
around 240 nm affect the calculated (and observed) re-
spective Cotton effects.

CONCLUSIONS

The relationship between the molecular structure and
the chiroptical properties of clavams 1-14 was investi-
gated by means of the X-ray diffraction analysis, the elec-
tronic circular dichroism spectroscopy and the time-de-
pendent density functional theory. The agreement
between the simulated and the experimental ECD spectra
is very satisfactory, and confirms the absolute configura-
tion of compounds 1-14. The computed O=C—N—C,
torsion angles for compounds 1-4 and 10-11 provide
corroborating evidence for the nonplanarity of amide chro-
mophore. The band at 240 nm has mainly the character of
an amide 7(0) >7" transition. Its positive or negative sign,
depending upon the (5R) or (5S) absolute configuration,
respectively, is predicted by both the helicity rule and the
TDDFT calculations. Thus, we can conclude that the helic-
ity rule is valid for the investigated clavams. The presented
data allows to infer a supplementary conclusion concerned
with the relative configuration of phenyl substituent
located at the C(2) and C(3) in the five-membered ring.

The present work demonstrates that the helicity rule
can successfully be applied for the absolute configura-
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ABSTRACT  The application of modern online methods, e.g.,, HPLC-MS/MS and
HPLC-NMR, allows the elucidation of constitutions and relative configurations of new nat-
ural products directly from crude extracts. To additionally establish the full absolute con-
figurations of such secondary metabolites without the necessity of first isolating the com-
pounds, we have introduced HPLC-CD coupling (CD = circular dichroism) into natural
product analysis, taking advantage of the different chiroptical properties of stereoisomers,
in particular of enantiomers. In combination with quantum chemical CD calculations this
method allows the stereochemical characterization of (even structurally unprecedented)
chiral molecules, thus avoiding the—often risky—merely empirical assignment by com-
parison with the CD spectra of related compounds with known absolute stereostructures,
or by other methods such as, e.g., the exciton chirality approach. This review presents
the experimental requirements for the hyphenation and the theoretical background of
the calculation of UV and CD spectra, which is then exemplified by some recent HPLC-
CD applications to the elucidation of absolute configurations of most diverse compounds
of mainly natural origin. Chirality 20:628-642, 2008. ~ © 2008 Wiley-Liss, Inc.

KEY WORDS: resolution of enantiomers; separation of diastereomers; online CD

measurements; axial chirality; centrochirality; Boltzmann weighting;
force field calculation; semiempirical calculations; molecular dynamics;

density functional theory
INTRODUCTION

The isolation and structural elucidation of new natural
products, e.g., from plants or microorganisms, is a reward-
ing—but often time-consuming—task, since it is a major
effort to isolate each compound in a pure form, even the
known ones. Furthermore, to obtain the required milligram
quantities of all metabolites, even in the case of minor sub-
stances, one may need large amounts of the sometimes
rare biological material and of expensive tools and supplies,
e.g., adsorbents and eluents. Another problem, in particular
when dealing with unstable compounds, is that they may
decompose already during the preparative separation and
thus may escape the analysis. For this reason, there is
increasing demand for methods to rapidly identify known
and structurally characterize new metabolites.

The hyphenation of high-performance liquid chromatog-
raphy (HPLC) with spectroscopic methods such as NMR
spectroscopy (HPLC-NMR) '™ and tandem mass spectrom-
etry (HPLC-MS/MS)>® has led to new strategies that do
not only permit to differentiate between known and
unknown compounds, but can even establish full constitu-
tions and relative configurations of new natural products
directly from the crude extract with a minimum amount of
material. But with these methods alone, no information
concerning the absolute configuration of the metabolites
© 2008 Wiley-Liss, Inc.

can usually be acquired—unless, e.g., by chromatography
on a chiral phase, which, however, requires the availability
of both enantiomers, their successful chromatographic re-
solution, and their secure stereochemical assignment.

A clue to the solution of this problem are the chiroptical
properties of the chiral analytes, in particular their circular
dichroism (CD) data, since two enantiomers are unambig-
uously characterized by their fully opposite CD spectra.
Although the hyphenation of CD measurements with
HPLC techniques has been known for several years,®”
applications are still rare and mainly concern the measure-
ment of isomerization barriers of configurationally unstable
known compounds or the determination of the elution
order of enantiomers of given (known) chiral substances
on a chiral phase, e.g., of drugs.!® So the introduction of
this methodology for the determination of the absolute
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Fig. 1. Selection of structurally interesting cgn&gounds—in many cases isolated by other groups—which were stereochemically characterized by

quantum chemical CD calculations in our group.”

configuration of new compounds—and not only natural
ones—directly from a crude mixture is a rewarding
goal.''"13 From the CD spectrum, whether taken online or
offline, the absolute configuration of the respective stereo-
isomers can then easily be established—if experimental
data from structurally related compounds of known abso-
lute configurations are available or if the structure fits into
semiempirical CD rules, e.g., the octant rule.'*"' Today
the most common classical approach for the determination
of the absolute configuration of natural products is the
electronic circular dichroism (ECD),'*® which has
recently been improved, e.g., by the development of new
CD reporter groups' like metalloporphyrins.?>?! Never-
theless, these ECD methods may suffer from a lack of suit-
able chromophores, which additionally have to be attached
by chemical derivatization procedures, e.g., by formation
of dibenzoates.?? But if the preconditions for these meth-
ods are not fulfilled, the interpretation of CD spectra may
become difficult or even impossible.

Thus, especially for noveltype structures, a most effi-
cient alternative for the interpretation of CD spectra is the
quantum chemical simulation of the curves for both enan-
tiomers, and their comparison with the experimental
one.?>2" This procedure has become a most valuable tool
for assigning absolute configurations to a broad variety of
chiral compounds of synthetic and natural origin, involving
all kinds of chirality, not only stereogenic centers, but also
axial and/or planar chirality.?°® The chiral structures 1-
10 in Figure 1 represent a small selection of compounds

whose absolute configuration had as yet been unknown,
but were clearly assigned by theoretical CD investigations
in our group.®’~%® For further selected examples, see refer-
ences 24-52.

THEORETICAL CONCEPT

CD investigations can normally only distinguish between
stereoisomers with a sufficient chiroptical differentiation,
i.e., usually between enantiomers, whose CD curves are
fully opposite. This means that in the case of more than one
stereogenic element, the relative configuration has to be
known beforehand by other methods (e.g., by NMR or X-
ray diffraction). It can also imply that in molecules equipped
with multiple stereogenic elements, some may have larger
contributions than others on the overall CD spectrum
appearance. This is frequently the case, e.g., in axially chiral
biaryls with additional stereogenic centers, where usually
only the axial, not the central chirality can be assigned, due
to the predominance of the biaryl chromophore.®” Thus
atropo-diastereomers will usually give near-opposite CD
spectra, irrespective of the absolute configuration at the
stereogenic center(s). Thus, only in very few cases even
two stereogenic elements, biaryl axes and stereogenic cen-
ters, could be independently assigned by CD calculations,
usually requiring higher-level calculations. For the opposite
case, i.e. the chiroptical prevalence of stereogenic centers
(which are, in this case, part of an extended enone chromo-
phore) over the axis, see Reference 68.

Chirality DOI 10.1002/chir
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Because the CD spectrum strongly depends on the mo-
lecular flexibility of the chromophors, more than for any
other spectroscopic method, a detailed investigation of the
conformational space is indispensable and forms the first
step en route to the simulated CD curve. For the screen-
ing of the respective potential energy surface, different
approaches are in use.

THE BOLTZMANN APPROACH

Starting with an arbitrarily chosen enantiomer of the chi-
ral compound, a set of reasonable starting structures of
the molecular framework is generated manually by taking
into account the most relevant conformational freedom
degrees of flexible substituents. These are then subjected
to a refinement by investigating the corresponding rota-
tions, usually at a semiempirical level (AM1,% PM37%7%),
in order to find all minimum geometries that are signifi-
cantly populated at ambient temperature. This applies for
all those structures that range energetically within 3 kcal/
mol above the global minimum found. With neglect of all
geometries possessing a higher energy concerning the
aforementioned cut-off criterion, the remaining minima
are, in most of the cases, submitted to at least one further
optimization step, now by means of density-functional
theory (DFT), using predominantly the B3LYP’>” hybrid
functional and a split-valence double-zeta basis set, e.g., 6-
31G*.™

THE MOLECULAR DYNAMICS APPROACH

In particular for highly flexible molecules, the molecular
dynamics (MD) procedure is a time-saving alternative for
the investigation of the conformational space. Within this
approach, the stereoisomer is exposed to a force field, usu-
ally to the one provided by Tripos (SYBYL, Tripos, Inc.,
St. Louis, MO)” or to the MM3"%" one, for a certain
span of time. During that period, the Newton equations of
motion are permanently solved and single geometries are
extracted in particular intervals. Usually, a simulation time
of 500 ps is chosen, while every 0.5 ps a molecular struc-
ture is extracted from the trajectory of motion. The corre-
sponding Newton equations are solved every 2 fs. Heat is
used to surmount potential energy barriers and, thus, to
find all conformations of the corresponding molecule. The
chosen temperature is controlled and kept constant by
coupling to a virtual thermal bath.®°

At this point, a connection to the Boltzmann approach
can be established, namely if the force-field generated con-
formers are submitted to further optimization steps, based
on either ab initio or DFT procedures.

CALCULATION OF ELECTRONIC TRANSITIONS

The second step of the computations comprises the cal-
culation of the electronic transitions from the ground state
to (selected) excited states. Simulating the molecular CD,
the decisive quantity is the rotatory strength R,®! which is
defined as the imaginary part of the scalar product of elec-
tric and magnetic transition dipole moments between the
two states, ¥, and ¥,(1).

Chirality DOI 10.1002/chir

BRINGMANN ET AL.

Ror = S{(Wolfior|'Pr) - (Prlmoe| o)} (1)
Since experimentally the molecular CD is usually meas-
ured in units of Ag, i.e., the difference of the extinction
coefficients for left- and right-circularly polarized light, the
computed rotatory strengths Ry, are accordingly trans-
formed and superimposed with Gaussian functions (2),%?
centered at the respective wavelengths X, of the electronic
transitions, to give the calculated single CD spectrum.

2
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In this equation, 3 means the Lorentz correction, which
considers the perturbation of the external field by the local
one of the chromophore (usually, the local field is ignored,
i.e., B is equated to unity), Na is the Avogadro constant,
and I'y, is the exponential half-width (width of the band at
1/e height). In parallel to the simulation of the CD spec-
trum the UV curve is calculated, because the electric tran-
sition dipole moments are integral part of both. In the case
of the UV spectrum, the basic quantity is the electric
dipole strength D, which is just the square of the absolute
value of the respective electric dipole moment. However,
more familiar is the oscillator strength f, which is easily
obtainable from D (3).

16BN

Ae(h) = = 5o00me

(2)

(3)

To get a UV curve comparable with the experimental
one, the calculated oscillator strengths fy, have to be con-
verted into units of ¢, the extinction coefficient, and again,
as in the case of CD, overlaid with Gaussian functions (4).

()
;DOkerk\;ﬁ

Having followed the MD approach, the single UV and CD
curves of all conformers as obtained according to the above
procedure, are superposed to give the total simulated UV
spectrum and the CD curve, respectively, whereas in the
case of the Boltzmann procedure they are summed energet-
ically weighted, i.e., with respect to the heats of formation of
the corresponding minimum geometries. When calculating
electronic transitions, the major challenge is a reliable con-
sideration of (dynamic) electron correlation. To receive
trustable wave functions for the ground state and the
excited ones, together with the corresponding energies, sev-
eral methodologies are applicable.®> The most common one
is the configuration interaction (CI) approach,® where the
overall electronic wavefunction Wy is constructed as a lin-
ear combination of weighted single determinants (5) with
the Hartree-Fock (HF) determinant as the reference.

42BN,
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Fig. 2. Overview of the Boltzmann-based approach to determine the absolute configuration of a chiral compound by CD calculations. The MD based
procedure is in principle the same, except for the fact that conformers instead of minimum structures are obtained, the exclusive applicability of CNDO/
S or OM2 for the calculation of the excited states, and the simple superposition of the obtained single spectra without an energetical weighting.

On the basis of this approach, the authors’ group has
frequently applied the semiempirical CNDO/S®®" and
OM2% Hamiltonians in the past with a CI expansion that
covers single excitations (Ws). However, to account for
the aforementioned dynamic electron correlation, at least
the double excitations (¥p) have to be included in the CI
progression, since the mere single ones (¥s) do not inter-
act with the ground state wave function, according to Bril-
louin’s theorem.®® This is accounted for by likewise per-
forming OM2-CISD calculations. Unfortunately, the soft-
ware used for CNDO/S calculations is only able to treat
CIS. Another technique to compute electronic transitions
uses the propagator method, which applies a time-depend-
ent (TD) perturbation to the system, generated by a fluctu-
ating linear electric field. A Fourier transformation to the
frequency domain delivers an expression for the fre-
quency-dependent polarizability « (w) of the molecule (6),
whose numerator corresponds to the electric transition
dipole moments, whereas the denominator consists of the
frequency of the electric field and of the energies of the
ground state and the excited states.

-
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This approach has been applied to both, the HF and the
DFT method, while the latter one, TDDFT (TD),” is
undoubtedly superior and nowadays frequently used.”
Thus, solving the TD Kohn-Sham equations is equivalent
to finding the poles of the frequency-dependent polarizabil-
ity, which deliver the respective excitation energies in con-
junction with the transition moments. Besides the afore-
mentioned semiempirical techniques, we also use TDDFT
by default, adopting the B3LYP hybrid functional or
BLYP,”>2 the latter one together with the resolution-of-
the-identity”™ approximation, each with a triple-zeta va-
lence polarized basis set (TZVP).%

UV CORRECTION

Before simulated and experimental CD curves are com-
pared in order to attribute the respective absolute configu-
ration, a correction step is performed that is able to com-
pensate systematic computational errors. For that purpose
the overall UV spectrum calculated by the same conforma-
tional analysis is compared with the measured UV curve
and the shift necessary to match the peaks of the two
graphs is determined.?” This wavelength scaling by UV
matching (“UV correction”) is easier and more unequivo-
cal than for the CD spectra because of the usually larger
number of—positive and negative—peaks of the latter.
The general proceeding is schematically displayed in
Figure 2.

EXPERIMENTAL SETUP

The technical equipment for the measurement of online
CD spectra consists of a standard HPLC system with a
degassing unit and an “external” UV detector, coupled to
an additional spectrometer that simultaneously measures
the CD and UV profile of the analyte in the flow cell at a
single wavelength. The application of two independently
operating detectors provides the opportunity to use two
different wavelengths for a most sensitive detection of the
analyte at both, its UV (“external” detector) and its CD
maxima (CD spectrometer), in a single run. The hyphena-
tion of the chromatographic system to the spectrometer is
achieved by using a motor valve, permitting to stop the sol-
vent flow through the measurement cell at the maximum
concentration of the analyte (stopped-flow mode) by redi-
recting the eluent from the HPLC pump directly into a
waste flask. When using a solvent gradient for the resolu-
tion of a complex compound mixture, the current eluent
composition is, in addition, automatically kept constant
upon bypassing the column and the spectrometer, thus
offering the advantage of subsequently proceeding with

Chirality DOI 10.1002/chir
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11 X', X*=H

12 X', X’ = OH

13 X', X’ = OMe

14 X' =H, X’ = OMe

Fig. 3. Constitutions of parvestimins A-D (11-14) from Stemona parvi-
flora Wright.

the analysis of further substances within the same run.
The measurement of the actual full CD spectrum of a chi-
ral analyte is accomplished in the stopped-flow mode.

In most cases, the resolution of a mixture of enantiom-
ers is achieved by application of a column with a suitable
chiral normal-phase adsorbant, because the diversity of
the respective materials, and thus of different chromato-
graphical selectivities, is much larger when compared with
the smaller number of reversed-phase chiral systems. The
resolution of diastereomeric compounds, by contrast, is
mostly achieved by reversed-phase chromatography,
which is usually superior in the case of achiral material. In
many cases the quality of the separation can be decisively
improved by optimizing the temperature of the chromato-
graphic system by using a column oven. The application of
different HPLC phases and chromatographic conditions
for the online analysis of chiral natural products is exem-
plified in the following section.

EXPERIMENTAL EXAMPLES

In the following section, the broad applicability of the
LC-CD methodology in combination with quantum chemi-
cal CD calculations to the determination of the absolute
configuration of chiral substances will be demonstrated.
This will be exemplified for most diverse classes of natural
and unnatural structures and reference is made to further
selected examples.

Parvestimins—Constitutionally Symmetric
Bisbenzoquinones

An example of the elucidation of the absolute configura-
tion of a natural product with only one element of chirality
by HPLC-CD, is the assignment of the atropo-enantiomers
of the parvestimins A-D (11-14).%® These dimeric phe-
nylethyl benzoquinones were isolated from the aerial parts
of Stemona parviflora Wright,”® a plant distributed in the
Chinese Hainan province,” where it is used in traditional
medicine to treat respiratory disorders.””® The constitu-
tions of 11-14 were elucidated by NMR spectroscopy
(see Fig. 3). All parvestimins are equipped with a biaryl-
like quinone-quinone axis, which is fourfold ortho-substi-
tuted and should thus be configurationally stable. Still,
these natural products did not exhibit any optical rota-
tion,” and thus might be racemic in nature, like quite a
few other chiral natural biaryls.?1!

To investigate the existence of possible atropo-enan-
tiomers of 11-14 and to determine their natural ratio, a
method for the enantiomeric resolution by HPLC on a chi-
Chirality DOI 10.1002/chir
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ral phase was developed, starting with parvistemin A (11)
as the “parent compound.” The best results were achieved
with a Chiralcel OD-H column (Daicel) and n-hexane/i-
propanol (97.5/2.5) as the eluent at elevated temperatures
(65°C), providing a perfect baseline separation. That the
two LC-UV peaks observed (Fig. 4a) indeed corresponded
to the respective atropo-enantiomers of 11, was verified
by online CD analysis, giving a negative and a positive
peak at 260 nm (Fig. 4b). Integration of the LC-UV peaks
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Fig. 5. Comparison of the LC-CD spectra of the faster eluting atropo-
enantiomers of the parvistemins A-D (11-14).

showed a 1:1 ratio, evidencing the fully racemic character
of naturally occurring 11.

For a complete stereochemical attribution of the two
atropo-enantiomers of 11, full LC-CD spectra were
recorded in the stopped-flow mode, resulting in almost
mirror-shaped CD curves. To attribute the respective abso-
lute configuration to the corresponding atropisomer of 11,
the CD spectra of the (P)- and the (M)-enantiomers were
quantum chemically calculated and compared with the ex-
perimental curves.

Arbitrarily starting with (P)-11, the conformational
space was scanned using at first the PM3 method. The
resulting 40 minimum structures were further optimized
by means of DFT calculations (BLYP/6-31G*), converging
to only two relevant conformers, which were then submit-
ted to CD calculations using the semiempirical OM2 Ham-
iltonian in combination with CI computations, including
single and double excitations. The single spectra obtained
were added up according to the Boltzmann statistics,
resulting in the overall simulated CD curve, which was UV
corrected and then compared with the experimental spec-
tra of the faster atropo-enantiomer of 11 (peak A) and the
more slowly (peak B) eluting one. These comparisons
revealed good agreements between (P)-11 and peak A
(Fig. 4c, left) on the one hand, and between (M)-11 and
peak B (Fig. 4c, right) on the other, thus permitting
assignment of the absolute configurations to the respec-
tive enantiomers.

To prove these attributions, more accurate CD computa-
tions were carried out. By using TDDFT (B3LYP/TZVP)
the first 100 excitations were calculated. The CD spectra
resulting for (P)- and (M)-11 again showed good agree-
ments between peak A (Fig. 4d, left) and peak B (Fig. 4d,
right), respectively, thus fully confirming the above-
deduced assignment.

For a complete stereochemical attribution of the other
parvistemins B-D (12-14), which are likewise new natu-
ral products, the above described separation method for
11 had to be individually adjusted to these metabolites by
slightly changing the solvent composition (#-hexane/i-pro-
panol in a 90/10 ratio for 12 and 13, and in a 95/5 ratio
for 14) and the temperature (40°C). Under these modified
conditions, baseline separations were achieved in all cases,
thus permitting determination of the racemic nature of all
parvestimins by integration of the LC-UV signals. Compari-
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son of the online CD spectra of the respective faster elut-
ing peaks of the parvistemins B-D (12-14) with the one
in the enantio-separation of 11 expectedly revealed a high
similarity of all these CD curves (see Fig. 5), clearly evi-
dencing all faster eluting peaks to correspond to the (P)-
configured products.

Isoplagiochin C—A Macrocycle with
Strain-induced Chirality

An example of a stereochemically much more complex
group of natural products successfully analyzed by HPLC-
CD coupling are the macrocyclic bishibenzyls, e.g., isopla-
giochin C (15) from bryophytes (Fig. 6).19%1% Biosyn-
thetically, these compounds originate from two units of
the natural diphenylethane lunularin joined together by
twofold phenol-oxidative C,C-coupling.'® The resulting
biaryl axes, however, appear to be configurationally unsta-
ble at first sight. Therefore, it was not unexpected that 15,
e.g., when isolated from the liverwort Plagiochilla fruticosa,
was initially obtained in an optically inactive form.°® More
recently, however, 15 was found to have significant optical
rotatory powers, with [a]p values of +42.5 (¢ 0.2, MeOH)
when isolated from Lepidozia incurvata'®® and +74.8 (c
0.2, MeOH) when derived from Herbertus sakuraii.**’
Although CD spectra were recorded in the latter case, sug-
gesting the presence of atropisomers, the absolute config-
urations could not be established.'®®

By computational methods we were able to show that
the reason for the chirality exhibited by 15 is the molecu-
lar helicity of the entire compound, whose ring strain
makes the molecule rigid overall, with (formally) four ster-
eogenic elements (two biaryl axes, one helical stilbene
unit, and a helical 1,2-diarylethane unit).1%*1° Still, as
shown by calculating the respective rotational barriers,
only one of the biaryl axes (the “upper” one) has a fully
stable configuration, leading to four interconverting dia-
stereomers, yet without racemization at room temperature.

Given the different [a]p values for 15 in the literature,
ranging from strongly dextrorotatory in some cases'®
(see above) to zero in others,'%19%1%9 and in addition, the
laevorotatory form of 15 in our hands ([a]lp = —49°) as
isolated from Plagiochila deflexa, the enantiomeric ratio of
the natural product was investigated by developing a
method for the resolution of its atropo-enantiomers on a
chiral HPLC phase using racemic synthetic material.'®®
This succeeded on a chiral OD-H column with an #-hex-
ane/i-PrOH gradient, resulting in a nice baseline separa-

oH
OH O
T,

OH
Isoplagiochin C (15)
Fig. 6. Constitution of the macrocyclic bisbibenzyl isoplagiochin C
15).
Chirality DOI 10.1002/chir
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tion of the two atropo-enantiomers of the optically inactive
sample (Fig. 7a). Application of the method to the analysis
of natural 15 allowed to determine the enantiomeric ratio
by integration of the LC-UV peaks (Fig. 7b) to be 85:15 for
the slower and the faster peaks, respectively, and likewise
permitted the first measurement of the two mirror-imaged
CD spectra of both pure enantiomers of isoplagiochin C
(15) from a single sample. Furthermore, the separation
method facilitated kinetic studies for the determination of
the racemization rates of 15, giving an experimental acti-
vation energy of 23.8 kcal/mol, which was in rough
Chirality DOI 10.1002/chir
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accordance with the calculated value of 24.2 kcal/mol—
and sufficiently high to prevent racemization at room
temperature.

The configurations of the atropo-enantiomers of 15
were again assigned by quantum chemical CD calcula-
tions, exemplarily for (P)-15. This time, the conforma-
tional analysis was performed by means of the AMI1
method. For each of the relevant 30 minimum structures,
the particular CD spectrum was computed by applying the
semiempirical CNDO/S approach. The resulting single
curves were then summed weighted according to the
Boltzmann statistics, to give the overall calculated CD
spectra, which were then UV-corrected. Comparison of
these computed CD spectra with the experimental ones
showed a good agreement between the data predicted for
(P)-15 and the online spectrum of the more slowly eluting
stereoisomer (Fig. 7d, right), and, vice versa between (M)-
15 and the faster atropo-enantiomer (Fig. 7d, left), thus
permitting their stereochemical assignment.

To verify this configurational attribution, MD simula-
tions were carried out, of which the run at a virtual temper-
ature of 1200 K appeared to be reliable with respect to the
observed conformational behavior and was therefore cho-
sen as a basis for the following CD calculations. At this vir-
tual temperature, all barriers were found to be sur-
mounted, except for that of the “upper” axis A, as the
“stereochemical anchor,” thus guaranteeing chiral stability
of 15 during the simulation process—just as found experi-
mentally at room temperature, and computationally, by the
conformational analysis. For the 1000 structures collected
during the simulation, single CD spectra were computed,
again using CNDO/S, and averaged arithmetically to yield
the overall theoretical CD spectra, which now showed an
even excellent agreement between (P)-15 and peak B
(Fig. 7e, right) and between (M)-15 and peak A (Fig. 7e,
left), thus confirming the results of the conformational
analysis approach.

Ancisheynine, the First N,C-Coupled
Naphthylisoquinoline—A Positively Charged
Hetero Biaryl from Nature!

Another, stereochemically likewise highly demanding
type of natural products, are the naphthylisoquinoline alka-
loids, as intensely investigated in the authors’ group.!111?
These secondary metabolites constitute a rapidly growing
class of structurally, biosynthetically, and pharmacologi-
cally unique naturally occurring biaryls with about 120
characterized representatives so far, all of them from
plants belonging to the Ancistrocladaceae and Dioncophyl-
laceae,” thus likewise serving as a phytochemical marker
for these two closely 8related tropical plant families. In
contrast to most other alkaloids of this type, which are
based on a configurationally more or less stable biaryl sys-
tem, i.e., with a C,C axis connecting the isoquinoline and
naphthalene portions, ancisheynine (16) as recently been
isolated by Butler et al.,!*® is the first N,C-coupled naph-
thylisoquinoline alkaloid. In that original article,!*® the
stereochemical properties of 16, however, were not inves-
tigated. As in the case of the parvistemins A-D, (11-14)
ancisheynine (16) was likewise reported to be optically
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Fig. 8. Key steps in the first total synthesis of ancisheynine (16).

inactive, thus raising the question why it is racemic: Is it
produced by the plant in a racemic form straightaway, i.e.,
without any enantioselectivity, or is it possibly configura-
tionally unstable or semistable at the hetero-biaryl axis? Af-
ter all, ancisheynine (16) has only three ortho-substituents
next to the axis, in contrast to, e.g., 11-14, with their four-
fold ortho-substituted biaryl systems.

To answer this question, sufficient quantities of 16 in
both enantiomeric forms (or as a racemate) were required
for the development of a method for its online HPLC-CD
analysis. In fresh plant material of Ancistrocladus heynea-
nus from our botanical garden, ancisheynine (16) was
present only in traces, so that we developed a first total
synthetic access to this compound in a racemic form (see
Fig. 8).11* The key steps of this convergent synthesis were
the in-situ deprotection of the N-Boc protected naphtha-
lene 17 and its cyclocondensation with the diketone 18 to
give (racemic) ancisheynine (16) in 48% yield.

The stable axial chirality of 16 was evidenced by the re-
solution of its atropo-enantiomers by HPLC on a chiral OD-
RH column at 5°C with acetonitrile/water (30/70) as the
eluent (Fig. 9a), expectedly resulting in two peaks with op-
posite-signed single-wavelength LC-CD signals (Fig. 9b)
and mirror-imaged full LC-CD spectra recorded in the
stopped-flow mode. Still, a merely empirical assignment of
the absolute configuration at the hetero-biaryl axis of 16
was impossible due to its novel-type structure, again making
quantum chemical CD calculations the method of choice.

Starting with (M)-16, the conformational space was
screened by means of PM3, resulting in six minima within
an energetical array of 0.6 kcal/mol. These structures
were submitted to CD calculations, using the OM2 Hamil-
tonian in conjunction with CISD. The single spectra
received were added up following the Boltzmann statistics.

The predicted overall CD curves thus obtained were
UV-corrected and compared with the experimental online
CD spectra of the faster (peak A) and the more slowly
(peak B) eluting atropo-enantiomers of 16. This compari-
son revealed quite good agreements between (M)-16 and
peak A (Fig. 9c, left), and between (P)-16 and peak B
(Fig. 9c, right), thus permitting to assign the absolute con-
figurations to the corresponding atropo-enantiomers.

Since the calculated spectra failed to match the experi-
mental curves at wavelengths higher than 280 nm, a con-
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eynine (16), by LC-CD coupling combined with quantum chemical CD
calculations.

firmation of the results seemed desirable. Therefore, the
six minimum structures found with PM3 were further opti-
mized using DFT (B3LYP/6-31G*), thus converging to
only two minima. For these, CD calculations applying
TDDFT (B3LYP/TZVP) were carried out taking the first
100 excitations into account. The resulting CD curves for
(M)-16 and (P)-16 again showed a good agreement with
the measured spectra of peaks A (Fig. 9d, left) and B (Fig.
9d, right), respectively, but now over the complete range

\Qi; OH OMe
Me

Ancistrocladinium B (19)

Fig. 10. Constitution of ancistrocladinium B (19).
Chirality DOI 10.1002/chir
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of wavelength investigated, thus fully confirming the semi-
empirical results described earlier.

The rotational stability of ancisheynine (16) was evi-
denced by applying the aforementioned separation method
at a semi-preparative level and re-injecting the enantio-
enriched samples thus obtained, showing their constant
enantiomeric ratio over time. Thus, the reason for the nat-
ural occurrence of ancisheynine (16) in a racemic form is
not its imaginable configurational instability, but must be
the lack of enantioselectivity of the biosynthetic system.
That the formation of 16 really takes place in vivo and not
in a non-enzymatic (and therefore non-enantioselective)
step, was proven by online analysis of fresh samples in our
laboratory, again showing a 50:50 ratio of the two enan-
tiomers according to LC-CD.

Ancistrocladinium B—Chirality Involving a Rotationally
Hindered N inium-Caryi Axis and a Stereogenic Center!

The approach to determine absolute stereostructures by
quantum chemical CD calculations is of course not re-
stricted to the assignment of axial configurations alone,
but can also be applied to the efficient stereoanalysis of
molecules bearing stereogenic centers or both, axes and
centers, e.g., in the case of N,C-coupled naphthyldihydro-
isoquinoline alkaloids. The authors’ group has recently
discovered the first representatives of this type, ancistro-
cladinium A (5, Fig. 1) and B (19, Fig. 10), from a Congo-
lese Ancistrocladus species with an as yet unprecedented
rotationally hindered iminium-aryl axis in nature and, in
addition, equipped with a stereogenic center at C-3, thus

20 pp
Br
Ph Ph
Ph
70% yield
Ph
Ph
Ph o
Ph Ph
M Ph
Ph
22 (M = 2H)
23 (M= zn)

Fig. 12. Synthesis of the first intrinsically axially chiral bisporphyrin derivatives 22 and 23 in a racemic form.
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giving rise to atropo-diastereomers, not -enantiomers as in
the case of ancisheynine (16).''°

According to our stereoanalysis, ancistrocladinium A
(5), whose central axis is configurationally stable, occurs
as a 10:1 mixture of its two atropo-diastereomers, so that
offline-CD measurements were feasible (not shown). This
was, however, not possible in the case of ancistrocladi-
nium B, (19) whose axial configuration is only semi-sta-
ble, causing a slow interconvertion of its atropo-diaster-
eomers at room temperature; the CD analysis of 19 was
therefore performed online, in direct hyphenation with the
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HPLC separation of its two rotational isomers.!'> Although
these are diastereomers, their CD spectra, as recorded in
the stopped-flow mode, were found to be virtually oppo-
site, due to the fact that the hetero-biaryl system, with its
dihedral angle between the chromophores at the axis,
strongly dominates the CD curves, like also in the case of
conventional, C,C-coupled naphthylisoquinoline alka-
loids. 517 Still, the presence of the new coupling type in
19—now even with a positive charge as part of the chirop-
tically dominant element of axial chirality—prohibited a
configurational assignment of the two atropisomers by a
merely empirical comparison of their experimental CD
spectra with that of a configurationally known similar alka-
loid. The attribution of the two peaks to the atropo-diaster-
eomers of 19 was thus again achieved by quantum chemi-
cal CD calculations.

Since the configuration of the centers (C-3) relative to
the axes for each of the two atropo-diastereomers was de-
ducible from specific NOE interactions of H-7’ of the naph-
thalene molecular portion with either H-3 in the more rap-
idly eluting isomer of 19 (peak A) or with 3-CH3 in the
slower diastereomer (peak B, Fig. 12), the computational
efforts concentrated on the assignment of the absolute
configurations of the chiral axis. Starting with the (S)-iso-
mers at C-3, independent conformational analyses at the
semiempirical PM3 level for the two atropo-diastereomers,
(P,35)-19 and (M,35)-19, resulted in five and six mini-
mum structures, respectively. These geometries were fur-
ther optimized using DFT (B3LYP/6-31G*). In both cases,
only four relevant conformers remained, which were sub-
mitted to CD calculations by means of TDDFT (B3LYP/
TZVP) considering the first 100 excitations. The overall
spectra thus obtained were subsequently UV-corrected
and compared with the measured CD curves of the atropo-
diastereomers of 19 (see Fig. 11).

The experimental CD spectra of peaks A and B fitted
well to the ones simulated for (P,35)-19 (Fig. 11, top left)
and (M,35)-19 (Fig. 11, bottom right), respectively, which
thus permitted unambiguous attribution of the absolute
configurations of the two atropo-diastereomers. This
assignment was further confirmed by the subsequent in-
dependent determination of the absolute configuration at
the stereogenic center at C-3 as S by ruthenium-mediated
oxidative degradation!® directly on the atropisomeric mix-
ture of pure 19, which afforded the S-enantiomer of 3-ami-
nobutyric acid, exclusively.!!®

A Synthetic Example: the First g,f-Coupled

Bisporphyrin with Intrinsic Axial Chirality
The utility of the online CD analysis in combination with
quantum chemical CD calculations for the fast configura-
tional assignment of chiral compounds of natural, but also
synthetic origin is also evident from its recent application
in the stereochemical characterization of the first intrinsi-
cally axially chiral B,p’-coupled bisporphyrin system.''®
The decisive step in the synthesis of these stereochemi-
cally highly congested compounds was the cross coupling
of the bromide 20 of TPP (tetraphenyl porphyrin) with
the borylated derivative 21 using Pd(PPh<sub >3)<sub
>4 as the catalyst and Ba(OH)<sub >2 as the base in tol-
Chirality DOI 10.1002/chir
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uene/water furnishing the racemic bisporphyrin 22 in
70% yield (see Fig. 12).11?

Although the racemic free bisporphyrin 22 could not be
resolved on a variety of different chiral HPLC phases
under various conditions, its biszink complex 23 (see
Fig. 14) gave a clear baseline separation of its two atropo-
enantiomers at room temperature when using a Chirex
3010 column (n-hexane/i-propanol = 60/40).

The online CD spectra recorded in the stopped-flow
mode showed a positive first Cotton effect around 450 nm
for the faster (peak A) and a negative one for the more
slowly (peak B) eluting enantiomer. Because of the iden-
tity of the two coupled porphyrin chromophores of 23, the
exciton chirality approach was applicable for a first config-
urational assignment. Accordingly, peak A was attributed
the (P)-configuration, and peak B should be (M)-config-
ured (see Fig. 13).

This ECD result was further corroborated by quantum
chemical CD calculations. Because of the large size of the
bisporphyrin system and the required additional computa-
tional demand for the inserted Zn atoms, and because no
major influence of the CD spectrum from these two Zn
atoms was expected, the calculations were carried out
with the transition-metal free parent compound 22. Start-
ing with (M)-22, the conformational space was investi-
gated by means of PM3, resulting in 32 minimum struc-
tures, which differed only in the dihedral angles of the pe-
ripheral phenyl substituents.

Since these phenyl groups should not significantly influ-
ence the molecular CD, only the global minimum was fur-
ther optimized using DFT (B3LYP/3-21G) and then sub-
Chirality DOI 10.1002/chir

mitted to CD calculations by means of OM2-CISD and
TDDFT (BLYP/TZVP), considering the first 100 excita-
tions in the second approach. The computed CD curves
thus obtained for the two enantiomers were both UV-cor-
rected and compared with the experimental spectra of the
faster (peak A) and the more slowly eluting (peak B)
atropo-enantiomer of 22. This comparison revealed good
agreements between (P)-21 and peak A (Figs. 13c and
13d, left) on the one hand and between (M)-21 and peak
B (Figs. 13c and 13d, right) on the other, thus permitting
to assign the corresponding absolute configurations to the
respective atropo-enantiomers, in full accordance with the
above predictions based on the Exciton Chirality method.

Further Selected Examples

Further stereochemically intriguing examples from
most different classes of compounds, with stereogenic cen-
ters or elements of axial or planar chirality, whose abso-
lute configurations have been established by LC-CD in
combination with quantum chemical CD calculations, are
shown in Figure 14,11:101,120-125

CONCLUSIONS

In summary, HPLC-CD coupling in combination with
modern, high-level quantum chemical CD calculations is a
most valuable tool for the stereochemical assignment of
chiral compounds, in particular when possessing novel-
type molecular structures. It is also the method of choice
in the case of compounds whose chemical or configura-
tional instability would not permit the classical isolation
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with separate—i.e., offline—CD investigations. By applica-
tion of this methodology together with complementary
other online techniques, e.g., HPLC-MS/MS and HPLC-
NMR, it is even possible to assign full absolute 3D struc-
tures of novel natural products directly from crude
extracts. This approach is not only useful for a fast derepli-
cation of known secondary metabolites from a complex
compound mixture in natural product chemistry, but also
applicable to other fields of chemical research dealing
with structurally novel chiral substances, e.g., for the fast
analysis of the stereochemical outcome of assymetric
syntheses.
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The Determination of the Absolute Configurations

of Chiral Molecules Using Vibrational Circular
Dichroism (VCD) Spectroscopy
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ABSTRACT The vibrational circular dichroism (VCD) spectra of the two enantio-
mers of a chiral molecule are of equal magnitude and opposite sign: i.e. mirror-image
enantiomers give mirror-image VCD spectra. In principle, the absolute configuration
(AC) of a chiral molecule can therefore be determined from its VCD spectrum. In prac-
tice, the determination of the AC of a chiral molecule from its experimental VCD spec-
trum requires a methodology which reliably predicts the VCD spectra of its enantio-
mers. The only reliable methodology developed to date uses the Stephens quantum-me-
chanical theory of the rotational strengths of fundamental vibrational transitions,
developed in the early 1980s, implemented using ab initio density functional theory in
the GAUSSIAN program in the mid 1990s. This methodology has by now been widely
used in determining ACs from experimental VCD spectra. In this article we discuss the
protocol for determining the ACs of chiral molecules with optimum reliability and its
implementation for a variety of molecules, including the D3 symmetry perhydrotripheny-
lene, a thiazino-oxadiazolone recently shown to be a highly active calcium entry channel
blocker, the alkaloid natural products schizozygine, iso-schizogaline, and iso-schizog-
amine, and the iridoid natural products plumericin, iso-plumericin, and prismatomerin.
The power of VCD spectroscopy in determining ACs, even for large organic molecules
and for substantially conformationally-flexible organic molecules is clearly documented.
Chirality 20:643-663, 2008.  © 2007 Wiley-Liss, Inc.

KEY WORDS: absolute configuration; density functional theory; vibrational circular

dichroism

INTRODUCTION

Chiral organic molecules are currently of widespread in-
terest to organic chemists and pharmaceutical chemists.
Chiral drugs—e.g., omeprazole—are of increasing impor-
tance in the pharmaceutical industry. Since the two enan-
tiomers of a chiral drug generally possess different phar-
maceutical activities, the resolution and clinical testing of
both enantiomers is prerequisite to the development of the
optimum drug. The increasing importance of chiral drugs
has stimulated the development of improved techniques,
especially chromatographic, for the resolution of racemic
mixtures of chiral molecules, and of new asymmetric syn-
thesis methods. In addition to synthetic chiral molecules,
naturally occurring molecules (“natural products”), which
are invariably chiral and generally enantiomerically
enriched, are of increasing interest as drugs, or leads for
new drugs. Many natural products have been used in folk
medicine for centuries and such molecules are now receiv-
ing increasing attention.

As a consequence of the increasing attention to chiral
organic molecules, methods for the structural characteriza-
tion of chiral molecules are of increasing importance. The
© 2007 Wiley-Liss, Inc.

absolute configuration (AC) and conformations of a chiral
molecule are important factors in determining its pharma-
ceutical activity. While X-ray crystallography and NMR
spectroscopy are powerful techniques for structural deter-
mination, their application to the determination of ACs and
to conformational analysis is limited. The Bijvoet method
for determining ACs using X-ray crystallography requires
the presence of a “heavy” atom. NMR spectra are not
enantiomerically sensitive and cannot be used to deter-
mine ACs. As a consequence, chiroptical spectroscopy is
widely used by organic chemists in determining ACs and
for conformational analysis.

The famous chirality-sensitive optical properties of chiral
molecules are optical rotation (OR) and circular dichroism
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(CD).'* OR originates in the difference in the refractive
indices of left- and right-circularly polarized light (»; and
ng). CD is the differential absorption of left- and right-
circularly polarized light: AA = Ay — Ag. First measured
by Cotton in 1895, CD is often referred to as the Cotton
effect (CE). Both the OR and CD of a chiral molecule are
frequency-dependent; measurement of OR and CD over a
range of frequencies gives optical rotatory dispersion
(ORD) and CD spectra. The ORD and CD spectra of the
two enantiomers of a chiral molecule are of equal magni-
tude and opposite sign: i.e., mirror-image enantiomers
give mirror-image ORD and CD spectra. Consequently,
the AC of a chiral molecule can in principle be determined
from its ORD and/or CD spectrum.

The use of ORD and CD for the characterization of the
stereochemistries of chiral organic molecules expanded
rapidly after World War II as a result of the development
of improved instrumentation for the measurement of ORD
and CD spectra®®® and of “Sector Rules” correlating the
signs of ORD and CD spectra with ACs. The most famous
sector Rule was the “Octant Rule”, which predicts the sign
of the ORD and CD of the n — n* electronic excitations of
carbonyl groups.®

Historically, the applications of ORD and CD spectros-
copies have been predominantly in the visible-ultraviolet
spectral region. ORD and CD in this region originate in
electronic excitations. In the 1970s, the question arose:
Can ORD and CD, originating in vibrational excitations, be
measured in the infrared (IR) spectral region? The mea-
surement of IR ORD was first attempted, but was unsuc-
cessful.”® At USC, in the late 1960s, we had built a CD
instrument operating in the visible-near-IR spectral region
(down to ~3300 cm 1), whose principal purpose was the
measurement of electronic magnetic CD spectra.® In 1973
extension of the frequency limit of this instrument to lower
frequencies led to our first measurements of VCD spec-
tra.}>1* Key to this breakthrough was our construction of
a new photoelastic modulator with a ZnSe optical element,
transmitting down to ~650 cm .!° Since then, VCD
instrumentation has developed in both frequency range
and sensitivity. Currently, Fourier transform (FT) VCD
instruments are commercially available (FT VCD instru-
ments are currently manufactured by Bomem, Bruker,
Jasco, and Varian).

After it was shown that VCD spectra could be measured,
the utilization of VCD spectroscopy by organic chemists
for the stereochemical characterization of chiral molecules
required the development of a methodology permitting
the relationship between the structure of a molecule and
its VCD spectrum to be predicted. The intensity of the CD
of the vibrational transition ¢ — fis determined by its rota-

tional strength:
[(ilialr) - {F il (1)

Ri—f)=1Im
where [ and p,,, are the electric dipole and magnetic
dipole operators respectively. The electric dipole transition
moment, <i\ﬁelLf> simultaneously determines the dipole

strength of the transition:
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which determines the unpolarized absorption intensity of
the transition (i.e., its intensity in the standard IR spec-
trum). Within the Born-Oppenheimer approximation for
the electronic and vibrational wave functions and the har-

monic approximation for the vibrational motion, <i|ﬁelLf>

for the fundamental transition of the ith normal mode is
given by

CAE (4111),)1/225”0” s 3)

where v; is the harmonic frequency of the ith mode, the
Sy, matrix defines the relationship between its normal
coordinate @; and the Cartesian displacement coordinates,
Xow O = nucleus; o = x, y, 2):

X?»a = Z Ska,iQi (4)
i
and P&B is the atomic polar tensor (APT), given by
o (), 5
o aX)»ot
0
where ﬁfl is the electric dipole moment of the ground elec-

tronic state, G, and ( (uel) / OXM) is its derivative with

respect to X, at the equilibrium geometry RO P*, is the
Y
sum of electronic and nuclear contributions, Ej, and Ngg:

A A A
POLB _EuB +NaB

N .
By =2( (52 |,

N;LB = (Z.e) Bup

) 0

where (O/0X.a), is the derivative of the ground state
electronic wave function with respect to X, at Ry and p
is the electronic contribution to the electric dipole moment
operator. Prediction of vibrational dipole strengths and IR
spectra thus requires the calculation of the frequencies
and normal coordinates of the 3N — 6 (N = number of
nuclei) normal modes and of the APTs.

To predict vibrational rotational strengths and VCD
spectra, the magnetic dipole transition moments must also
be calculated. At the time of the earliest VCD measure-
ments, no quantum-mechanical equation for magnetic
dipole vibrational transition moments existed, and quan-
tum-mechanically rigorous calculations of vibrational rota-
tional strengths were impossible. Fortunately for the de-
velopment of VCD spectroscopy, such an equation was
soon developed by Stephens.!®*® The Stephens equation
for the magnetic dipole transition moment of the funda-
mental transition of the ith normal mode within the har-
monic approximation is:

<O‘ (Hmag)g ‘ 1>i: (41‘:1’131),') 1/22 skaiiMéx[s (7)
o
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where Méﬁ are atomic tensors, termed atomic axial tensors

Ao Th A
Mg = Lo +Jop
i
&B = MZ (er)ngean
Y
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where I, and J7; are the electronic and nuclear contribu-

tions to M}, and (8\Vig/0Hp), is the derivative of the
ground state electronic wave function of the molecule in

the presence of the external magnetic field perturbation
—(pe Hg with respect to Hg, where ﬁe is the elec-
mag ) o B B ‘mag
B

tronic magnetic dipole moment operator. Compared to the
calculation of APTs, the calculation of AATSs requires sim-
ply the additional calculation of the magnetic field deriva-
tives (Oz/0Hg),. Combining eqs 1, 3, and 7 gives the
Stephens equation for the vibrational rotational strength of
the fundamental transition, 0 — 1, of the /th normal mode:

R(0— 1), = hzgﬁj > (SuwiPin) (SuwiMis) )

o\ o

At the time of the development of the Stephens equation
for vibrational rotational strengths, the most accurate pre-
dictions of IR spectra were being made using ab initio
methods for the prediction of vibrational force fields, fre-
quencies and normal coordinates and of APTs. It was
therefore clear that the most accurate predictions of VCD
spectra would require ab initio vibrational force fields, fre-
quencies and normal coordinates, and APTs and AATS.
From the beginning, therefore, the implementation of the
Stephens equation has been carried out using ab initio
methods. The first implementations used the Hartree—
Fock (HF)/self-consistent field (SCF) methodology, within
the ab initio programs GAUSSIAN and CADPAC.!719-%
Over the next decade it became clear that considerable
improvement in the accuracy of VCD spectra, calculated
using ab initio methods, would result from the use of
methods more accurate than the HF/SCF method.?*° In
1996, this expectation led to the application of density func-
tional theory (DFT) to the calculation of AATSs, using
GIAOs (in order to give origin-independent rotational
strengths) by Drs. J.R. Cheeseman and M.J. Frisch at
Gaussian, Inc., within the GAUSSIAN program.>*2 To-
gether with the calculation of vibrational force fields and
APTs using DFT, and thence vibrational dipole strengths
and IR spectra, which had been available since 1992, this
development permitted the prediction of vibrational rota-
tional strengths and VCD spectra using DFT. Comparison
of DFT and HF/SCF VCD spectra for molecules whose ex-
perimental VCD spectra were available showed clearly that
the DFT VCD spectra were much more accurate, as long
as state-of-the-art density functionals were used for the
DFT calculations.?'2® As a result, the DFT method has
become the basis for all calculations of VCD spectra, using
the Stephens equation for vibrational rotational strengths.
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In order to reliably determine the AC of a chiral molecule
by comparison of its experimental VCD spectrum to the
VCD spectra of the two enantiomers, calculated using the
Stephens equation and DFT, a basis set giving minimal ba-
sis set error and a density functional as close to the exact
functional in accuracy as possible are required. The relative
accuracies of different basis sets and functionals in predict-
ing VCD spectra have been evaluated using a number of
conformationally-rigid molecules, including methyl-oxirane,
camphor, fenchone, and «-pinene.>*>37 It has been shown
that the basis sets TZ2P and cc-pVTZ are close to the com-
plete basis set limit, while much smaller basis sets such as
6-31G* are substantially less accurate. In addition, it has
been shown that Becke-hybrid density functionals, such as
B3PW91 and B3LYP, give much more accurate VCD spec-
tra than local and gradient-corrected pure functionals, such
as LSDA and BLYP. Consequently, optimum choices of ba-
sis set and functional are TZ2P/ccpVIZ and B3PW91/
B3LYP. These basis sets and functionals have been used in
the determinations of the ACs of chiral organic molecules
discussed in the following section.

Organic molecules are frequently conformationally-
flexible: i.e., at room temperature, the temperature at
which experimental VCD spectra are measured, multiple
conformations are present in equilibrium. In the case of a
conformationally-flexible molecule, prediction of the VCD
spectrum requires conformational analysis to be carried
out: i.e., the prediction of the geometries, relative free ener-
gies and equilibrium populations of the populated confor-
mations. The VCD spectra of the populated conformations
are then calculated and weighted by the conformational
populations and summed to predict the “conformationally-
averaged VCD spectrum”. The reliability of this spectrum
is dependent on the accuracy of the conformational analy-
sis; if the number of populated conformations is incorrectly
predicted and if the relative free energies and equilibrium
populations are inaccurately predicted, the predicted VCD
spectrum is less accurate than that of a conformationally-
rigid molecule. At the present time, the optimum conforma-
tional analysis procedure for large flexible organic mole-
cules is the following: (1) a molecular mechanics force field
(MMFF) is used to identify the stable conformations of the
molecule with energies within at least 20 kcal/mol of the
global minimum conformation; (2) the MMFF conforma-
tions are then optimized using DFT (with the same basis
sets and functionals to be used for VCD calculations), and
their harmonic frequencies calculated to prove that the
conformations are stable and to permit the calculation of
their free energies. This protocol has been utilized in the
determinations of the ACs of conformationally-flexible chi-
ral organic molecules discussed in the following sections.

HOW TO DETERMINE THE AC OF A CHIRAL
ORGANIC MOLECULE USING VCD SPECTROSCOPY

First, the experimental VCD spectrum of a solution of
an enantiomer of the molecule of known OR is measured
in the mid-IR spectral region, together with the corre-
sponding IR spectrum, using a solution of sufficiently
dilute concentration that Beer’s law is obeyed, guaranteeing

Chirality DOI 10.1002/chir
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the absence of contributions to the IR and VCD spectra
from molecular aggregates. Second, conformational analy-
sis of the molecule is carried out to determine the number,
structures, relative free-energies, and populations of the
conformations in equilibrium at room temperature (the
temperature at which the experimental IR and VCD spec-
tra are measured). Third, the harmonic vibrational fre-
quencies, dipole strengths, and rotational strengths of the
fundamental transitions of all significantly-populated con-
formations are predicted using DFT, and the IR and VCD
spectra obtained thence, using Lorentzian band shapes
(since the band shapes of vibrational transitions of mole-
cules in liquid solutions are Lorentzian). The IR and VCD
spectra of each conformation are then weighted by its pre-
dicted equilibrium population and the population-weighted
spectra of all conformations summed, giving the “confor-
mationally-averaged” IR and VCD spectra. Fourth, the pre-
dicted IR spectrum is used to assign the experimental IR
spectrum, automatically leading to the assignment of the
experimental VCD spectrum (since the IR and VCD of
each fundamental transition occur at identical frequen-
cies). Fifth, the predicted VCD spectra of the two enan-
tiomers are compared to the experimental VCD spectrum.
The VCD spectrum of the enantiomer with the same AC
as the experimental enantiomer should be in excellent
agreement with the experimental VCD spectrum and the
VCD spectrum of the enantiomer with opposite AC should
exhibit zero agreement. The comparison of the calculated
and experimental VCD spectra thus defines the AC of the
experimental enantiomer. Sixth, to define the quantitative
agreement of the calculated and experimental VCD spec-
tra, the calculated and experimental rotational strengths of
the transitions whose VCD is observed are compared. The
experimental rotational strengths are obtained by Lorent-
zian fitting of the experimental VCD spectrum (in solu-
tions obeying Beer’s law vibrational band shapes are Lor-
entzian). The reliability of the AC deduced from the VCD
spectrum is quantitatively established by comparison of
the quantitative agreement of the calculated rotational
strengths of the two enantiomers with the experimental
rotational strengths.

To illustrate this procedure, we discuss the determina-
tion of the ACs of the chiral alkane anti-trans-anti—trans—
anti-trans perhydrotriphenylene, 1, and the chiral thia-
zino-oxadiazol-3-one, 2.

Perhydrotriphenylene, 1

The perhydroderivative of triphenylene, 1, has D3 sym-
metry and is therefore chiral.

Chirality DOI 10.1002/chir
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Optically-active 1 was first synthesized by Farina and
Audisio®®® and its AC assigned as R(—)/S(+) by calcula-
tion of its [a]p, and by conversion to a keto-derivative
whose AC was determined using its CE and the octant rule.
Very recently, gas chromatography was applied by Schiirch
et al. to the resolution of PHTP.?® We have redetermined
the AC of PHTP using VCD spectroscopy, using a sample
of (+)-1 with ee 93.5%, obtained using gas chromatography
by Schiirch and Hulliger.*! The mid-IR and VCD spectra of
a CCly solution of (+)-1 are shown in Figure 1.

Conformational analysis of 1 using the MMFF94 force
field finds four conformations a-d; in the lowest energy
conformation, a, all cyclohexane rings have a chair confor-
mation; in each of the higher energy conformations, one
of the peripheral cyclohexane rings has a twisted-boat con-
formation. B3LYP/6-31G* DFT reoptimization of the
MMFF9%4 conformations a—d, followed by harmonic fre-
quency calculations, leads to the relative energies and
free-energies of the four conformations and, thence, using
Boltzmann statistics, to their room-temperature equilib-
rium populations. Conformation a is predicted to be >99%
of the equilibrium mixture; thus, 1 is predicted to be effec-
tively a conformationally-rigid molecule.

DFT calculations of the IR and VCD spectra of confor-
mation a of 1 have been carried out using the B3LYP and

X2.5 (1400-930 cm’™")

- 100

L2 U

1100 1000

1500 1400 1300 1200

wavenumbers

Fig. 1. The experimental IR and VCD spectra of (+)-1 in CCl, solution
(0.0765 M). The VCD spectrum is normalized to 100% ee.
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Fig. 2. Comparison of the B3PW91/TZ2P and experimental IR spectra
of 1. The band shapes of the calculated spectra are Lorentzian (y = 4.0
cm Y. The numbers define the fundamental modes of 1 contributing to
the spectral bands.

B3PWO1 functionals and the 6-31G* and TZ2P basis sets.
Comparison of the predicted IR spectra to the experimen-
tal IR spectrum showed that the best agreement with
experiment was produced by the combination of B3PW91
and TZ2P. The B3PW91/TZ2P IR spectrum is compared
to the experimental IR spectrum in Figure 2 and leads to
unequivocal assignment of the experimental spectrum, as
detailed in Figure 2. (Note that the calculated frequencies
are higher by a few percent than the experimental
frequencies, due to the neglect of anharmonicity in the cal-
culations.) This, in turn, leads to the assignment of all of
the bands in the VCD spectrum with frequencies identical
to bands in the IR spectrum. Comparison of the B3PW91/
TZ2P VCD spectra of the two enantiomers of conformation
aofl,

H H H H

R-1 S-1

to the experimental VCD spectrum of (+)-1, shown in
Figure 3, leads unambiguously to the conclusion that S is the
AC of (+)-1. The detailed assignment of the experimental
VCD spectrum, based on the B3PW91/TZ2P assignment
of the IR spectrum and the B3PW91/TZ2P VCD spectrum
is shown in Figure 3. The rotational strengths of the
observed VCD bands are then determined by Lorentzian
fitting of the experimental VCD spectrum. Comparison to
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the sums of the B3PW91/TZ2P rotational strengths of R-1
and S-1 for the fundamental transitions assigned to the ex-
perimental VCD bands is shown in Figure 4. The agree-
ment of the S-1 rotational strengths with the experimental
rotational strengths of (+)-1 is nearly perfect, while the
agreement of the R-1 rotational strengths is as bad as can
be. This comparison thus definitively establishes that the
AC of (+)-1 is S. In addition, it supports the prediction
that only conformation a is significantly populated, and
proves that the B3PW91 functional is a very accurate func-
tional and that the TZ2P basis set is an excellent approxi-
mation to the complete basis set. The importance of the
use of a basis set leading to rotational strengths with little
basis set error is emphasized by comparison of the rota-
tional strengths of S-1 predicted by B3PW91 with the 6-
31G* basis set to the experimental rotational strengths of
(+)-1, shown in Figure 5.

The AC of (+)-1, determined using VCD, is the same as
that assigned by Farina and Audisio.®®% At this time,
there is no longer any uncertainty in the AC of 1.

8-(4-Br-phenyl), 8-ethoxy, 5-methyil,
8H-[1,4]thiazino-[3,4-cl[1,2,4] oxadiazol-3-one, 2

A range of thiazino-oxadiazolones were recently synthe-
sized by Budriesi et al.,, and their activities as calcium

e THTa

mn BT (S5)-1

ATiHE

e expt:(+)-1 in CCl,

BiED

' (R)-1

1500 1400

T T T

T
1300 1200 1100 1000
wavenumbers

Fig. 3. Comparison of the B3PW91/TZ2P spectra of S-1 and R-1 to the
experimental VCD spectrum of (+)-1. The band shapes of the calculated
spectra are Lorentzian (y = 4.0 cm™Y). The numbers define the funda-
mental modes of 1 contributing to the spectral bands.
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entry channel blockers assayed.*? The most active com-
pound synthesized was 2; its activity was 20 times greater
than that of diltiazem, a widely-used L-type calcium entry
channel blocker. 2 contains a stereogenic C atom, C8, and
is therefore chiral, the enantiomers being:

P oy
/2 C/°°\
3 3
\ /4
N
30— HaCg O/CH2 —CH.
1o 1 12
\\“ ”//
15 18 18 15
16 16
17 17
Br Br
(R)-2 (8)-2
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Budriesi et al. synthesized and assayed racemic 2. To
determine the enantioselectivity of the calcium entry chan-
nel blocker activity of 2, racemic 2 was subsequently
resolved using chiral HPLC by Gasparrini*® and the activ-
ities of the two enantiomers assayed. (—)-2 exhibited
higher activity than did (+)-2.%

In order to better understand the mechanism of the cal-
cium entry channel blocker activity of 2, we have deter-
mined its AC using VCD,* using samples of (+)-2 and
(—)-2 resolved by Gasparrini using HPLC. The mid-IR IR
and VCD spectra of CDCl; solutions of (+)-2 and (+)-2,
respectively, are shown in Figure 6.

2 is a very conformationally-flexible molecule: the six-
membered thiazino ring is expected to be nonplanar and
have more than one conformation; the phenyl group can
rotate around the C8—C13 bond; the ethoxy group can
rotate around the C8—010 and 010—Cl11 bonds. As
expected, conformational analysis using the MMFF94
force field finds a large number of conformations. B3LYP/
6-31G* DFT reoptimization of these conformations leads
to 13 stable conformations with relative energies and free-
energies within 8 kcal/mol. Luckily, only the three lowest-
energy conformations, a-c, are predicted to have room-
temperature equilibrium populations >2%:

In each of these three conformations the thiazino ring has
the same conformation, but the conformation of the 8-
ethoxy group is different.

DFT calculations of the IR and VCD spectra of confor-
mations a—c of 2 have been carried out using B3LYP and
B3PW91 functionals and the 6-31G* and TZ2P basis sets.
Comparison of the conformationally-averaged IR spectrum
of 2 to the experimental IR spectrum showed that the best
agreement with experiment was provided by the combina-
tion of B3PW91 and TZ2P. The B3PW91/TZ2P IR spec-
trum is compared to the experimental IR spectrum in Fig-
ure 7 and leads to the assignment of the experimental
spectrum detailed in Figure 7. It is important to note that
in the calculated spectrum, for some fundamentals the
bands of the conformations a—c are sufficiently different in
frequency that they are resolved. In these cases, the con-
formational splittings are also observed in the experimen-
tal spectrum, providing support for the conformational
analysis of 2. The assignment of the experimental IR spec-
trum leads to assignment of the bands in the VCD
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Fig. 7. Comparison of the conformationally averaged B3PW91/TZ2P
IR spectrum of 2 to the experimental IR spectrum of (+)-2. The numbers
are those of the fundamentals. When no conformation is specified the fun-
damentals of a, b and ¢ are unresolved.

spectrum with frequencies identical to bands in the IR
spectrum. Comparison of the B3PW91/TZ2P conforma-
tionally-averaged VCD spectrum of the two enantiomers of
2 to the experimental VCD spectrum of (+)-2, shown in
Figure 8, leads unambiguously to the conclusion that the
AC of (+)-2 is S. The detailed assignment of the experi-
mental VCD spectrum, based on the B3PW91/TZ2P
assignment of the IR spectrum and the B3PW91/TZ2P
VCD spectrum, is shown in Figure 8. Again, as with the IR
spectrum, resolution of the contributions of different con-
formations to the VCD spectra of several modes is clearly
observed, further supporting the conformational analysis
of 2. The rotational strengths of the observed VCD bands
are then determined by Lorentzian fitting of the experi-
mental VCD spectrum. The B3PW91/TZ2P rotational
strengths of each observed VCD band are then calculated
by summing the population-weighted rotational strengths
of the fundamentals assigned to the band. Comparison of
these calculated rotational strengths for the two enantio-
mers of 2 to the experimental rotational strengths of (+)-2
is shown in Figure 9. The agreement of the S-2 rotational
strengths with the experimental rotational strengths of
(+)-2 is excellent (except for modes 52-54), while the
agreement of the R-2 rotational strengths is terribly bad.
This comparison thus definitively establishes that the AC
of (+)-2 is S. In addition, it further confirms the excellent
accuracies of the B3PW91 functional and the TZ2P basis
set in predicting vibrational rotational strengths.

The AC of 2, determined using VCD, shows that the
enantiomer of 2, (—)-2, having the higher calcium entry
channel blocker activity has the AC R. If 2 eventually
becomes a commercial pharmaceutical, it will probably be
the R-(—) enantiomer which is used.

Chirality DOI 10.1002/chir
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Fig. 8. Comparison of the conformationally averaged B3PW91/TZ2P
VCD spectra of (S)-2 and (R)-2 to the experimental VCD spectrum of
(+)-2. The numbers are those of the fundamentals. When no conforma-
tion is specified the fundamentals of a, b and ¢ are unresolved.

APPLICATIONS OF VCD SPECTROSCOPY TO
THE DETERMINATION OF ACs OF CHIRAL
ORGANIC MOLECULES, USING THE
STEPHENS EQUATION FOR VIBRATIONAL
ROTATIONAL STRENGTHS AND DFT

Since the application of DFT to the calculation of vibra-
tional rotational strengths in the GAUSSIAN program, in
addition to molecules 1 and 2, we have analyzed the VCD
spectra of many chiral organic molecules using DFT. Mol-
ecules whose studies have been published are shown in
Figure 10. In some cases, e.g., the monoterpenes, cam-
phor 7, fenchone 8, and a-pinene 9, the ACs had previ-
ously been unambiguously determined, and the studies
focused primarily on the relative accuracies of DFT calcu-
lations using different combinations of functionals and ba-
sis sets.>*3° In some other cases, for example Troger’s
Base, 13, and the chromenone, 25, while their ACs had
been previously assigned, the reliability of these ACs was
questionable. Our VCD studies of these molecules focused
primarily on establishing their ACs definitively. In the
case of Troger’s base, 13, its AC had been assigned to be
R,R(+) by Mason et al.*® using its electronic CD (ECD)
spectrum together with the Coupled Oscillator theory of
electronic rotational strengths. Our VCD study of Triger’s
base?®*” showed that its AC is in fact R,R(-)/S,S(+), the
Chirality DOI 10.1002/chir
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opposite of that assigned by Mason et al. In the case of
25, its AC had been assigned to be R(—)/S(+) by Besse
et al.*® using the Bijvoet Xray crystallography method.
Our VCD study of the acetate derivative of 25 showed
that the AC of 25 is in fact R(+)/S(-), the opposite of
that assigned by Besse et al. Our studies of 13 and 25
demonstrated the greater power of VCD spectroscopy in
determining ACs compared to the coupled oscillator ECD
method and the Bijvoet Xray crystallography method
when applied to molecules not having a “heavy atom.”
Several of our VCD studies have been motivated by
the need to understand the mechanisms of asymmetric
synthesis reactions. For example, the mechanism of the
asymmetric synthesis of chiral sulfoxides by reaction of

1
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Fig. 9. Comparison of calculated rotational strengths for (R)-2 and (S)-
2 to the experimental rotational strengths of (+)-2. Rotational strengths
are in 10~ ** esu® cm®.
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the corresponding sulfides with fert-butyl-hydroperoxide,
together with Ti(iso-PrO), and optically-active 1,2-diphenyl-
ethane-1,2-diol was investigated in collaboration with
Rosini by determination of the ACs of 1-Me-2-Me-naphthyl-
sulfoxide, 17,°° 1-thiochroman-sulfoxide, 18,°! and 1-thio-
chromanone-sulfoxide, 19.°> The mechanism of the
asymmetric synthesis of chiral phenyl-glycidic-acid deriva-
tives via asymmetric epoxidation of frans-cinnamic acid

derivatives using oxone and a keto-bile-acid was investi-
gated in collaboration with Bortolini by determination of
the ACs of the o0-Br, m-F, and p-CH; derivatives of phenyl
glycidic acid, 26.%% The mechanism of the Baeyer-Villiger
oxidation of a chiral bicyclo[3.3.1]nonane-2,7-dione, giving
the chiral keto-lactone, 11, was investigated in collabora-
tion with Butkus by determination of the AC of 11.%* The
mechanism of the asymmetric synthesis of spiropentylcar-

Chirality DOI 10.1002/chir
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Fig. 11. Comparison of experimental and conformationally averaged B3PW91/TZ2P IR and VCD spectra of 32 for the range 800-1800 cm ™. Funda-
mentals are numbered. Red and green numbers indicate bands of conformations a/a’ and b/b’ respectlvely Black numbers indicate superpositions of
bands of conformations a, a’, b and b’. Band shapes of the calculated spectra are Lorentzian (y = 4.0 cm ™).

boxylic acid via deamination of spiropentylamine was
investigated in collaboration with Wiberg by determination
of the ACs of the methyl ester of spiropentylcarboxylic
acid, 21, and spiropentyl acetate, 22.%

Another focus of our studies has been the determination
of the ACs of natural products. Since our early studies of
the natural products camphor, fenchone, and o-pinene, it
has been clear that this could become a major application
of VCD spectroscopy. In 1998 we studied the natural prod-
uct frontalin,®® 10, an insect pheromone. Recently, we
have returned to this area, studying the cytotoxic sesqui-
terpene quadrone, 12,°7 the alkaloids schizozygine, 28,
Chirality DOI 10.1002/chir

iso-schizogaline and iso-schizogamine, 29,°%* and the
iridoids plumericin and iso-plumericin, 30, and prismato-
merin 31.°°%2 The studies of the alkaloids and iridoids
have demonstrated the power of DFT-based VCD spec-
troscopy in determining the ACs of very large natural
product molecules. We expect that this area of application
of VCD will grow rapidly in the near future, as a result,
and significantly impact the elucidation of the stereoche-
mistries of natural products, especially those of potential
pharmaceutical interest. For this reason, in the following
section, we discuss our studies of the alkaloids and iri-
doids 28-31.
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APPLICATIONS OF VCD SPECTROSCOPY TO
THE DETERMINATION OF THE ACs OF
NATURAL PRODUCTS
The Alkaloids Schizozygine,
Iso-schizogaline and Iso-schizogamine

The alkaloids schizozygine, iso-schizogaline, and iso-
schizogamine were isolated from the East African plant,
Schizozygia caffaeoides, extracts of which have been used
in traditional medicine in Kenya for the treatment of skin
diseases. The spectroscopic properties and chemical reac-
tions of schizozygine led Renner et al.®*% to the conclu-
sion that the structure is:

(2R7S,20S215)-32 OR  (2S,7R.20R,21R)-32

The structures of iso-schizogaline and iso-schizogamine
have been recently shown by NMR®®%" to be:

(2R7R20S215-33 OR (257S,20R,21R)-33

(2R,7R,205,215)-34

OR (257S20R21R)-34

The relative configurations of 32-34 result from their
NMR studies. Until very recently, however, no determina-
tion of the ACs of these natural products had been
reported. In 2006, in collaboration with Urbanova and
Hajiicek, we determined the ACs of these three alkaloids,
using VCD.%8%

Schizozygine®®. Naturally occurring 32 exhibits a
positive [a]p value. The IR and VCD spectra of (+)-32
were measured using CDCl; solutions. Conformational
analysis of 32 identified four conformations with B3LYP/
6-31G* energies within a range of 0.4 kcal/mol. The rela-
tive free energies, room-temperature equilibrium popula-
tions, IR and VCD spectra of these four conformations
were predicted using the functionals B3LYP and B3PW91
and the basis set TZ2P. Comparison of the conformationally-
averaged IR spectra to the experimental spectrum led
to the conclusion that the B3PW91/TZ2P spectrum gave
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the best agreement with experiment. The B3PW91/TZ2P
IR spectrum is compared to the experimental spectrum in
Figure 11, leading to the assignment of the experimental
IR spectrum, also shown in Figure 11. The assignment of
the experimental IR spectrum simultaneously leads to the
assignment of the experimental VCD spectrum, as also
shown in Figure 11. Comparison of the B3PW91/TZ2P
VCD spectrum of (2R,7S5,20S5,215)-32 to the experimen-
tal VCD spectrum of (+)-32 shows that the agreement is
excellent, and that the AC of 32 is therefore
(2R,75,20S5,215)-(+). Quantitative comparison of the cal-
culated rotational strengths for both enantiomers of 32
and the experimental rotational strengths, obtained by
Lorentzian fitting, is shown in Figure 12. Unquestion-
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Fig. 12. Comparison of experimental and B3PW91/TZ2P rotational
strengths of 32. Calculated rotational strengths are for (2R,7S,20S,215)-
and (2S,7R,20R,21R)-32. Experimental rotational strengths are for (+)-
32. Calculated rotational strengths are population-weighted averages.
Rotational strengths are in 10™* esu® cm?.
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ably, the calculated rotational strengths for
(2R,75,208,215)-32 are in far superior agreement with
the experimental rotational strengths for (4)-32 than
are the calculated rotational strengths for (2S,7R,20R,
21R)-32. The AC of (+)-32 is unambiguously shown to
be 2R,7S,20S,218S.

Iso-schizogaline and Iso-schizogamine®®. Naturally
occurring 33 and 34 both exhibit negative [a]p values.
The IR and VCD spectra of (—)-33 and (—)-34 were
measured in CDCl; solutions. Analysis of the IR and VCD
spectra followed the same protocol as used for 32. Again,
the B3PW91/TZ2P conformationally-averaged IR spectra
of 33 and 34 were in the best agreement with the experi-
Chirality DOI 10.1002/chir

mental spectra. These spectra and the resulting assign-
ments of the experimental IR and VCD spectra are shown
in Figures 13 and 14. The B3PW91/TZ2P VCD spectra of
(2R,7R,205,215)-33 and (2R,7R,20S,215)-34, also shown
in Figures 13 and 14, are in excellent agreement with
the experimental VCD spectra of (—)-33 and (—)-34, lead-
ing to the conclusion that the ACs of both are
(2R,7R,20S,215)-(—). Quantitative comparisons of calcu-
lated rotational strengths for both enantiomers of 33 and
34 to the experimental rotational strengths of (—)-33 and
(—)-34, shown in Figures 15 and 16, definitively confirm
that the ACs of both (—)-33 and (—)-34 are
2R,7R,20S,218S.
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The Iridoids Plumericin, Iso-plumericin,
and Prismatomerin®®-%2

The iridoid natural product plumericin, 35, was first iso-
lated from the plant Plumeria multiflora by Little and John-
stone® and shown to exhibit antifungal and antibacterial
activity. Later, Albers-Schonberg and Schmid®7 isolated
35 and its isomer, iso-plumericin, 36, from Plumeria
rubra var. alba and, on the basis of chemical and spectro-

scopic studies, assigned their structures and ACs as: (1R,55,85,95,105)-35 (1R,55,85,95,105)-36
Chirality DOI 10.1002/chir
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Fig. 15. Comparison of experimental and B3PW91/TZ2P rotational
strengths of 33. Experimental rotational strengths are for (—)-33. Calcu-
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33. Calculated rotational strengths are population-weighted averages of
conformations Ia, Ib and ITa. Rotational strengths are in 10™** esu® cm?.

Total syntheses of racemic 35 and 36717 and X-
ray crystal structure determinations of the natural
products (+)-35 and (+)-36"* have confirmed these
structures, but have not confirmed or disproved the
ACs. Very recently, Elsisser et al.”* concluded, from
comparison of the ECD spectra of (+)-35 and (+)-36
to ECD spectra calculated using semiempirical MO
theory, that the ACs assigned by Albers-Schénberg
and Schmid were incorrect. In 2006, in collaboration
with Krohn and Kurtdn, we redetermined the ACs of
these two iridoids, using VCD,%° with the results dis-
cussed below.

Very recently, a new, highly cytotoxic, iridoid has
been isolated from Prismatomeris tetrandra, and
named prismatomerin.®® Chemical and spectroscopic
studies identified the structure of prismatomerin, 37,
as:

Chirality DOI 10.1002/chir
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(1R55,85,95,105)-37

OR (1S5R8R9R,10R)-37

differing from 35 and 36 simply by the substitution
of a methyl group by a para-phenol group. The spe-
cific rotation, [a]p, of 37 is —136, similar in magni-
tude but opposite in sign to the [a]lp of 35, +204,
raising the possibility that the AC of 37 might be op-
posite to that of 35. To evaluate this conclusion, the
AC of 37 was determined using the VCD of its ace-
tate derivative, 38%1:62

(2R,7TR.205.215)34
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Fig. 16. Comparison of experimental and B3PW91/TZ2P rotational
strengths of 34. Experimental rotational strengths are for (—)-34. Calcu-
lated rotational strengths are for (2R,7R,20S,21S)- and (2S,7S,20R,21R)-
34. Calculated rotational strengths are population-weighted averages of
conformations Ia-Ie and Ila. Rotational strengths are in 10™** esu” cm®.
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Fig. 17. Comparison of the experimental and B3PW91/TZ2P IR and VCD spectra of 35 for the range 750-1900 cm ™. The numbers define the fun-
damentals contributing to resolved bands. Red, green and cyan numbers refer to fundamentals of a, b and ¢/d respectively. Black numbers are used
when the bands of a and b are not resolved. Band shapes of the calculated spectra are Lorentzian (y = 4.0 cm™b).

(1R55,85,95,105)-38

(in order to minimize intermolecular hydrogen-bonding),
with the result discussed below.

Plumericin and Iso-plumericin®®. Naturally-occur-

ring 35 and 36 exhibit positive [a]p values. The IR and
VCD spectra of (+)-35 and (+)-36 were measured using
CDCl; solutions. Conformational analysis of 35 and 36
identified four conformations with B3LYP/6-31G* energies
within a range of 2.0 kcal/mol. Analysis of the experimen-
tal IR and VCD spectra of (+)-35 and (+)-36 followed

Chirality DOI 10.1002/chir
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Fig. 18. Comparison of the experimental and B3PW91/TZ2P IR and VCD spectra of 36 for the range 750-1900 cm™*. The numbers define the fun-
damentals contributing to resolved bands. Red, green and cyan numbers refer to fundamentals of a, b and ¢/d respectively. Black numbers are used
when the bands of a and b are not resolved. Band shapes of the calculated spectra are Lorentzian (y = 4.0 cm™ ).

the same protocol as discussed above in the case of
32. Again, the B3PW91/TZ2P conformationally-averaged
IR and VCD spectra of (1R,5S5,85,95,105)-35 and
(1R,55,8S5,95,105)-36 were in the best agreement with the
experimental spectra. These spectra and the resulting
assignments of the experimental spectra are shown in
Figures 17 and 18. The B3PW91/TZ2P VCD spectra
of (1R,55,85,95,105)-35 and (1R,5S5,85,95,105)-36 are in
excellent agreement with the experimental VCD spectra
(+)-35 and (+)-36, showing that the ACs of both are
(1R,5S,85,95,105)-(+). Quantitative comparisons of calcu-
Chirality DOI 10.1002/chir

lated rotational strengths for both enantiomers of 35 and
36 to the experimental rotational strengths of (+)-35 and
(+)-36, shown in Figures 19 and 20, definitively confirm

that the ACs of both (+)-35 and (+)-36 are
1R,55,85,95,10S.
Prismatomerin®%2, Naturally-occurring 37 exhibits

a negative [a]p value. The [a]p of the acetate derivative of
37, 38, is also negative. The IR and VCD spectra of (—)-38
were measured using a CDCl; solution. The B3PW91/
TZ2P conformationally-averaged IR and VCD spectra of
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(1R,55,8S,95,105)-38 are compared to the experimental IR
and VCD spectra in Figure 21, leading to the assignments
of the experimental IR and VCD spectra also shown in Fig-
ure 21. Comparison of calculated and experimental rota-
tional strengths, the former for both enantiomers of 38, is
shown in Figure 22. The good agreement of the calculated
VCD spectrum of (1R,5S,85,95,105)-38 and the experi-
mental VCD spectrum of (—)-38, together with the supe-
rior agreement of the calculated rotational strengths for
(1R,55,85,95,105)-38, compared to those for (1S,5R,
8R,9R,10R)-38, with the experimental rotational strengths
lead to the conclusion that the AC of (—)-38 is
1R,55,85,95,10S. It follows that the AC of (—)-37 is also
1R,5S,8S,9S5,10S.

The ACs of 37 and 35 are thus identical. The conclu-
sion that they are opposite, derived from the signs of their
[a]p values, is thus wrong.
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CONCLUSION

We have demonstrated that the prediction of the VCD
spectra of the enantiomers of a chiral molecule using the
Stephens equation for vibrational rotational strengths and
the DFT methodology, together with optimally chosen ba-
sis sets and density functionals, is of sufficient reliability to
permit the unambiguous determination of the ACs of or-
ganic molecules. In the cases of conformationally-rigid
molecules, for example perhydrotriphenylene, 1, pre-
dicted rotational strengths are in excellent quantitative
agreement with experimental rotational strengths. The
minor differences can be attributed to both experimental
errors and theoretical errors. The accuracies of experi-
mental VCD spectra depend on the magnitudes of artifact
signals generated by the spectrometer used, due to imper-
fections in optics. The accuracies of the predicted VCD
spectra depend on the accuracies of the basis set and den-
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Fig. 20. Comparison of B3PW91/TZ2P calculated and experimental
rotational strengths of 36. Experimental rotational strengths are for
(+)-36. Calculated rotational strengths are for (1R,5S,85,9S,10S)- and
(1S,5R,8R,9R,10R)-36. Calculated rotational strengths are population-
weighted averages. Rotational strengths are in 1074 esu® cm?.
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sity functional used (as discussed above) and, also, on the
magnitudes of contributions to the vibrational rotational
strengths due to vibrational anharmonicity and solvent
effects, which are not included in the predicted spectra.
Except when Fermi resonance is significant, as is always
the case for the C—H stretching modes of organic mole-
cules, anharmonicity clearly causes very small contribu-
tions to the rotational strengths of vibrational transitions in
the mid-IR (<2000 cm ™ Y), the region universally used in
determining ACs. As long as the solvent chosen for the
measurement of the experimental VCD spectrum interacts
weakly with the solute molecule, solvent effects clearly
cause very small contributions to vibrational rotational
strengths. The most commonly used solvents are CCly,
Chirality DOI 10.1002/chir

CHCI;, CDCl3, and CS,, because they absorb minimally in
the mid-IR spectral region and interact minimally with the
majority of organic molecules.

In the cases of conformationally-flexible molecules, for
example the thiazino-oxadiazolone 2 and the alkaloids and
iridoids 32-37, there is an additional source of error in
the predicted VCD spectra: errors in the predicted confor-
mational relative free energies and equilibrium populations.
For some conformationally-flexible molecules, calculated
and experimental rotational strengths agree less well than
is the case for conformationally-rigid molecules, most likely
due to errors in predicted conformational populations.
Examples of molecules where this is observed are the alka-
loid and iridoid molecules 32-37 (see Figs. 11-22).
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The prediction of vibrational rotational strengths and
VCD spectra will therefore be improved in accuracy in the
future by the following developments: (1) the development
of more accurate density functionals; (2) the inclusion of
anharmonicity; (3) the inclusion of solvent effects; (4)
improvement in the prediction of the equilibrium popula-
tions of conformationally-flexible molecules. Such advan-
ces will increase the reliability of the ACs of organic mole-
cules determined using VCD spectroscopy.

The analysis of VCD spectra is substantially easier and
more reliable than the analysis of ECD spectra, for two
reasons. First, vibrational transitions have much smaller
bandwidths than electronic transitions and, as a result,
VCD spectra are much more highly resolved than are
ECD spectra. Second, vibrational rotational strengths only
depend on the wave function of the ground electronic
state, while electronic rotational strengths depend on the
wave functions of both ground and excited electronic
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states. The calculation of the ground electronic state wave
function is more accurate than the calculation of excited
electronic state wave functions, so vibrational rotational
strengths are more accurately predicted than electronic
rotational strengths. The comparison of calculated and ex-
perimental electronic rotational strengths is therefore
more difficult and less accurate than the comparison of cal-
culated and experimental vibrational rotational strengths.
Consequently, ACs are more easily and reliably deter-
mined using VCD, compared to ECD.

What are the limitations of VCD in determining ACs? If
the molecule is enormously large, DFT calculations are
impractical. At this time, therefore, bioorganic molecules
such as proteins and nucleic acids cannot be analyzed. If
the molecule is enormously flexible, and the number of
populated conformations is enormously large, the predic-
tion of its VCD spectrum becomes very time-consuming
and less reliable. For these reasons, VCD is not univer-
sally applicable to the determination of ACs. Nevertheless,
for the majority of medium-sized organic molecules VCD
is a practical technique. Undoubtedly, many more applica-
tions will be carried out in the future.
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Why is it Important to Simultaneously Use More Than One
Chiroptical Spectroscopic Method for Determining the

Structures of Chiral Molecules?
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ABSTRACT In recent years, four different chiroptical spectroscopic methods,
namely vibrational circular dichroism, vibrational Raman optical activity, electronic cir-
cular dichroism, and optical rotatory dispersion, have become popular for establishing
the absolute configuration and predominant conformations of chiral molecules in solu-
tion state. Many individual laboratories normally utilize only one of these methods to
derive the molecular structural information. Although that approach may be satisfactory
for most of the molecules studied, it is to be noted that in some instances a single
method can give ambiguous conclusions or may not give complete structural informa-
tion. This article summarizes the situations where simultaneous use of more than one
chiroptical spectroscopic method is required to obtain molecular structural information
and recommends the routine application of more than one chiroptical spectroscopic
method for any given molecule. Chirality 20:664-672, 2008.  © 2007 Wiley-Liss, Inc.

KEY WORDS: vibrational circular dichroism; vibrational Raman optical activity;

electronic circular dichroism; optical rotatory dispersion; absolute
configuration; chiral molecules

INTRODUCTION

In recent years, there has been a renaissance’ in the
use of chiroptical spectroscopic methods for determining
the molecular stereochemistry of chiral molecules. These
spectroscopic methods include vibrational circular dichro-
ism (VCD),** vibrational Raman optical acitivity (VROA),>*
electronic circular dichroism (ECD)*® and optical rota-
tory dispersion (ORD).>!® The increased confidence in
the use of these methods results from remarkable develop-
ments that were advanced by younger generation of quan-
tum chemists for reliably predicting VCD, VROA, ECD,
and ORD using quantum mechanical methods. These
developments included quantum mechanical methods as
well as implementation of these methods in quantum me-
chanical software programs that can be used with ease by
newcomers to these areas.

Although numerous theories have been explored (see
Ref. 3 for a summary) for VCD predictions, two related
theories, namely vibronic theory' and magnetic field per-
turbation theory,'®!® were advanced in 1983. The use of
ground state electronic wave functions perturbed sepa-
rately by nuclear displacements and external magnetic
field, to calculate the vibrational rotational strengths,
formed the basis of magnetic field perturbation theory and
was first suggested in the PhD thesis of Galwas'? and pub-
lished a few years later.!® A similar procedure was inde-
pendently reported'* by Stephens. The implementation of
© 2007 Wiley-Liss, Inc.

magnetic field perturbation theory for VCD calculations
with density functionals’® has provided reliable predic-
tions'®18 of VCD.

A formalism to calculate electric dipole-magnetic dipole
polarizability in the static limit,*? as implemented at that
time in the CADPAC program,?’ lead to the realization®!
by this author that VROA can be predicted quantum
mechanically using numerical derivatives of polarizabilty
tensors. Then the development of methods for calculating
frequency dependent polarizabilities?? made it possible to
predict frequency dependent VROA for nonresonant exci-
tation wavelengths. Later, implementation of density func-
tional theory for VROA calculations® has lead to reliable
VROA predictions. However, the numerical procedure
used for obtaining the nuclear displacement derivatives of
polarizabilities restricted the size of molecules that can be
investigated. The development of analytic methods®*?° for
frequency dependent derivatives of electric dipole—electric
dipole and electric dipole—electric quadrupole polarizabil-
ities marked a significant advance. Nevertheless a similar
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Fig. 1. Comparison of experimental and predicted VCD (top panel, A)
and ECD (bottom panel, B) spectra for Nis[ (C5HsN),N]4Cl,. The experi-
mental spectra were obtained for (—)-enantiomer and predicted spectra
were obtained for P-enantiomer. The predicted spectra are shifted
upwards for clarity. Excellent agreement between experimental and pre-
dicted spectra leads to the assignment of absolute configuration for
Nis[(CsHsN)2N14Cl; as (—)-P.

analytic method for frequency dependent derivatives of
electric dipole-magnetic dipole polarizability has not yet
been realized.

The first quantum mechanical calculation of optical rota-
tion was reported?® by this author in 1997 using the static
limit'® electric dipole—magnetic dipole polarizability. Since
then remarkable advances have occurred?=° in predicting
the optical rotation reliably. Simultaneous advances have
taken place in the prediction of ECD as well.***° It should
be noted that ORD and ECD are not truly independent
methods and theoretical ORD and ECD spectra can be
obtained in a single quantum mechanical calculation using
complex polarization propagator approach.#17#3

There are now numerous applications demonstrating
the reliability of each of the abovementioned chiroptical
spectroscopic methods in investigating the structures of
individual chiral molecules. In most typical cases it may
turn out that a given chiroptical spectroscopic method may
have provided satisfactory structural solution to a given
molecule and that the use of a different chiroptical spectro-
scopic method may not have provided any additional
information. As an example, for a tri-nickel complex,44
Niz[(CsH5N)oN]4Cly, comparison of experimental VCD
spectrum with B3LYP/LANL2DZ predicted VCD spectrum
indicates (see Fig. 1) that the absolute configuration of
this complex is (—)-P. The same conclusion is reached**
for this complex from the comparison of its experimental

665

ECD spectrum with BHLYP/LANL2DZ predicted ECD
spectrum. On the basis of this example, and several other
similar cases in the literature, it might appear that multiple
chiroptical spectroscopic methods are likely to give redun-
dant information and that it might be unnecessary to use
more than one chiroptical spectroscopic method for struc-
tural determination. However, instead of viewing these
methods as redundant, one should view them as providing
independent verifications of molecular structures.

Regardless of the viewpoint preferred in such cases, one
should be aware of the possibility that a given chiroptical
spectroscopic method may give ambiguous, or may not
give complete, and entirely correct, structural information
for a given molecule. In such cases the simultaneous use
of more than one chiroptical spectroscopic method may
provide missing information or a solution to ambiguous
conclusions. The present manuscript summarizes such
cases, uncovered during the investigations in the author’s
laboratory, where simultaneous use of more than one chi-
roptical spectroscopic method is warranted to obtain reli-
able molecular structural information. These examples
demonstrate that the routine use of more than one chiropt-
ical spectroscopic method should be practiced for any
given molecule.

COMPARATIVE LIMITATIONS OF CHIROPTICAL
SPECTROSCOPIC METHODS

Electronic transitions and vibrational transitions need not
probe the same structural aspects of chiral molecules. As a
result, the information “seen” via ECD/ORD spectroscopy
may not be apparent via VCD and/or VROA spectroscopy
and vice versa. In discussing this point, the context should
be clarified first. For molecules which are optically active
by virtue of isotopic substitution, VCD or VROA spectros-
copy provides richer information***® than ECD*’ and
ORD™ spectroscopies. However, such molecules, where
chirality is solely due to isotopic substitution, are not the
focus here. The main point under discussion here became
evident during the investigation®® of a polyguanidine (Fig.
2A). The bands in ECD spectra of polyguanidine in chloro-
form (Fig. 2B) and toluene (Fig. 2C) are totally different
and have opposite signs, but the bands in VCD spectra of
polyguanidine in these solvents have same signs and are
identical (see Fig. 2D). When polyguanidine dissolved in
toluene is subjected to thermal cycling in the temperature
range of 25-60°C, the ECD spectra and UV-visible spectra
of polyguanidine are reversibly switched®?; that is, a posi-
tive ECD band present for polyguanidine at 382.0 nm at
25°C, becomes negative ECD band at 382.0 nm at 60°C.
Accompanying electronic absorption band position of poly-
guanidine also switches® from 384.4 nm at 25°C to 382.4
nm at 60°C. The sign of measured optical rotation also
changed®! between 31 and 40°C. But no such temperature
dependent sign reversals were seen in the VCD spectra.

The VCD spectrum of polyguanidine exhibits (see Fig.
2D) a large positive bisignate couplet (positive VCD lobe
on the lower frequency side and negative VCD lobe on the
higher frequency side of absorption band) at 1641 cm ™! in

Chirality DOI 10.1002/chir
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Fig. 2. (A) Structural drawing of polyguanidine; (B) ECD spectrum of polyguanidine in chloroform (¢ = 25.0 mg/ml, path length = 0.1 mm); (C)
ECD spectrum of polyguanidine in toluene (¢ = 20.0 mg/ml, path length = 0.1 mm); (D) The vibrational absorbance spectrum (bottom panel, in CDCls,

¢ = 10.0 mg/ml, path length = 300 pm) and VCD spectra (top panel, in CDCl3 ¢ = 10.0 mg/ml, path length = 300 um, and toluene ¢ = 20.1 mg/ml,
path length = 200 pm) of polyguanidine. Spectra in CDClI3 at a concentration of 20 mg/ml are similar to those shown here. The traces labelled “noise

”»

represent reproducibility level in the VCD spectra. VCD spectrum in toluene (shifted upwards for clarity) is not shown below ~1600 cm ™! due to exces-

sive absorbance of the solvent.

both the polar solvent chloroform and the less polar sol-
vent toluene, and is associated with the imine stretching
vibration in the polyguanidine backbone. This VCD cou-
plet remained independent in shape at various tempera-
tures in the range of 25-60°C except for slight variation in
intensity, unlike those in the ECD spectra. The handed-
ness of polyguanidine could be established by comparing
its experimental VCD spectrum with that predicted for the
repeating unit of polyguanidine with P-handed structure
using B3LYP density functional and the 6-31G* basis set.
The predicted VCD spectrum was found®® to be in excel-
lent agreement with the experimentally observed VCD
spectrum of polyguanidine, establishing that investigated
polyguanidine has P-handedness.

The two contradictory observations, namely switching
of ECD and optical rotation properties with temperature
and solvent polarity, and lack of such switching of VCD
property, can only be reconciled if the anthracene rings
are considered to synchronously wag around the N-C(Ar)
bonds (thereby acting like a shutter). In this wagging
motion, the orientation of anthracene rings relative to the
position of lone pair electrons on nitrogen atoms changes
which in turn changes the lone pair-n-electron interactions

Chirality DOI 10.1002/chir

and hence ECD and optical rotation properties, but the
chirality sensed by the vibrations of C=N bonds are not
affected.

This example®! illustrates that if investigations on poly-
guanidine were carried out only with ECD, the tempera-
ture dependent switching of ECD property could have
been presumed to arise from helical inversion, while VCD
studies alone would not have recognized the temperature
dependent molecular motion. Combined ECD and VCD
investigations, on the other hand, lead to the discovery
that polyguanidine acts like a molecular shutter.

Since 3N-6 vibrational transitions encompass the entire
molecule and are better resolved and widely separated, com-
pared with the limited number of experimentally accessible
electronic transitions, additional conformations may be
“Seen” in VCD/VROA spectral studies that may not be “seen”
via ECD/ORD spectral studies. This point became transpar-
ent in the investigation of dialkylltartrates,”® which can
exist in three different conformations (trans-COOR, trans-
OH, and trans-H) around the central C—C bond. In the
carbonyl stretching region (1850-1600 cm 1), vibrational
spectra of dialkyl tartrates in CCly, show one absorption
band (see Fig. 3A) and a bisignate VCD couplet (see Fig.
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Fig. 3. (A) Experimental vibrational absorption spectra of dimethyl tartrate in CCl;, DMSO-dg, and DO solvents. (B) Experimental VCD spectra of
dimethyl-p-tartrate in CCl;, DMSO-dg, and D,0 solvents. (C) Experimental ORD spectra of (R,R)-dimethyl-i-tartrate in CCl;, DMSO (C,HgSO) and H,O
solvents and the BSLYP/aug-cc-pVDZ predicted ORD spectrum; (D) Experimental ECD spectra of (R,R)-dimethyl-1-tartrate in CgH;2, and H5O solvents.

3B; negative at higher wavenumber and positive at lower
wavenumber for p-enantiomer) in CCly. The B3LYP/aug-
cc-pVDZ predicted absorption and VCD spectra for the
predominant conformer (trans-COOCHs-1) of isolated di-
methyl-(S,S)-tartrate have good correspondence® with the
corresponding experimental spectra of dialkyl tartrates in
CCly. This observation indicated that in CCly, dialkyltar-
trates exist in one predominant conformation.

For a given tartrate, the absorption and VCD spectral
bands are affected significantly when the solvent is
changed from CCly to dimethyl sulfoxide-dg (DMSO-dg).
In the C=0 stretching region two absorption bands and
three VCD bands (negative—positive-negative triplet for b
enantiomer) are seen (Figs. 3A and 3B) in DMSO-ds.
These spectra lead to the conclusion that at least two con-
formers must be present for dialkyl tartrates in DMSO-dg.
The absorption and VCD signals of dialkyl tartrates are
also affected significantly when the solvent is changed to
D,0. In the C=0 stretching region one broader absorp-
tion band and no significant VCD bands are found (Figs.
3A and 3B) in D,0, suggesting further conformational
changes in D,0. Thus solvent dependent conformational
changes are clearly apparent through vibrational absorp-
tion and VCD spectra (Figs. 3A and 3B). A hint for such
conformational change is also evident in the ORD spectra
(Fig. 3C) of dimethyl tartrate in CCl,, DMSO, and H,O.
While the experimental ORD of dimethyl-i-tartrate in CCly
is monosignate and negative, that in DMSO is bisignate
with weak positive values at longer wavelengths and a
change of sign near 546 nm. Furthermore the experimen-

tal ORD of dimethyl1-tartrate in HoO is monosignate and
positive. These solvent dependent changes in the pattern
of ORD may also indicate some conformational variation in
different solvents, but do not reveal the details of confor-
mations responsible for these observations (unlike VA and
VCD spectra in DMSO-dg). In contrast to VCD and ORD
spectral observations, ECD spectra in the 180-300 nm
region taken in nonpolar solvent C¢Hy, and polar solvent
H,0 appeared quite similar (Fig. 3D). ECD spectra could
not be measured in DMSO due to the solvent absorption
interference. Thus ECD spectra of dialkyl tartrates in the
180-300 nm region do not reveal the presence of different
conformers in different solvents. It is possible that the
ECD spectra in the far-UV region (below 180 nm), if meas-
ured, may have revealed solvent dependent variations, but
ECD spectra in the UV-vis region alone did not.

This example® illustrates that based on the experimen-
tal investigations of ECD spectra alone, solvent dependent
conformational changes for dialkyl tartrates could not be
detected. On the other hand, experimental ORD spectral
studies alone would give a hint for solvent dependent con-
formational changes in dialkyl tartrates, but the details of
conformational changes may not be obvious. The experi-
mental vibrational absorption and VCD studies could
clearly show the existence of one conformer in CCly and
at least two different conformers in DMSO. Furthermore,
based on quantum mechanical predictions®® of VCD, the
predominant conformer of dialkyl tartrates in CCl, solvent
is determined to be trans-COOR. The quantum mechanical
predictions of VCD of dialkyl tartrates in DMSO solvent

Chirality DOI 10.1002/chir
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Fig. 4. Experimental VCD spectrum of (+)-1,1-dimethyl-2-phenylethyl
phenyl sulfoxide and its comparison to B3LYP/6-31G* predicted VCD
spectra of individual conformers and population weighted predicted VCD
spectrum of (R)-1,1-dimethyl-2-phenylethyl phenyl sulfoxide. Note that sig-
nificant cancellation occurs for the VCD bands of different conformers at
~1100 cm ™. The predicted spectra are shifted upwards for clarity.

suggested® the same conformer to be dominant along
with a significant amount of trans-H conformer. The situa-
tion for predominant conformers of dialkyl tartrates in
H»0 has not yet been resolved, and requires the investiga-
tion of water clustering®>® effects for dialkyltartrates in
water.

Despite the presence of a large number of vibrational tran-
sitions, many of them for some molecules may not exhibit sig-
nificant measurable VCD and/or VROA spectral intensities.
In such cases the advantages of VCD and/or VROA spectra
may not be realized and other chiroptical spectroscopic meth-
ods may turn out to be more useful. VCD and VROA spec-
troscopies have an underscoring advantage because of the
rich spectral content that is expected and observed for
most rigid chiral molecules. However, when a given chiral
molecule has conformational freedom, the net VCD or
VROA spectrum resulting from different conformers may
not be rich any more due to cancellation of oppositely
signed bands from different conformers. Alternately, the
nature of a molecule may be such that no one conforma-
tion may exhibit significant VCD or VROA band inten-
sities. As an example,® 1,1-dimethyl-2-phenylethyl phenyl
sulfoxide in principle can exist in 81 different conforma-
tions, but based on quantum mechanical calculations four
of these conformations were determined® to have signifi-
cant populations. 1,1-Dimethyl-2-phenylethyl phenyl sulfox-
ide exhibits only a few and weak VCD bands in the experi-
mental VCD spectrum (Fig. 4). The only characterizing
VCD signature for this molecule is a weak negative—posi-
tive VCD couplet seen in the experimental spectrum in the
1466-1454 cm™! region. The predicted VCD spectrum
with conformer population weighting also shows a limited
number of weak bands and shows a couplet in the 1480-
1461 cm ™! region, corresponding to that seen in the ex-
perimental spectrum. While this correspondence may be
used to suggest the molecular structure of 1,1-dimethyl-2-
phenylethyl phenyl sulfoxide, because of the limited num-
ber of VCD bands associated with this molecule, it is nec-
Chirality DOI 10.1002/chir
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essary to verify the conclusions resulting from experimen-
tal and predicted VCD spectra with that from other chirop-
tical spectroscopic methods. ECD and ORD spectral
studies on 1,1-dimethyl-2-phenylethyl phenyl sulfoxide were
found® to be useful to provide additional verifications of
the conclusions obtained from VCD.

ORD and ECD are normally measured at much lower con-
centrations (some times by a factor of 1000) than those used
Jfor VCD and VROA. As a result intermolecular interactions
seen via VCD and VROA may not be seen via ORD and
ECD. When nonpolar, inert solvents are used for chiropti-
cal spectroscopic measurements in solution, the nature of
solvent can result in the absence of significant solute-sol-
vent intermolecular interactions, but intermolecular hydro-
gen bonding can take place between two different mole-
cules of solute leading to the formation of dimers. In such
cases, the monomer—dimer equilibrium in solution needs
to be considered.’®>” One example [Petrovic et al. Crystal-
lographic and chiroptical spectroscopic determination of
the absolute configuration and conformations of tbutyl-
phenylphosphinoamidate (in preparation)], where such
monomer—dimer equilibrium exists is #-butylphenylphos-
phinoamidate (Fig. 5). The infrared absorption spectra
measured at five different concentrations in the 0.84-0.05
M range indicated that the monomer—dimer equilibrium
constant for #butylphenylphosphinoamidate is 0.34. At the
concentration used for VCD studies (0.17 M), this equilib-
rium constant corresponds to 90% monomer and 10%
dimer populations. But at the lower concentrations used
for ECD (0.027 M) the dimer population (~2%) is negligi-
ble. For ORD studies, where specific rotations are extrapo-
lated to zero concentration, the dimer population can be
considered to be absent. Thus the analysis of experimental
VCD spectra requires the consideration of dimers, while
those of ECD or ORD spectra do not. Looking at this dif-
ference from a positive viewpoint, higher concentrations
normally used for VCD and VROA studies provide infor-
mation on molecular dimers while lower concentrations
used for ECD or ORD will not. Of course, the same obser-
vation can be viewed in an opposite sense; that is, one
does not have to worry about the analysis of dimers when
using ECD or ORD spectroscopy, but analysis of dimers
must be undertaken when using VCD and/or VROA spec-
troscopy.

Because of the large number of vibrational transitions
probed in VCD and VROA, it is unlikely that a change in
conformation of a chiral molecule can result in oppositely
signed bands in the entire VCD or VROA spectrum. However,
because of the limited UV-visible wavelength region probed
in ECD/ORD spectra, a change in conformation may lead to
oppositely signed ECD bands and/or ORD pattern in that
limited wavelength region, which may in turn be incorrectly
interpreted with opposite absolute configuration. Thus the
chances for incorrect assignment of absolute configuration
are less with VCD and VROA spectra. This point became
transparent in the investigation of #butylphenylphos-
phinoamidate [Petrovic et al. Crystallographic and chiroptical
spectroscopic determination of the absolute configuration
and conformations of #-butylphenylphosphinoamidate (in
preparation)] and #-butane sulfinamide.”® These two mole-
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Fig. 5. Monomer (A) and dimer (B) structures of #-butylphenylphosphinoamidate.

cules may each exist in two different conformations
(labelled as conformers 1 and 2). The calculated energy
differences between different conformers of an isolated
molecule may not pertain to those in solution where sol-
ute—solvent interactions may change the energy order of
conformers. In the absence of any additional evidence for
predominance of one conformer over the other in solution
state, it is necessary to evaluate both conformers of #-butyl-
phenylphosphinoamidate and #butane sulfinamide.

The B3LYP/6-31G* predicted VCD spectra for both
conformers of fbutylphenylphosphinoamidate exhibit
(Fig. 6A) the same signs for most of the vibrational bands,
except for two bands near ~1600 cm ™. Thus irrespective
of the predominant conformer, B3LYP/6-31G* VCD

results, when compared [Petrovic et al. Crystallographic
and chiroptical spectroscopic determination of the abso-
lute configuration and conformations of #butylphenylphos-
phinoamidate (in preparation)] with corresponding experi-
mental VCD results, will result in only one conclusion
about the absolution configuration of #butylphenylphos-
phinoamidate. On the other hand, B3LYP/6-31G* pre-
dicted ECD spectra exhibit (Fig. 6B) opposite signs for
ECD bands of the same two conformers in the UV-vis
region. The same sign reversal can also be seen (Fig. 6C)
in the B3LYP/6-31G* predicted ORD spectra for the same
two conformers of #-butylphenylphosphinoamidate. Thus
depending on the presumed predominance of one of the
two conformers, B3LYP/6-31G* predicted ECD and ORD
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Fig. 6. (A) B3LYP/6-31G* predicted VCD spectra for two low energy conformers of monomeric (R)--butylphenylphosphinoamidate; the spectrum of
conformer 2 is shifted upwards for clarity. (B) B3LYP/6-31G* predicted ECD spectra for the same two conformers of monomeric (R)-t-butylphenylphos-
phinoamidate; (C) B3LYP/6-31G* predicted ORD spectra for the same two conformers of monomeric (R)--butylphenylphosphinoamidate.
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2 is shifted upwards for clarity. (B) BSLYP/6-31G* predicted ECD spectra for the same two conformers of monomeric (S)-#-butane sulfinamide; (C).
B3LYP/6-31G* predicted ORD spectra for the same two conformers of monomeric (S)-t-butane sulfinamide.

spectra, when compared with corresponding experimental
spectra, will result in opposite conclusions for the absolute
configuration.

A similar situation appears also for fbutane sulfina-
mide.”® The B3LYP/6-31G* predicted VCD spectra for the
two low energy conformers of t-butane sulfinamide appear
similar (Fig. 7A), except for a weak band at ~1570 cm ™ 1.
In particular, the sign order of major VCD couplet at
~1070 cm™ is the same for both conformers. On the basis
of this strong VCD couplet, a comparison with experimen-
tal VCD spectrum would result in the assignment of the
same configuration regardless of the dominance of either
of the two conformers. The same conclusion can be
reached from B3LYP/6-31G* predicted ECD spectra (Fig.
7B) because both conformers of t-butane sulfinamide are
predicted to have negative ECD. On the other hand, the
B3LYP/6-31G* predicted ORD patterns for the same two
conformers of (S)-t-butane sulfinamide have opposite signs
(Fig. 7C) which, when compared with experimental ORD,
will result in opposite conclusions for the absolute configu-
ration depending on which one of the two conformers is
considered to be predominant.

When the structural conclusions derived from different
chiroptical spectroscopic methods, upon comparison of
the experimental and predicted spectra, are not the same
one must look for inadequacies in the predicted properties
or in the experimental measurements. In the case of
t-butylphenylphosphinoamidate [Petrovic et al. Crystallo-
graphic and chiroptical spectroscopic determination of the
absolute configuration and conformations of #butylphenyl-
phosphinoamidate (in preparation)]®® and #butane sulfina-
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mide, the discrepancies noted above result from the inad-
equacy of B3LYP/6-31G* method for predicting ECD and
ORD. When higher level B3LYP/aug-cc-pVDZ method is
used the earlier mentioned discrepancies disappear.

These examples [Petrovic et al. Crystallographic and
chiroptical spectroscopic determination of the absolute
configuration and conformations of #butylphenylphos-
phinoamidate (in preparation)]®® illustrate the point that
for different conformers of a given chiral molecule with
the same absolute configuration, it is very unlikely to pre-
dict all oppositely signed VCD/VROA bands. This can be
understood from the presence of both local (such as iso-
lated stretching) as well as nonlocal (such as coupled
bending or torsion) vibrations, whose optical activity need
not be influenced in the same way for a given change in
conformation. But for the same conformers it is possible
to predict oppositely signed ECD and/or ORD spectra in
the limited wavelength region accessible to experimental
measurements, which can lead to incorrect absolute con-
figurational assignment.

In the UV-visible spectral region, experimental ECD spec-
trum may show only a limited number of bands. But ORD in
the UV-visible region can be influenced by ECD bands in the
vacuum ultraviolet spectral region where experimental ECD
measurements may not be feasible. Then a combination of ex-
perimental ECD and ORD spectral investigations can lead,
in favorable cases, to the identification of some of ECD bands
that could not be experimentally measured. It should be
noted that ECD and ORD spectroscopies are not inde-
pendent techniques, as they are dependent on each other
through the Kramers—Kronig transform.”® Furthermore
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both ECD and ORD spectra can be predicted through a
single quantum mechanical calculation."***3 If the analy-
ses of ECD and ORD results lead to inconsistent conclu-
sions, then that is an indication of one, or both, of two pos-
sibilities; (a) some ECD bands present in the experimen-
tally inaccessible region are significant; (b) the level of
theory used for ECD and ORD predictions is inadequate.
These statements do not obviate the need to investigate
both ECD and ORD spectra for a given molecule. First,
both ECD and ORD spectra are needed to evaluate the
needed consistency among themselves, as discussed ear-
lier. Furthermore, since experimentally observed ORD pat-
tern in the visible wavelength region depends also on the
CD associated with electronic transitions in the short
wavelength region, combined experimental investigation
of ECD and ORD spectra can yield, in favorable cases, in-
formation on ECD bands present in the experimentally
inaccessible short wavelength region. One such useful
application for simultaneous use of ECD and ORD has
been reported® for dimethyl tartrate.

From the examples given earlier, the simultaneous use
of more than one chiroptical spectroscopic method for
studying a given chiral molecule is useful for three differ-
ent reasons. (a) Independent verification of the structural
conclusions obtained with a given method, and extra confi-
dence for those conclusions, can be obtained when the
same conclusions are obtained with a different method.
This was the situation for Ni3[ (C5sH5N),N],Cl,. (b) When
the analysis with a particular method is uncertain or addi-
tional evidence is preferred for the conclusions reached,
those issues may be resolved by using a different method,
as was suggested for 1,1-dimethyl-2-phenylethyl phenyl
sulfoxide. (c) Even in the absence of obvious uncertainties
in the analysis with a particular method, it is useful to
explore a different method because one may not recognize
that information obtained with one method is incomplete,
or incorrect, until a different method has been used. This
was the situation for polyguanidine, dimethyltartrate,
t-butylphenylphosphinoamidate, and #butane sulfinamide.
Most of the literature investigations, that used more than
one chiroptical spectroscopic method, belong to the situa-
tion (a) and/or (b); those that addressed the situation (c)
are limited in number.

When multiple chiroptical spectroscopic methods are
simultaneously used for each chiral molecule, it may
become possible to generalize the limitations of a given
method for certain type of molecules. On a practical note,
most laboratories may not have access to all, or more than
one, of experimental ECD, VCD, and ROA measurements,
as they involve expensive instrumentation. In situations
where access to more than one chiroptical spectroscopic
method is not available, the present conclusions encour-
age collaborative efforts between different laboratories
that have access to different methods.

CONCLUSIONS

For some molecules different chiroptical spectroscopic
methods may give the same or redundant information.
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However instead of viewing such methods as redundant,
one should view them as providing independent verifica-
tions. Regardless of the view point preferred in such cases,
it should be noted that there certainly are molecules
where a single chiroptical spectroscopic method may not
provide complete structural information. The examples
presented in this review emphasized such molecules and
indicated that it is essential to simultaneously use more
than one chiroptical spectroscopic method for determining
the structures of chiral molecules.
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Isotopic Difference Spectra as an Aide in Determining

Absolute Configuration Using Vibrational Optical
Activity: Vibrational Circular Dichroism of 13C- and
2H-Labelled Nonamethoxy Cyclotriveratrylene
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ABSTRACT  The use of isotopic difference spectra in vibrational optical activity is
demonstrated as a supplemental aide in determining the absolute configuration of chiral
molecules. It is shown that IR and VCD difference spectra associated with isotopic sub-
stitution observed in experimental spectra can be accurately reproduced by density
functional theory calculations when the IR and VCD spectra of the original isotopomer
are calculated to reasonable accuracy. Results for isotopically substituted nonamethoxy
cyclotriveratrylene are presented to illustrate the degree of agreement between mea-
sured and calculated IR and VCD difference spectra for several isotopomers of this mol-
ecule. These findings highlight the utility of isotoptic substitution as an aide to verifying
the determination of absolute configuration using vibrational optical activity. Chirality
20:673-680, 2008.  © 2008 Wiley-Liss, Inc.
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INTRODUCTION

Vibrational optical activity (VOA)'™ is comprised of two
fundamentally distinct areas of spectroscopy, vibrational
circular dichroism (VCD)® and vibrational Raman optical
activity (ROA).”® Both involve a difference in spectro-
scopic intensity with respect to left and right circularly
polarized radiation for a chiral molecule undergoing a
vibrational transition. VCD is observed in the mid-IR and
near-IR spectral regions,” whereas ROA is observed in the
visible region of the spectrum, except for a recent report
using near-IR laser excitation.’

VCD has been shown to provide a powerful new
approach to the determination of absolute configuration
(AC) in small to medium sized chiral molecules.!'™* In
recent years, the application of VCD to the determination
of AC has increased in diversity, complexity, and
extent.’>*° In addition, @ prior calculations of ROA spectra
have also been recently explored*'™? and the determina-
tion of AC using ROA has been demonstrated in two high-
profile examples.**! These highlight the power of VOA to
assign AC in cases that are beyond that of more traditional
methods.

The determination of AC by VOA is conceptually simple,
although its application, in the case of flexible molecules
with multiple conformations in solution, can be challeng-
ing. One measures the solution-state infrared (IR) absorp-
tion or Raman scattering spectrum and the corresponding
© 2008 Wiley-Liss, Inc.

VCD or ROA spectrum, and then compares these spectra
to a priori quantum mechanical calculations of the corre-
sponding spectra using typically density function theory
(DFT). Instrumentation for the measurement of VCD and
ROA is widely available from commercial sources as are
computer programs from various sources for VCD and
ROA calculations.

VOA has a number of advantages over classical forms of
optical activity, optical rotation (OR) and electronic circu-
lar dichroism (ECD), as well as some disadvantages. The
main advantages of VOA are the plethora of resolved tran-
sitions that can be measured for a given molecule and the
fact that transitions occur only within the ground electronic
state of the molecule. This makes VOA, and in particular
VCD, relatively easy to calculate and compare to experi-
ment. Furthermore, these transitions are particularly sen-
sitive to the masses of individual nuclei, which by compari-
son have relatively little effect in the typical low-resolution
measurement of electronic optical activity. The disadvan-
tages are the higher concentrations of sample required for
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Fig. 1. Assignment of the absolute stereochemistry of nonamethoxy
cyclotriveratrylene.

VOA compared to ECD and the increased sophistication of
instrumentation needed for VOA compared to that needed
for OR.

This sensitivity to the masses of atomic nuclei has been
highlighted in a number of papers over the years where
VOA has been shown to exhibit normal-sized intensities
for molecules that are chiral only by virtue of isotopic
substitution. Particular examples are deuterio-alpha-benzyl
alcohol,’?  dideutereio-adamantanone,® alpha-deuterated

><HH
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cyclohexanones,” trans dideuterio-oxirane,”>® deuterium
and carbon-13 substituted cyclopropanes,®®° and most
recently neopentane with differing degrees of deuterium
substitution on its four constituent methyl groups.>®

In this article, we address a different use of isotopic sub-
stitution in VOA, namely the measurement and calculation
of isotopic VCD difference spectra in an inherently chiral
molecule. We show that the fidelity of agreement between
measurement and computation is maintained under selec-
tive isotopic substitution. This opens a new avenue for
reinforcing the determination of AC by VOA where an ini-
tial AC has already been carried out without the use of iso-
topic substitution.

EXPERIMENTAL

The structure of the functionalized cyclotriveratrylene is
shown Figure 1 along with its assignment of axial chirality
by standard IUPAC conventions. The synthesis and resolu-
tion of functionalized cyclotriveratrylene has been re-
ported recently.®! The parent nonamethoxy cyclotrivera-
trylene without isotopic substitution, following previous

H
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13 13
o o HG R H
H H G \ ><H
H H o]
o] " ‘13?(
H H
o] H g H o
H
H
S O
H H

Be-3 Isotopomer (Q2A)

H

D-3 Isotopomer (Q4A)

D-6 Isotopomer (Q5SA)

Fig. 2. Structure and isotopic labeling of the parent Q1A and three isotopomers Q2A, Q4A, and Q5A.
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Fig. 3. IR (lower frame) and VCD (upper frame) spectra of Q1A, Q1B,
and QIR (4 mg/120 ul CDCly), 4 cm ! resolution, 5h collection, instru-
ment optimized at 1400 cm ™. Uppermost traces are VCD noise. IR spec-
tra are solvent subtracted. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

notation for this molecule, is designated Q1. The absolute
configuration of the first eluted HPLC fraction Q1A has
been established by VCD as the P-enantiomer and the sec-
ond eluting fraction Q1B as the M-enantiomer.%! Samples
of Q1 in racemic (Q1R) and resolved (QlA and Q1B)
forms were provided in the crown conformation for VCD
measurement. Isotopomers illustrated in Figure 2 with la-
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beled carbon-13 (99%) at the three ring methylenes (desig-
nated *C-3) were provided (Q2A, Q2B and Q2R), as were
deuterium-substituted isotopomers (D-3) at the three aro-
matic hydrogen (Q4A, Q4B and Q4R) and (D-6) at the six
bridge methylene hydrogen positions (Q5A, Q5B and
Q5R). Solutions in CDCl; were prepared at concentrations
of approximately 4 mg per 120 pl. Samples were placed in
a 0.10-mm IR cell with BaF, windows, and IR and VCD
spectra were recorded with a modified Dual-PEM Chi-
rallR™ FT-VCD spectrometer (BioTools, Jupiter, FL)
using 4-cm™! resolution, 5-h collection, and the optimum
retardation of the two ZnSe photoelastic modulators
(PEMs) set at 1400 cm™ L. The observed IR, VCD, and
VCD noise spectra are presented in Figure 3 for the parent
crown isomer. The small baseline artifacts in the VCD
spectra between 1000 and 1100 cm ™! as seen in the VCD
spectra of the racemic samples are also observed for the
pure solvent (not shown), and arise from the cell used.
These artifacts can be eliminated by subtraction of the sol-
vent or racemic VCD spectrum, or by taking the difference
of the two enantiomer VCD spectra and dividing by two.
The last method was used to obtain the final VCD spectra
of samples Q1A, Q2A, Q4A, and Q5A for comparison to
calculation.

The P-enantiomer of the crown conformation was con-
structed with HyperChem software (Hypercube, Gains-
ville, FL). Calculations of the optimized geometry, vibra-
tional frequencies and IR and VCD intensities were carried
out on a Pentium IV PC using DFT, a 6-31G(d) basis set
and B3LYP functionals with Gaussian 03W® (Gaussian,
Inc., Wallingford, CT). The calculated frequencies were
uniformly scaled by 0.97 and the calculated intensities
were converted to Lorentzian bands with 6-cm™! half
width and summed over all transitions for comparison to
experiment. Top and bottom views of the P-enantiomer
along the Cs-axis for the optimized geometry are shown in
Figure 4. The initial structure with all methoxy substitu-
ents in the plane of the aromatic rings optimized to a struc-
ture with one methoxy group in the plane, one above, and
one below, for each phenyl group. Since the methoxy

Fig. 4. Optimized geometry of the P-enantiomer of nonamethoxy cyclotriveratrylene viewed from above (left) and below (right) along the Cs-axis.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 5. IR (lower frame) and VCD (upper frame) observed for Q1A
(right axes) compared to the calculation for the P-enantiomer in the con-
formation shown in Figures 1 and 4 (left axes). [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.
com.]

groups all have the same relative structure on each aro-
matic ring, the molecule maintains Cy-symmetry.

RESULTS AND DISCUSSION

Comparison of the observed VCD and IR spectra for
samples Q1A and Q2A with calculated spectra for the P-
enantiomer of these molecules are displayed in Figures 5
and 6, respectively. The close agreement between ob-
served and calculated spectra establishes the absolute con-
figurations of Q1A and Q2A as P, and those of Q1B and
Q2B as M. The close similarity of the observed and calcu-
lated spectra suggests that the single conformation calcu-
lated (Fig. 4) is dominant. Carbon-13 isotopic substitution
at the ring methylenes has a small but distinct effect on
the vibrational spectra. Overlays of the observed and cal-
culated spectra of these two isotopomers are shown in Fig-
ure 7. The observed IR and VCD difference spectra for the
samples Q1A minus Q2A are compared to the calculated
difference spectra for the 2C-isotopomer minus the *C-
isotopomer in Figure 8. The calculations reproduce virtu-
ally all the changes observed for the IR and VCD spectra
of the two isotopomers, with excellent agreement for larg-
est changes below 1300 cm ! Comparing the intensity
scales for the *C-difference spectra relative to those of the
parent structures reveals an intensity difference of approxi-
mately four times smaller for both the IR and VCD differ-
ence spectra. The agreement between both IR and VCD
Chirality DOI 10.1002/chir
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difference spectra determined for the measurements and
the calculations further supports the presence of a single
dominant conformer and the assignment of the AC of
these molecules. Examination of the calculated structure
indicates that rotation of the out-of-plane methoxy groups
to the opposite side of the aromatic plane would introduce
unfavorable steric overlap with the in-plane methoxy group
on the adjacent aromatic ring.

Analogous difference spectra for the two deuterium iso-
topomers Q4A, D-3 and Q5A, D-6 are shown in Figures 9
and 10, respectively. Again, both the match between calcu-
lated and observed IR and VCD as well as their respective
isotopic difference spectra is very close. The effect of the
selective isotopic substitution on the IR and VCD spectra
is somewhat larger for deuterium substitution than it is for
13C substitution, although overall relatively minor changes
are observed compared to the IR and VCD of the parent
isotopomer. For the deuterium difference spectra, the in-
tensity scales are only a factor of two to four smaller rela-
tive to those for the parent isotopomer. The degree of
agreement for the deuterium substitution is qualitatively
as good as that observed for the *C-substitution.

It is interesting to note that small intensity shifts in
nearly identical-looking IR and VCD spectra of the Q1 and
Q2 isotopomers, as shown in Figure 7, give rise to rela-
tively robust and computationally reproducible spectra, as
shown in Figure 8. Furthermore, the number of positive
and negative peaks nearly doubles giving the impression
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Fig. 6. IR (lower frame) and VCD (upper frame) observed for Q2A com-
pared to the calculation for the P-enantiomer with °C at three ring methyl-
enes (**C-3), in the conformation shown in Figures 1 and 4. [Color figure
can be viewed in the online issue, which is available at www.interscience.
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Fig. 7. Overlay of IR (lower frame) and VCD (upper frame) observed
for Q1A (green) and Q2A (red) compared to calculations for the parent
and C-3 isotopomers of the P-enantiomers in the conformation shown in
Figures 1 and 4. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

of much higher resolved spectra for the difference IR and
VCD spectra. This occurs because each band that under-
goes a small frequency shift in the VCD or IR spectrum
becomes a derivative band with a positive and a negative
peak in the corresponding difference spectrum. To main-
tain close correspondence between measured and calcu-
lated IR and VCD difference spectra, the direction and ap-
proximate magnitude of the isotopic frequency shift for
each band must be correct. It stands to reason the isotopic
difference spectrum will not be reproduced if a good force
field and the correct vibrational mode ordering are accu-
rately calculated. Thus, isotopic shift IR and VCD spectra
provide a stringent test for the correctness of a proposed
fit between observed and calculated VCD for the assign-
ment of AC of a chiral molecule. This statement is as yet
untested in the cases of molecules with high conformation
flexibility and multiple conformers present in solution. It
may be that an unambiguous fit between calculated and
measured VCD spectra can be obtained for such mole-
cules where the isotopic VCD difference spectra do not
show a good fit. However, in the case of rigid molecules,
computational reproduction of the isotopic VCD difference
spectra does appear to provide a demanding test of the
quality and correctness of the fit between experimental
and calculated VCD spectra.

In the case of the isotopomers of nonamethoxy cyclotri-
veratrylene presented here, the chirality is distributed
widely over the entire molecule for two reasons. There are
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no chiral centers, and the three-fold symmetry leads to
vibrational coupling between each set of three correspond-
ing structural elements in the molecule about the three-
fold symmetry axis. The extensive vibrational coupling is
most likely responsible for the rich and extensive pattern
of IR and VCD difference intensities for all three substi-
tuted isotopomers.

For a molecule with a single chiral carbon center, one
might expect to see significant difference bands only for
the vibrational modes that couple significantly with struc-
ture in the vicinity of the chiral center. If this chiral carbon
were isotopically substituted, one would expect a set of IR
and VCD difference spectra that would be much simpler
than the original IR and VCD of the parent chiral mole-
cule. This might be particularly useful when making an
AC assignment for a molecule with conformational flexibil-
ity or extensive structure far removed from the chiral cen-
ter or centers. The fact that relatively large spectral fea-
tures can be generated for only small changes in the par-
ent IR and VCD spectra supports the consideration of
isotopic substitution as aide to making or confirming the
AC determination of a chiral molecule.

CONCLUSIONS

The first comparison of measured and calculated iso-
topic VCD difference spectra of a chiral molecule are pre-
sented. Even though the frequency shifts and intensity
changes of the isotopic spectra in the case of *C substitu-
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Fig. 8. Comparison of difference spectra of IR (lower frame) and VCD
(upper frame) observed for (Q1A minus Q2A) compared to calculations of
the P-enantiomers (parent minus °C-3 isotopomer) in the conformation
shown in Figures 1 and 4. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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tion are small, the difference IR and VCD spectra are ro-
bust and appear to be calculated as accurately as the IR
and VCD of the parent isotopomers. In the case of isotopic
substitution with *C at chiral centers, not presented here,
enhanced selectivity is expected for IR and VCD difference
spectra from vibrational modes that are structurally associ-
ated with the chiral center or centers of the molecule. The
potential is therefore high for the productive use of iso-
topic labeling as an aide to the assignment of AC in vibra-
tional optical activity, both for VCD and ROA.
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The Use of X-ray Crystallography to Determine
Absolute Configuration
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ABSTRACT Essential background on the determination of absolute configuration
by way of single-crystal X-ray diffraction (XRD) is presented. The use and limitations of
an internal chiral reference are described. The physical model underlying the Flack pa-
rameter is explained. Absolute structure and absolute configuration are defined and
their similarities and differences are highlighted. The necessary conditions on the Flack
parameter for satisfactory absolute-structure determination are detailed. The symmetry
and purity conditions for absolute-configuration determination are discussed. The phys-
ical basis of resonant scattering is briefly presented and the insights obtained from a
complete derivation of a Bijvoet intensity ratio by way of the mean-square Friedel differ-
ence are exposed. The requirements on least-squares refinement are emphasized. The
topics of right-handed axes, XRD intensity measurement, software, crystal-structure
evaluation, errors in crystal structures, and compatibility of data in their relation to abso-
lute-configuration determination are described. Characterization of the compounds and
crystals by the physicochemical measurement of optical rotation, CD spectra, and enan-
tioselective chromatography are presented. Some simple and some complex examples
of absolute-configuration determination using combined XRD and CD measurements,
using XRD and enantioselective chromatography, and in multiply-twinned crystals clar-
ify the technique. The review concludes with comments on absolute-configuration deter-
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INTRODUCTION

X-ray diffracion (XRD) of single crystals has the
capacity to distinguish between the enantiomorphs of a
chiral crystal structure and the enantiomers of a chiral
molecule. The technique may be applied to compounds of
a vast range of chemical composition. Essential chemical
information such as the molecular geometry, bond dis-
tances and angles, and the packing of the molecules in the
crystal are part and parcel of the results of the analysis.
However there are limitations. Absolute-configuration
determination is a fine detail of crystal-structure determi-
nation, which depends on being able to identify small dif-
fraction intensity differences between two crystal-structure
models of opposite chirality. With compounds containing
only light atoms a significant difference is not guaranteed.
The physical reason that these differences are small is
described in the section Resonant scattering and its effect
on the diffraction intensities.

Clearly it makes no sense to claim that an absolute con-
figuration has been determined unless the gross features
of the structure and its determination, such as intensity
measurements, symmetry, atomic positions, interatomic
distances, and atomic displacement parameters have been
evaluated and shown not to be in error. This review is writ-
© 2007 Wiley-Liss, Inc.

ten for the person who has sufficient knowledge of X-ray
crystallography to accomplish this essential step.

Of particular relevance in absolute-configuration deter-
mination are the following questions:

« Does the model crystal structure properly represent the
crystal structure inside the crystal(s) that have been
measured? Is the crystal structure chiral? Is the model
that of the real crystal structure and not its enantio-
morph? Is the compound enantiomerically pure? Is the
assumed space-group symmetry neither too low nor too
high?

« Does the model crystal structure properly represent the
bulk product from which the crystal was grown?

« Have the bulk and the measured single crystal been suf-
ficiently characterized or fingerprinted to enable another
experimentalist to correctly identify the material studied?
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In a presentation of the way that absolute-configuration
determination is undertaken by single-crystal XRD, the
review provides essential background information and
highlights those aspects which are the cause of confusion
and error. Techniques to improve the capacity of single-
crystal XRD to determine absolute configuration are
reviewed, along with a few examples of other more com-
plex cases. The all-important topic of characterization of
bulk and individual single crystals is treated and the con-
cluding remarks contain comments on some current tech-
nical limitations. The current review does not go into any
detail concerning the phase diagrams of enantiomeric mix-
tures as we have recently contributed detailed information
on the absolute-configuration determination from binary
enantiomeric mixtures® which are neither enantiomerically
pure nor racemates (scalemates).

SINGLE-CRYSTAL XRD TECHNIQUES USING AN
INTERNAL CHIRAL REFERENCE

The presence in a crystal structure of enantiomerically
pure chiral molecules, groups, or chiral centers of known
absolute configuration leads directly to the determination
of the absolute configuration of the other constituents of
the crystal by making the image of the atomic arrange-
ment correspond to that of the chiral molecules whose
absolute configuration is known. The chiral molecules (or
groups or centers) thus act as an internal reference. These
may be introduced as part of the compound by chemical
reaction or as part of the crystal by cocrystallization using
an enantiomerically pure sample of the reference sub-
stance. It is important to stress that the correctness of
absolute-configuration determination using an internal chi-
ral reference depends crucially on the knowledge of the
enantiomeric purity of the reference material and its indi-
cated absolute configuration. It is not sufficient to assume
that chemical reaction, crystallization, or operations of
mechanochemistry (i.e., grinding) will necessarily con-
serve the chirality of the reference material.

SINGLE-CRYSTAL XRD TECHNIQUES EXPLOITING
RESONANT SCATTERING
The Flack Parameter

The distinction by single-crystal XRD of inversion-
related models of a noncentrosymmetric crystal structure
relies on the phenomenon of resonant scattering (see sec-
tion Resonant scattering and its effect on the diffraction inten-
sities) and is measured by the Flack parameter.? The phys-
ical model underlying the Flack parameter is that of a crys-
tal twinned by inversion and composed of distinguishable
domains, all of these being real phenomena well estab-
lished in the fields of mineralogy, crystal growth, crystal
physics, and solid-state physics.®> The macroscopic crystal
is formed of two types of homogeneous and perfectly-ori-
ented domains, the relationship between the two domain
types being that of inversion. A simple way of picturing
the crystal twinned by inversion is to imagine a racemic
conglomerate in which the crystals have stuck together at
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FLACK AND BERNARDINELLI

growth in a perfectly oriented manner giving diffraction
patterns that look like those of a single crystal. For a nice
illustrative example see.* Let X represent the model crystal
structure as given by its cell dimensions, space group, and
atomic coordinates and X its image inverted through a
point. The macroscopic crystal may be represented as C =
(1 — x) X + x X for which the Flack parameter x measures
respectively the mole fractions (1—x) and x of the two
types of domain X and X. When x = 0, there is only one
domain in the crystal which is that of the model X. When
x = 1, there is only one domain in the crystal which is that
of the inverted model X. When x = 0.3 both types of do-
main are present in the crystal in the proportion 70% of X
to 30% of X. The physically meaningful values of x are 0 <
x < 1, but due to statistical fluctuations and systematic
errors, experimental values may lie a little outside of this
range by a few standard uncertainties. A crystal of an
enantiomerically pure compound in the correct absolute
configuration has a value of the Flack parameter of zero.
In crystallographic jargon one says that the Flack parame-
ter measures the absolute structure of a noncentrosym-
metric crystal and from this one may deduce the absolute
configuration of the chiral molecules forming the crystal.

What are Absolute Structure and
Absolute Configuration?

For convenience, the formal definitions of these quanti-
ties are reproduced® in the glossary to this review. Abso-
lute structure is a crystallographer’s term and applies to
noncentrosymmetric crystal structures. Absolute configu-
ration is a chemist’s term and refers to chiral molecules.
Note particularly that both the entity under consideration,
viz. crystal structure versus molecule, and the symmetry
restrictions, viz. noncentrosymmetric versus lack of mirror
reflection, inversion through a point, and rotoinversions,
are different. Both terms concern the complete specifica-
tion of the spatial arrangement of atoms with respect to
inversion and require that the sample under investigation
be characterized by some other physical measurement.

Absolute-Structure Determination

There are conditions under which one may say that the
absolute structure of the crystal has been determined sat-
isfactorily.® Firstly one wants to know whether the abso-
lute-structure determination is sufficiently precise by look-
ing to see whether the standard uncertainty # of the Flack
parameter x(x) is sufficiently small: in general # should be
less than 0.04 but this value may be relaxed to 0.10 for a
compound proven by other means to be enantiomerically
pure. Secondly the value of the Flack parameter itself
should be close to zero within a region of three standard
uncertainties i.e. # < 0.04 (or # < 0.10 for a chemically
proven enantiomeric excess of 100%) and |x|/# < 3.0.
Moreover the crystal and bulk need to be characterized.
The above criteria have been established by way of statisti-
cal reasoning® to ensure that the structure analyst, by an
examination of x(#) alone, does not claim an absolute-
structure determination where none is valid. An unfortu-
nate consequence of such a conservative or safe approach
is that some borderline but valid absolute-structure deter-
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minations are deemed to be unacceptable. Some of the
above criteria may be relaxed somewhat by taking account
of a broader spectrum of knowledge over a class of
compounds in conjunction with other nondiffraction data
or accumulated knowledge of a particular instrument but
this needs exceedingly careful, individual and expert
evaluation.

Absolute-Configuration Determination

Once the absolute structure has been determined satis-
factorily, it is only then the moment to see whether some-
thing can be said about the absolute configuration of its
constituent molecules, as not all valid determinations of
absolute structure can necessarily lead to the assignment
of an absolute configuration. Although the following
description of restrictions’ is self-sufficient, it has to be
admitted that more background knowledge on chiral and
achiral crystal structures® helps in its understanding. The
weakest and most easily-applicable restriction is given first
and the strongest one is given last. In fact the third restric-
tion is sufficient in itself, the other two not so.

Space-group restriction. The simplest restriction is
one of space-group symmetry. If the space group contains
symmetry operations of the second kind (i.e., rotoinver-
sions or rotoreflections, glide reflections), it must occur
that these operate either intramolecularly, forcing the indi-
vidual molecules to be achiral, or intermolecularly, forcing
an arrangement of pairs of opposite enantiomers. Thus, in
the first case, the molecules are achiral and in the second
a racemate is present. Consequently it is only in crystals
displaying space groups containing exclusively symmetry
operations of the first kind (i.e., pure or proper rotations,
screw rotations) that the determination of absolute config-
uration is possible (geometric crystal classes: 1, 2, 222, 4,
422, 3, 32, 6, 622, 23, and 432).

Chiral molecular entity restriction. To comply with
the definition of absolute configuration,® one needs to
identify a chiral molecular entity and its spatial arrange-
ment in the crystal structure. For example, in a couple of
alkali tartrate salts,®” the absolute configuration of the tar-
trate anion (a chiral molecule) was established but cor-
rectly no claims to have done so for the sodium or rubid-
ium atoms were made as these are achiral cations and not
molecules. The symmetry group of an achiral molecule
contains rotoinversion or rotoreflection operations, and
these may or may not be part of the space-group symme-
try of the crystal. So one must always examine the spatial
arrangement of a candidate molecule for noncrystallo-
graphic rotoinversion or rotoreflection symmetry opera-
tions and if any are found, the molecule is achiral and its
absolute configuration cannot be determined. For example
any planar molecule has mirror symmetry and is achiral
whether the mirror plane is part of the space-group sym-
metry or not.

Solid-state enantiomeric purity restriction. One
needs to verify that all occurrences of the chiral molecular
entity in the crystal structure are the same enantiomer for
an absolute-configuration assignment to be valid. This is of
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particular concern when the asymmetric unit contains
more than one occurrence of the chiral molecule (Z' > 1).

Some of the above criteria may be relaxed, but such
studies need exceedingly careful, individual and expert
evaluation as described in the section Absolute-configura-
tion determination from a bulk racemate by combined CD
and XRD.*® Bulk samples which are mixtures of diaster-
eoisomers may give rise to crystals which contain several
of the diastereoisomers either in an ordered or disordered
arrangement. The crystal structure may clearly and dis-
tinctly show the configuration of some of the elements of
chirality common to all of the diastereoisomers whereas
those elements which vary amongst the diastereoisomers
may be in doubt due to disordered atomic positions arising
from the superposition of more than one diastereoisomer.

The space-group restriction mentioned earlier implies
that absolute configuration may only be undertaken from
chiral crystal structures. The latter are necessarily noncen-
trosymmetric, but not all noncentrosymmetric crystal
structures are chiral. Achiral noncentrosymmetric crystal
structures exist and the absolute structure of their crystals
may be determined. However, it is not possible to deduce
the absolute configuration of their constituent molecules
for the reasons given above. As we have explained previ-
ously,” chiral crystal structures are found formed either of
enantiomerically pure (chiral) molecules, or of chiral mole-
cules as a racemate, or of achiral molecules. Achiral crys-
tal structures, which may be either centrosymmetric or
noncentrosymmetric, are found formed either of chiral
molecules as a racemate or of achiral molecules. Enantio-
merically pure compounds are found to crystallize exclu-
sively in chiral crystal structures.

Resonant Scattering and Its Effect on the
Diffraction Intensities

Optical systems working with visible light distinguish
objects of opposite chirality without difficulty i.e., one can
easily see the difference between ones own right and left
hand. The major difference in the diffraction pattern of the
right and left hand occurs in the phases of the inversion-
related reflections whereas their amplitudes are identical
in the absence of any resonant effects. Differences in
intensities of the latter occur only if a resonant frequency
of the diffracting object is near to that of the incident elec-
tromagnetic radiation. Therein lies the essential difficulty
for chirality distinction using X-rays. As no lens exists for
focusing X-rays, one has to rely only on the intensity of
the reflections in the Fraunhofer diffraction pattern. More-
over, if the frequency of the incident X-rays is close to that
of some of the atomic electrons which cause diffraction, it
will be only a small proportion of these electrons which
are resonant, and the intensity difference between inver-
sion-related reflections (Friedel opposites in crystallo-
graphic jargon) is small. A further complication is that the
resonant frequencies of light atoms occur at long X-ray
wavelengths which are very difficult to access experimen-
tally. It helps to remember that resonant scattering is no
more or no less than the response of a forced damped har-
monic oscillator of which there are numerous examples in
nature. There is nothing anomalous about resonant scat-
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tering (apart perhaps from the commonly-used names
anomalous dispersion and anomalous scattering).

An important tool'! in understanding resonant-scatter-
ing effects in XRD and of use in the planning of experi-
mentation and the evaluation of results has been provided
very recently in an analytical expression for the mean-
square Friedel intensity difference for a noncentrosymmet-
ric crystal structure with a centrosymmetric substructure.
A related Bijvoet intensity ratio y gives a measure of Frie-
del differences relative to the average intensity of Friedel
opposites. A spreadsheet application available with the
publication! undertakes the necessary calculations from
the elemental composition of the compound for some com-
mon X-ray wavelengths. Values of 10* y called Friedif'!
are calculated both for the case of all atoms arranged non-
centrosymmetrically and also allowing for atoms arranged
on a centrosymmetric substructure if it is possible to iden-
tify these. We now rapidly pass in review some of the prin-
cipal insights that this work has provided:

« The Bijvoet ratio is largest when all atoms are arranged
noncentrosymmetrically and zero when all atoms are
arranged centrosymmetrically.

« The Bijvoet ratio is zero when all atoms are of the same
chemical element regardless of whether the structure is
noncentrosymmetric or centrosymmetric. Such is the
case, in the spherical atom approximation, for the chiral
crystal structure of elemental Se in the form of a helix.!?

« The Bijvoet ratio quantifies a contrast and needs both
resonant and nonresonant atoms to attain large values.

o Rather surprisingly the presence in an otherwise non-
centrosymmetric structure of a centrosymmetric
arrangement of resonant atoms of one (heavy) chemical
element does not diminish the value of the Bijvoet inten-
sity ratio, an observation which had already been con-
firmed experimentally.'>14

o The analytical form of the Bijvoet ratio shows that there
are no classes of Bragg reflections having particularly
large or small values. Consequently, in the absence of a
model of the crystal structure, no particular reflections
nor any specific regions of reciprocal space on average
are established as showing large Friedel differences.

Calculation of the Bijvoet ratio at different wavelengths
enables an optimal choice of X-ray wavelength to be made
prior to experimentation. Further it allows the molecular
composition of the crystal to be optimized. Suppose for
example that a compound is found to have a Bijvoet ratio
that is too small for absolute-configuration determination.
One may envisage the synthesis of a suitable derivative or
the fabrication of a solvate or cocrystal of the compound
having a higher Bijvoet ratio. As has been shown above it
is unimportant if the solvent or cocrystal molecule takes
an essentially centrosymmetric arrangement in the crystal
as this does not tend to diminish the Bijvoet ratio. More-
over we have found,'* using an approximate form of the
Bijvoet ratio'® and a small set of pseudocentrosymmetric
structures, a relationship between the Bijvoet ratio and the
standard uncertainty on the Flack parameter. This relation-
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ship allows a priori estimates of the standard uncertainty
of the Flack parameter. Work is currently in progress to
establish the corresponding relationship between the full
Bijvoet ratio and the standard uncertainty on the Flack pa-
rameter for a much larger set of non-pseudosymmetric
structures. Unfortunately as this review goes to press, we
have not yet completed the data analysis to determine the
values of Friedif corresponding to our limiting values of «
of 0.04 and 0.10, and to investigate in more detail the influ-
ence of pseudosymmetry.

Least-Squares Refinement

Early results!®'7 and subsequent experience from many

crystal-structure determinations have shown that the Flack
parameter is robust and converges in only a few cycles to
its final value during least-squares refinement. However,
as the Flack parameter is one of many parameters of the
physical model of a crystal structure, the values of which
are to be found by optimization based on some general cri-
terion, it is essential in the final cycles of optimization that
all parameters be varied jointly and simultaneously. If this
prescription is not followed, two effects may occur sepa-
rately or together: (a) the value of the Flack parameter
may not correspond to the best value for the optimization
criterion and (b) its standard uncertainty may be incor-
rectly estimated, most frequently underestimated. In the
case of least-squares minimization, the final refinement
needs to be undertaken by full-matrix least-squares (all pa-
rameters varied jointly and simultaneously) and needs to
have converged.

Another important aspect of least-squares minimization
which needs some words of explanation is that of stabiliza-
tion and damping.’® To avoid a least-squares refinement
becoming unstable and failing to converge, certain numeri-
cal techniques, grouped together under the general term
damping, are often applied automatically or manually. A
side effect of these techniques is that stabilized parame-
ters stay close to their starting or target values with stand-
ard uncertainties that are systematically underestimated.
Biased (wrong) parameter estimates and underestimated
standard uncertainties are the result.

Inverting a Model Structure

It sometimes happens that a model crystal structure
yields a value of the Flack parameter larger than 0.5. To
represent the majority component in the crystal, the model
needs to be inverted so the Flack parameter takes a value
less than 0.5. In general this inversion is obtained by inver-
sion in the origin by just changing all atomic coordinates
x, ¥y, z into —x, —y, —z or some point symmetry-equivalent
to it. However, for the chiral crystal structures which are
necessary for absolute-configuration determination, there
are some cases where this simple change of coordinates is
insufficient or inappropriate. So in the case of a space
group belonging to one of the 11 pairs of enantiomorphic
space groups (P4,—P4s; P4,22-PA4322; P4,2,2—-P432.2; P3,—
P32; R3121—P3221, P3112—%212, P61—P65; P62—P64; P6122—
P6522; P6,22—-P6,22; P4,32—-P4532), the space group should
also be changed into the other member of the pair. As
they occur in enantiomorphic pairs, these 22 space groups
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are the only ones that are correctly described as being chi-
ral.> Moreover, there are cases where for the standard set-
ting of the space group'® that the coordinates need to be
inverted in some point other than the origin. The coordi-
nates of the appropriate inversion point can be found in
the columns Inversion through a centre at of the tables of
Euclidean normalizers of space groups.?’ For nonstandard
settings an algorithmic solution to this problem has been
provided.!®

CHARACTERIZATION OF COMPOUNDS
AND CRYSTALS

The phase diagrams of enantiomeric mixtures can be
complicated,?*? giving rise to solid and liquid phases of
different composition. Also kinetic effects play an impor-
tant role in crystallization. It is for these reasons that for
absolute-configuration determination, some characteriza-
tion or measurement of the enantiomeric purity not only of
the bulk but also of the single crystal used for the diffrac-
tion studies is recommended. There are three principal
methods of characterization:

OR: The specific rotation of the optical activity in solution.
As the measurement of specific rotation is a single-wave-
length technique, the presence and effect of impurities
can easily go undetected. Moreover, OR can not be
applied to microgram quantities (i.e., a single crystal
used for diffraction studies). Also OR can only provide a
measure of enantiomeric excess if the specific rotation
of the enantiomerically pure compound is sufficiently
strong and has been determined previously.

CD: The visible and near-UV circular dichroism spectrum
in solution. The presence and effect of impurities may
be readily recognized in a CD spectrum. In favorable cir-
cumstances, CD may be applied to the single crystal
used for the diffraction measurements taken into solu-
tion. For compounds that racemize rapidly in solution,
solid-state CD in a KBr disk may be applied to the bulk
compound and perhaps even to a powdered single crys-
tal>*?® One may expect vibrational CD, either IR or
Raman, to be used increasingly in the future.

Enantioselective chromatography (EC): This sensitive
technique is applicable to microgram quantities and pro-
vides estimates of the enantiomeric excess. It is of
course necessary to establish that under the chosen ex-
perimental conditions that the two enantiomers are
clearly separated. The retention times provide a satisfac-
tory characterization of the two enantiomers.

Regrettably little use is made of differential scanning cal-
orimetry (DSC) by synthetic chemists and structure ana-
lysts. Nevertheless, the measurement of melting tempera-
tures and enthalpies is a valuable technique for establish-
ing a phase diagram. DSC measurements may be applied
to the bulk.

In passing, we also mention that powder diffraction can
be useful. The simple expedient of comparing the X-ray
powder diffraction pattern of the bulk product with that
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simulated from the results of a single-crystal study allows
the presence in the bulk of polymorphs and crystalline dia-
stereoisomers to be revealed. Clearly although this tech-
nique is of no help for detecting racemic conglomerates, it
is very helpful for other solid mixtures.?® As the presence
of diastereoisomers has the capability of invalidating the
determination of absolute configuration, any method
which establishes the number and relative concentration
of these isomers should be used to characterize the bulk
compound and if possible the single crystal used for the
diffraction studies.

EXPERIMENTATION AND ANALYSIS NEEDS
IMPECCABLE TECHNIQUE
Right-Handed Axes

As emphasized and discussed previously,?’ right-
handed sets of axes must be used at every stage of an
analysis of absolute structure. Of particular danger for the
structure analyst are basis transformations performed to
bring the unit cell into a standard setting. To maintain
right-handed axes, any basis transformation matrix must
have a positive determinant. A transformation matrix with
a negative determinant will transform a right-handed set of
axes into a lefthanded set of axes, and conversely. The
sign of the determinant cannot be spotted simply by count-
ing the number of positive and negative elements in the
transformation matrix. The orientation matrix (UB) of the
crystal on the diffractometer must have a positive determi-
nant. It is standard practice in our laboratory to calibrate
every diffractometer after a hardware or software modifica-
tion with a well-defined reference material of a chiral crys-
tal structure and containing a sufficient amount of reso-
nant scattering. We use enantiomerically pure potassium
hydrogen (2R, 3R) tartrate. With such a test material,
structure solution must give a Flack parameter very close
to zero for the (2R, 3R) configuration of the acid tartrate
anion.

XRD Intensity Measurements

It has been established,">* under certain particular con-
ditions, which it is not necessary to detail here, that unless
intensity measurements of both members, ikl and % & [ of
each pair of Friedel opposites are made and used sepa-
rately in the least-squares refinement, false values of the
Flack parameter may result. It hence seems prudent,
whether these particular conditions apply or not, to always
measure both members of each Friedel pair. Fortunately,
with modern-day equipment using area detectors this cri-
terion is easy to achieve and is often the default mode of
operation. At the data-reduction stage it is essential for
absolute-configuration determination not to average the
intensities of Friedel opposites,® to transform reflection
indices only according to the symmetry operations of the
crystal point group® and not to use any semiempirical
absorption correction which applies a different correction
to the intensities of ikl and & k 1.}

_ In writing about pairs of Friedel opposites in this review,
h k[ should be taken in a general sense to mean % k [ or
any Bragg reflection symmetry-equivalent to it under the
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point group of the crystal. For a noncentrosymmetric crys-
tal hkl and & k [ are not symmetry-equivalent under the
point group of the crystal. Later on in this review the term
Friedel coverage is also used. If in the intensity data, for
each reflection %kl the reflection & % I, or one symmetry-
equivalent to it, has been measured then the Friedel cover-
age is 100%. If for each hkl, h k [ or one symmetry-equiva-
lent to it has not been measured then the Friedel coverage

is 0%.
Getting the Best Out of Your Software

In the section Leastsquares refinement above it was
pointed out that full-matrix simultaneous refinement of all
variables should be used in the final cycles to obtain reli-
able results. One widely-used least-squares refinement
programme, SHELX1.93/97,%8 uses by default a sparse-ma-
trix technique,? called %ole-in-one, for the refinement of the
Flack parameter. SHELXL may nevertheless be coaxed
into doing the appropriate full-matrix calculation.'®?°

One may make one or two simple checks of any refine-
ment software. The first is to invert the structure and
check that a value of the Flack parameter of 1 — x with the
same standard uncertainty is obtained. A second check is
to undertake the refinement using a different starting
value of the Flack parameter which should lead to exactly
the same value of x(x).

Crystal-Structure Evaluation

The results of a crystal-structure determination are
transmitted nowadays by means of computer-readable files
viz. a Crystallographic Information Framework® (CIF) file
which may be used for display, analysis, evaluation, and
archiving. A great deal may be achieved by the automated
evaluation of the information contained in a CIF file con-
cerning the data measurements and the crystal-structure
determination. Systems can be designed to make use of a
considerable amount of general and specific crystallo-
graphic knowledge and know-how in the evaluation of a
structure determination, and to alert the structure analyst
to ambiguities, contradictions, and shortcomings in the in-
formation encapsulated in a CIF file. With the aid of these
alerts, the data-measurement and structure-refinement
procedures may be improved, completed and justified. An
essential element is the examination of a graphical repre-
sentation of the atomic displacement parameters.>! The
most elaborate system currently in operation for the evalu-
ation of crystal-structure determinations is the free-of-
charge online checkCIF/PLATON®2®® operated by the
International Union of Crystallography.

Erroneous Crystal Structures

One should bear in mind that a structure analysis may
be erroneous. An error with which one should be familiar
is the one in which the symmetry of a crystal structure
has been incorrectly assigned to a noncentrosymmetric
space group whereas the crystal structure itself is really
centrosymmetric. In an erroneous noncentrosymmetric
description of a crystal structure, the conditions for abso-
lute-configuration determination may apparently be
achieved which do not of course apply in the true centro-
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symmetric description.’®!* The measurement of a whole
sphere of reflection intensities (see section XRD intensity
measurements) is a prudent approach to help avoiding fall-
ing into this trap. Of equal relevance to absolute-configura-
tion determination are those cases of analysis in which an
achiral crystal structure of a racemate (often disordered)
with a space group containing rotoinversion operations
has erroneously been assigned to a crystal which has in
fact a chiral crystal structure of an enantiomerically pure
compound with a space group containing only rotation and
screw rotation operations. This latter case may arise when
a bulk racemate crystallizes by spontaneous resolution
and the structure analyst force-feeds the structure solution
with a racemate. The possibility of undertaking an abso-
lute-configuration is hence lost.

From an analysis of the atomic coordinates and cell pa-
rameters, checkCIF/PLATON may provide an alert that a
space group of too low symmetry has been chosen. The
most common situation is that it may be possible to add a
center of symmetry to the chosen space group. This prop-
osition should be rejected if there is strong evidence to
show that the compound is enantiomerically pure in the
crystalline state.

Partial-polar ambiguities®* have the capacity to falsify an
absolute-configuration determination. In a crystal-structure
solution suffering from a partial-polar ambiguity, some of
the atoms are correctly located but the others are images
of the real atoms inverted in a point. One may be able to
recognize this type of error by a study of interatomic dis-
tances and angles.

Compatibility of Chemical and Crystallographic Data

In our recent study® of 135 published crystal structures
of metallacycles an appalling 26% had incompatible chemi-
cal and crystallographic data. In general, for these incom-
patible crystal structures, the chemical evidence was
adequate to convince us that the bulk products had a com-
position close to an enantiomeric excess of 100%. The crys-
tal structures were determined as being chiral but with val-
ues of the Flack parameter close to 0.5, with a low stand-
ard uncertainty, indicative of a crystal twinned by
inversion with an overall composition near to that of the
racemate, in contradiction to the chemical evidence. We
hypothesized that for the incompatible crystal-structure
determinations that either the data-reduction software had
averaged Friedel opposites or that an empirical absorption
correction procedure had tended to eliminate intensity dif-
ferences between Friedel opposites. Other considerations
have also been highlighted.*

SOME EXAMPLES TO STRETCH ONE’S
UNDERSTANDING
Experimental Values of the Flack Parameter

We owe a debt of gratitude to the referees of this article
for suggesting the inclusion of this section giving the inter-
pretation of some typical values of the Flack parameter.
We cannot stress sufficiently yet again that a necessary
step, prior to examining and interpreting the Flack param-
eter, is to scrutinize the output of a system such as check-
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CIF/PLATON?"33 to ensure the overall validity of the
structure determination. For absolute-configuration deter-
mination one pays particular attention to any indications of
pseudosymmetry, incorrect space group, and insufficient
number of intensity measurements of Friedel opposites.
Moreover, the noncrystallographic chemical evidence con-
cerning the enantiopurity both of the bulk and of the indi-
vidual single crystal used for the diffraction studies needs
to be reviewed.

x(u) = 0.05(2), space group P2;/c: This report is com-
plete rubbish as a crystal structure with this space group
is centrosymmetric implying that both absolute structure
and the Flack parameter are meaningless. If there are chi-
ral molecules in this structure, they are present as the rac-
emate.

x(m) = 0.05(2), space group Pna2;: Absolute-configura-
tion determination is not possible as this space group con-
tains rotoinversion operations in the form of the glide
reflections # and a. The crystal structure is noncentrosym-
metric and achiral. If there are chiral molecules in this
structure, they are present as the racemate. Absolute-
structure determination, but not absolute-configuration
determination, may have been possible in this case.

x(u) = 0.05(2), space group C2, good Friedel coverage,
enantiomerically-pure bulk compound: The standard
uncertainty on the Flack parameter is less than 0.10, and
the Flack parameter itself is within three standard uncer-
tainties of zero. Absolute-structure determination has been
achieved. Moreover, as the space group contains only
pure rotations and screw rotations, the crystal structure is
noncentrosymmetric and chiral. The enantiopurity of the
bulk compound ensures the enantiopurity of the single
crystal used for the diffraction studies and consequently
absolute-configuration determination has been achieved.
Characterization of the bulk compound by OR, CD or
enantioselective chromatography is necessary to make the
absolute-configuration determination complete.

x(m) = 0.05(2), space group C2, good Friedel coverage,
racemic bulk compound: Similar to the case immediately
above but the compound has crystallized by spontaneous
resolution. For measurements on a series of crystals all
refined using the same structure model, about 50% of the
crystals would give x(#) ~ 0.05(2) and the other 50% would
give x(u) ~ 0.95(2). Absolute configuration is achieved if it
is possible to characterize by either CD or enantioselective
chromatography the single crystal used for the diffraction
study.

x() = —0.1(2): The value 0.2 of the standard uncer-
tainty is larger than either of the limiting values 0.04 or
0.1, and consequently absolute-structure and absolute-con-
figuration determination are not possible from the experi-
mental intensity measurements. The negative value of the
Flack parameter is within three standard uncertainties of
zero and entirely compatible with the statistical fluctua-
tions inherent in the experimental measurements. Possi-
ble remedies to achieve a smaller standard uncertainty on
the Flack parameter are more accurate intensity measure-
ments, measurement at a lower temperature, accurate
measurement of a selected set of Bragg reflections having
the largest model Friedel intensity differences, use of a
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radiation of different wavelength, synthesis of a derivative
containing resonant-scattering atoms, and synthesis of a
cocrystal or solvate containing resonant scatterers.

x(m) = 0.00: No standard uncertainty on the Flack pa-
rameter has been reported and the Flack parameter may
not even have been refined. As it is hence impossible to
assess the accuracy of the Flack parameter, absolute-struc-
ture and absolute-configuration determination have not
been achieved.

x(u) = 0.0(3): This is a situation similar to that of x(x) =
—0.1(2) but with an even greater uncertainty.

x(u) = 0.81(12): For values of the Flack parameter
greater than 0.5, the structure model should be inverted
and the refinement restarted.

() = 0.19(12): When using SHELXL?* there is the
danger that positive values of the Flack parameter notice-
ably different from zero may not have converged. One
must use the TWIN/BASF commands'®?® and report the
value of BASF1 for the Flack parameter. If this has been
done in the present case and there is good Friedel cover-
age, the crystal is probably twinned by inversion contain-
ing 81% of the model and 19% of the inverted model. See
the section Absolute-configuration determination from a
bulk racemate by combined CD and XRD. However x(u) =
0.19(12) is also rather typical of structure solutions suffer-
ing from a partial-polar ambiguity.**

x(u) = 0.49(2), good Friedel coverage, enantiomerically
pure bulk compound: The chemical and the crystallo-
graphic evidence are contradictory. One needs to examine
both very critically. A similar situation pertains when a
centrosymmetric crystal structure is obtained for an enan-
tiomerically pure bulk compound. The chemists’ curse is
the opposite enantiomer as impurity in a binary system for
which the melting temperature of the racemic compound
is much higher than that of the enantiomerically pure com-
pounds. The crystallographers’ curse is bad software im-
plementing inappropriate averaging algorithms or absorp-
tion corrections. No absolute-configuration determination
is possible. Watch out as well for disordered racemates
which may be enantiomerically-pure crystals produced by
spontaneous resolution.

x(u) = 0.042(8), poor Friedel coverage, indications from
checkCIF/PLATON that a center of symmetry needs to be
added to the space group, no chemical data indicating that
the compound is enantiomerically pure: Due to insufficient
intensity data, the refinement of the Flack parameter has
probably stuck at its starting value of zero'>!* for this cen-
trosymmetric structure refined as noncentrosymmetric.
The analyst should undertake refinement in the appropri-
ate centrosymmetric space group. No absolute-configura-
tion determination is possible.

x() = 0.042(8), good Friedel coverage, indications
from checkCIF/PLATON that a center of symmetry needs
to be added to the space group, strong chemical evidence
that the compound is enantiomerically pure: This is a very
nice absolute-configuration determination.

x(m) = 0.49(2), good Friedel coverage, bulk compound
is either a racemate or achiral: If there are indications
from checkCIF/PLATON that a center of symmetry needs
to be added to the space group, this is most likely the

Chirality DOI 10.1002/chir
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case. If there are no such indications, the crystal is most
likely a 50:50 inversion twin. No absolute-configuration
determination is possible.

Absolute-Configuration Determination from a Bulk
Racemate by Combined CD and XRD

A chiral chromium complex® was synthesized, and
crystals were grown from a solution of the racemate. The
crystal structure is chiral displaying the space group
P2,2,2,. One would suspect thus that the crystallization
had proceeded by spontaneous resolution giving rise to a
racemic conglomerate. Two different crystals were mea-
sured by XRD and gave values for the Flack parameter? x
of 0.36(4) [ee (i.e., enantiomeric excess) = 28(8)%] and
0.90(3) [ee = —80(6)%]. Both crystals are thus twinned by
inversion, being in effect oriented agglomerates of enantio-
merically pure domains containing molecules of opposite
chirality in the manner of hexahelicene.* Moreover, the
second crystal shows a higher enantiomeric excess than
the first but contains a majority of the enantiomer opposite
to that present as majority component in the first crystal.
The two crystals were put into separate solutions and the
CD-spectra of these were measured and normalized to
equal crystal volume. The CD-spectrum of the solution
from crystal 1 is indeed weaker and in form the mirror
image of that from crystal 2. The ratio of the enantiomeric
excesses from the XRD gives a value of —0.35(10)
whereas the ratio of the normalized peak heights at 350 nm
of the CD spectra is —0.42. The agreement is very good
indeed. So long as a CD spectrum of a solution of the crystal
used for the diffraction experiment is published with the
results of the structure analysis, it will be justifiable to claim
that the absolute configuration has been determined. This
is very satisfactory considering that one is working from a
racemate in solution.

Absolute-Configuration Determination Relying on
Enantioselective Chromatography

The synthesis of an N-sulphonated aziridine, resulted in
an enantiomeric mixture which was found to have an enan-
tiomeric excess of 43% of the (1R, 3R, 6S) enantiomer.>¢"
The enantiomers were separated by semipreparative
HPLC on Chiracel OD H using hexane/isopropanol 9:1 at
0.5 ml/min giving retention times of 15.3 and 16.3 min.
The product from the minority component (retention time
15.3 min) was used to make crystals. Their crystal struc-
ture is chiral displaying space group P2, giving a Flack pa-
rameter® x(1) = —0.03(12). Although the standard uncer-
tainty on x, 0.12, is very slightly larger than our upper safe
limit of 0.10, the conditions of experimentation, experience
with other similar compounds, the small value of x con-
vince us that absolute-structure determination has been
achieved. The absolute configuration was determined to
be (1S, 3S, 6R). The retention time and experimental con-
ditions provide a sufficient characterization of the enan-
tiomer in the absolute-configuration determination. In this
case, it would not have been possible to use optical activity
or CD as these effects are far too weak: [ap] = 0.7° for
ee = 43% and the CD spectrum is flat.

Chirality DOI 10.1002/chir
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Determination of Absolute Configuration from
Multiply-Twinned Crystals

A twinned crystal may be viewed as a solid-state
agglomerated mixture of rotated and/or inverted copies of
the untwinned crystal structure. Each component in this
mixture is specifed by two attributes.

1. The volume fraction x; of the ith component in the mac-
roscopic crystal. This value may be established during
structure refinement.

2. The isometry relating the orientation of the component
to that of the basic one. This twin symmetry operation
may be established by arguments of symmetry>>3?
and is not unique. It comes from a group G of isome-
tries which leave the crystal lattice invariant but not
necessarily the crystal structure. The crystal point
group P is a subgroup of G, G =2 P.

As we are dealing here solely with cases in which the
crystal structure is chiral, so that P is one of the point
groups containing only rotations (geometric crystal
classes: 1, 2, 222, 4, 422, 3, 32, 6, 622, 23, 432). So long as
the criteria given in the subsection absolute-configuration
determination are obeyed, it is still possible to proceed to
the determination of absolute configuration for the multi-
ply-twinned crystal. Full details of the group-theoretical
analysis with the related restrictions to its application are
given in’ but here it suffices to point out that twin-symme-
try operations that have a determinant of +1 are pure rota-
tions and do not change the chirality of the molecules in
the crystalline domain upon which they act. On the other
hand twin-symmetry operations that have a determinant of
—1 are rotoinversions and change the chirality of the mol-
ecules. For the purposes of the analysis of absolute config-
uration, the total amount of rotated-only structure, x*, may
be deduced by summing the volume fractions correspond-
ing to twin laws of determinant +1, x" = = «;, and that of
rotated-and-inverted structure, ¥, may be deduced by
summing the volume fractions corresponding to twin laws
of determinant —1, ¥~ = X x; &~ is the equivalent of the
Flack x parameter for multiply-twinned crystals possessing
a chiral crystal structure. Let us make this clear from an
example.*® The space group is P3; which belongs to geo-
metric crystal class 3 and thus the crystal structure is chi-
ral. The structure was refined as a four-component twin: ks
= 0.064(13) for matrix 010,100,00-1, k3 = 0.038(17) for
matrix -100,0-10,00-1, and k2, = 0.329(13) for matrix
0-10,-100,001.*° £; may be obtained from the relationship
ki =1 — ky — ks — k4 to give k; = 0.569(14) for matrix
100,010,001. The twin symmetry operations are of determi-
nant +1 for matrices 1 and 2, and —1 for matrices 3 and 4.
In the nomenclature of the current analysis, one has x|
(=k) = 0.569(14), x5 (=ky) = 0.064(13), ¥; (=ks) =
0.038(17), and x, (=ks) = 0.329(13), giving x* (=x; + %)
= 0.633(17) and x~ (=47 + ;) = 0.367(17). 2~ is equiva-
lent to the Flack x parameter for this multiply-twinned
crystal. Its standard uncertainty is low and hence the value
of the Flack parameter is significant. The experiment
clearly shows that 63% of the crystalline sample contains
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the structure as determined in space group P3; and 37%
contains the inverted structure in space group P3, making
the enantiomeric excess of the crystalline sample 26%.
From these measurements, it is clearly not possible to
establish the absolute configuration for this compound.

CONCLUDING REMARKS

Compounds composed only of light atoms, i.e., those
having a low value of Friedif,'! give rise to standard uncer-
tainties on the Flack parameter which are too large for
absolute-configuration determination. On the experimental
side it may help to measure at a longer wavelength
although synchrotron radiation does not seem to provide
the easy answer that one might at first imagine.* Higher
precision intensity measurements on a small set of Bragg
reflections selected from the crystal-structure model as
having large Friedel differences may be undertaken.*! In
various published*! and unpublished works, improvement
of the uncertainty of the absolute-configuration determina-
tion has been attempted by way of alternative statistical
procedures to that of least squares. In our view, all the pro-
cedures we have examined suffer from the same problem
as sparse-matrix least squares by assuming invariance of
parameters of the model which should be variable. It is
perfectly correct that the average of Friedel opposites!
calculated from the crystal-structure model is independent
of the Flack parameter or the absolute structure. However,
the corresponding difference of Friedel opposites (of the
model) depends both on the Flack parameter and all
the other atomic parameters of the model. It is the latter
dependence which is assumed to be invariant in the pro-
cedures we have studied. Only the procedure of Par-
sons*? escapes from this pitfall but needs further devel-
opment.

GLOSSARY®

Absolute configuration®: The spatial arrangement of
the atoms of a physically identified chiral molecular entity
(or group) and its stereochemical description (e.g., (R) or
), (P) or M), D or L, etc).

Absolute structure®: The spatial arrangement of the
atoms of a physically identified noncentrosymmetric crys-
tal and its description by way of unit-cell dimensions,
space group, and representative coordinates of all atoms.

Flack parameter®: The Flack parameter? is the molar
fraction x in the defining equation C = (1 — x) X + x X,
where C represents an oriented two-domain-structure crys-
tal, twinned by inversion, consisting of an oriented domain
structure X and an oriented inverted domain structure X.
In reciprocal space, the Flack parameter? x is defined by
the structure-amplitude equation G, k1 x) = 1 — 2
|F(hkl)|2 + x |F(h & l)|2. For a multidomain-structure twin
of a chiral crystal structure, an equivalent Flack parameter
may be calculated according to the method of Flack and
Bernardinelli.”
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ABSTRACT  To determine the absolute configurations of chiral compounds, many
spectroscopic and diffraction methods have been developed. Among them, X-ray crystal-
lographic Bijvoet method, CD exciton chirality method, and the combination of vibra-
tional circular dichroism and quantum mechanical calculations are of nonempirical na-
ture. On the other hand, X-ray crystallography using a chiral internal reference, and 'H
NMR spectroscopy using chiral anisotropy reagents are relative and/or empirical meth-
ods. In addition to absolute configurational determinations, preparations of enantiopure
compounds are strongly desired. As chiral reagents useful for both the preparation of
enantiopure compounds by HPLC separation and the simultaneous determination of
their absolute configurations, we have developed camphorsultam dichlorophthalic acid
(CSDP acid) for Xray crystallography and 2-methoxy-2-(1-naphthyl)propionic acid
(MaNP acid) for 'H NMR spectroscopy. In this review, the principles and applications
of these X-ray and NMR methods are explained using mostly our own data. Chirality
20:691-723, 2008.  © 2007 Wiley-Liss, Inc.
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acid); 'H NMR anisotropy; chiral 'H NMR anisotropy reagents (CAR); 2-
methoxy-2-(1-naphthyl) propionic acid; MaNP acid; diastereomers; HPLC

separation on silica gel

INTRODUCTION

It is well recognized that most biologically active com-
pounds controlling physiological functions of living organ-
isms are chiral. Furthermore, studies on chiral molecular
devices and molecular machines, such as the light-pow-
ered chiral molecular motors developed in our laboratory,
have been rapidly progressing in recent years. The biologi-
cal and molecular functions of these compounds are
closely related to the chirality of molecules, i.e., absolute
configuration of molecules. Therefore, in the field of bio-
molecular and molecular material sciences, the unambigu-
ous determination of the absolute configuration of chiral
compounds becomes the first major issue. The second
issue is the chiral synthesis of target compounds and how
efficiently the desired enantiomers can be synthesized
with 100% enantiopurity or enantiomeric excess (%ee).

We have developed some chiral carboxylic acids as
novel molecular tools useful for both enantioresolution of
various alcohols and simultaneous determination of their
absolute configurations (see Fig. 1). These chiral molecu-
lar tools are very powerful for the facile preparation of chi-
ral compounds with 100% ee and also for the absolute con-
figurational assignment. The methods using these chiral
tools have been successfully applied to various com-
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pounds, and their methodologies and applications are
explained in this review.

METHODOLOGIES FOR DETERMINING ABSOLUTE
CONFIGURATIONS
Nonempirical Methods for Determining Absolute
Configurations of Chiral Compounds (Table 1)

It is well known that the absolute configuration of chiral
compounds was first determined by the X-ray crystallogra-
phy Bijvoet method using heavy atom effects.! In X-ray
crystallography, as the anomalous dispersion effect of
heavy atoms can be measured accurately under proper
conditions, absolute stereostructures have been clearly
determined by the use of the Flack parameter,? instead of
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TABLE 1. Methods for determining the absolute
cl configurations of chiral compounds
Cl
Phenomena,
N key points
COOH = Y P ,
# S/ Method and/or reagents Refs.
f% 0O COOH
Chiral Acid 0o 0 Nonempirical methods
CSDP acid X-ray crystallography ~ Heavy atom effect ;
(15.2R 4R)-(-)-1 CD spectroscopy Coupled oscillator 3
Exciton coupling 4,5
6
N Twisted n-electron system 7
S/ 8,9
N\ 0O COOH CD, VCD, ROA, Ab initio calculation 10
00 and/or ORD 11
CSP acid >
(15.2R.4R)-(-)-2 Relative and/or empirical methods
Xeray crystallography  Internal reference
of absolute
configuration:
recent examples
CSDP acid and HPLC ~ 14-20
MaNP acid and HPLC 21,22
Inclusion complex 23-25
Part of systems 26-28
MaNP acid MaNP acid 'H NMR spectroscopy Diamagnetic
-(=)-3 -(+)-3 anisotropy effect
L (A (SH+) MTPA acid 39
MPA acid 40
Fig. 1. Chiral carboxylic acids useful for enantioresolution and deter- MTPA, INMA, 2NMA, 41-43
mination of absolute configuration of alcohols. 2ATMA acids
MTPA, INMA, 2NMA,
9AMA acids 44-48
the measurement of Bijvoet pairs. ’Ifhe obtained results are CFTA acid 49,50
unambiguous and reliable. In addition, the molecule can HPLC and diamagnetic
be projected as a three-dimensional structure, and there- anisotropy effect
fore, the method has been extensively employed. How- MaNP acid 19-22, 51-60
ever, the X-ray method needs single crystals of a large size MOPP acid 61,62

suitable for X-ray diffraction experiments, and so the criti-
cal problem is how to obtain such large single crystals.

The CD (circular dichroism) exciton chirality method®®
is also useful because the absolute configuration can be
determined in a nonempirical manner, and it does not
require crystallization. Furthermore, chiral chemical and
biological reactions are traceable by CD, and even the
absolute configurations and conformations of unstable
compounds can be obtained by this method. However,
since some compounds are not ideal targets for this
method, the results must be carefully interpreted. In addi-
tion, the CD spectra of chiral compounds with a strongly
twisted n-electron chromophore can be calculated by the
n-electron SCF-CI-DV MO (self-consistent field/configu-
ration interaction/dipole velocity molecular orbital)
method.” The method has been successfully applied to
various natural and synthetic chiral compounds to deter-
mine their absolute configurations.®® The absolute config-
urations theoretically determined have been established
by total syntheses of those chiral compounds.

Recently the ab initio calculation method of vibrational
circular dichroism (VCD), Raman optical activity, optical
rotatory dispersion, and CD, has been developed as the
Chirality DOI 10.1002/chir

Comparison of
CD spectra
Chemical correlation

third nonempirical method.!®** By comparison of the
observed spectra with calculated ones, one can determine
the absolute configurations. The method is applicable to
compounds having no chromophore, and so it should be
more widely used in the near future.

Relative and/or Empirical Methods for Determining
Absolute Configuration Using an Internal Reference of
Known Absolute Configuration (Table 1)

X-ray crystallography. Absolute configuration can be
obtained by determining the relative configuration at the
position of interest against a reference compound or sub-
stituent with known absolute configuration. A typical
example is the X-ray crystallography performed after the
introduction of a chiral X-ray internal reference (CXR) with
known absolute configuration (see Fig. 2).!*% In this
case, the absolute configuration of the point in question
can be automatically determined using the chirality of the
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RI
H.
COOH + g
Q_ Ho’J\HE

chiral acid, chiral alcohol
CXR,
with known
absolute
configuration Rl
0 H’J\
1) condensation i-‘l;_ o R2
——

2} X-ray crystallography

Fig. 2. A general scheme for determining the absolute configuration
by X-ray crystallography using a CXR, where the case of ester formation is
shown.

auxiliary introduced as an internal reference. Conse-
quently, samples do not need to contain heavy atoms for
anomalous dispersion effect.

An example of this method is shown in Figure 3, where
alcohol (—)-5 has a heavy bromine atom, but no single
crystals suitable for X-ray analysis were obtained.?’ There-
fore, alcohol (-)-5 was esterified with (1.5)-(-)-camphanic
acid 4 (CXR), yielding ester 6 as single crystals. From the
X-ray stereostructure of ester 6, the absolute configuration
of (-)-5 was unambiguously determined to be R.

The results obtained by this internal reference method
are very clear and reliable, even when the final R-value is
not small enough due to poor quality of the single crystal,
as exemplified by the recent determination of the absolute
configurations of chiral Cg fullerene cis-3 bisadducts by X-
ray crystallography (see Fig. 4).2° For the absolute config-
uration of chiral Cg fullerene cis-3 bisadducts, there had
been many controversies among research groups.**>3
They had synthesized cis-3 bisadducts with different chiral
tethers, and had calculated the molecular energies of pos-
sible diastereomers by the molecular mechanics force
field method, because they had assumed that the product
obtained should be the most stable diastereomer. From
the calculation results, they had determined the absolute
configurations of cis-3 bisadducts. However, their reported
assignments were inconsistent with one another.>’-°

COOH

(0]

(18)-(-)-camphanic
acid 4 alcohol (R)-(-)-5

esterification

ester (1S;R)-6, X-ray

Fig. 3. An example of the determination of absolute configuration by
the use of CXR.
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Me_. Me
H=—{H
HO OH e

2R3R}-(—)-T

(RR5A-CDI+)280]-8
by X-ray

red thin plate,
0100 x 0,075 x 0.002 mm,
synchrotron X-ray,
K=10180

Fig. 4. Absolute configuration of chiral Cgo-fullerene cis-3 bisadduct 8
by X-ray internal reference method.?®

We had calculated the CD spectra of cis-3 bisadducts by
the m-electron SCF-CI-DV MO method, because the =-
electron system of cis-3 bisadducts can be treated as a
twisted chromophore. From the CD calculation results,
the absolute configuration of cis-3 bisadduct was deter-
mined.®® The Diederich group had applied the CD exciton
chirality method to derivatives to determine their absolute
configurations.®” Later we had synthesized two possible
diastereomeric c¢is-3 bisadducts with a pertinent chiral
tether, and carefully analyzed the '"H NMR (nuclear mag-
netic resonance) chemical shift and coupling constant
data. From the 'H NMR studies, we had come to the same
absolute configurations, which had been previously deter-
mined by the CD calculation.®® The absolute configura-
tions of cis-3 bisadducts determined by us have been
finally established by X-ray crystallography as follows.

Starting from (2R,3R)-(—)-2,3-butanediol 7, chiral Cg,
fullerene cis-3 bisadduct [CD(+)280]-8 was synthesized
(see Fig. 4), and the product was recrystallized from chlo-
roform/hexane (1:1) giving extremely thin plate single
crystals, which had a thickness of 1-2 pm. Those crystals
are too thin for conventional X-ray diffractometers, and
therefore the synchrotron X-ray radiation at the SPring-8
in Hyogo, Japan, was used for the X-ray analysis. Although
the final R-value remained large (R = 0.180), the absolute
configuration of bisadduct [CD(+)280]-8 was clearly
determined as "4 (='C) by using the (2R,3R) absolute
configuration of the tether moiety as an internal reference.
On the basis of this X-ray analysis and comparison of CD
spectra, the absolute configurations of Cg fullerene cis-3
bisadducts have been conclusively determined.?®

A variety of methods to link an internal reference to
the target molecule have been developed. For example,
there are ionic bonds such as conventional acid-base salts,
covalent bonds such as esters or amides, and the recently
developed inclusion complexes.?>2° Very recently,
structure analyses have became possible also by X-ray dif-
fraction of crystalline powder. Therefore, the X-ray crystal-
lography using an internal reference is expected to find
widespread applications.

Chirality DOI 10.1002/chir
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Harada

Ichikawa, Harada Takeuchi, Kabuto

Fig. 5. Chiral acids useful for the advanced Mosher method.

'H NMR advanced Mosher method. Recently, the
proton nuclear magnetic resonance (‘\H NMR) anisotropy
method has often been used as a relative and empirical
method, and it is useful for the study of the absolute con-
figurations of natural products and chiral synthetic com-
pounds.>*% In particular, the absolute configurations of
secondary alcohols have been successfully determined by
the Trost’s method using o-methoxyphenylacetic acid
(MPA, (5)-(+)-10)*° or by the advanced Mosher method
developed by Kusumi and coworkers.?! In the advanced
Mosher method, the absolute configuration of a chiral aux-
iliary, the Mosher’s reagent [o-methoxy-a-(trifluoro
methyl)phenylacetic acid (MTPA, (S)-(—)-9)1*° is known,
and the preferred conformations of the esters formed with
a chiral secondary alcohol and MTPA have been rational-
ized. The 'H NMR chemical shift of alcoholic part protons
are affected by the diamagnetic anisotropy effect gener-
ated by the phenyl group of MTPA. From AS$ values
reflecting anisotropy effects, the absolute configuration of
alcohol part can be determined. Since then, various chiral
acids suitable for this method have been developed mostly
by the Kusumi group*'™? and the Riguera group,***® and
have been applied to various chiral compounds (Table 1
and Fig. 5).

The outline of the advanced Mosher method is as fol-
lows (see Fig. 6). To determine the absolute configuration
of a chiral alcohol, a chiral alcohol (X)-17 with unknown
absolute configuration X is esterified with MTPA acid (S)-
(—)-9 giving ester (S,X)-18A. Alcohol (X)-17 is similarly
esterified with MTPA acid (R)-(+)-9 giving ester (R,X)-
18B. These MTPA esters take preferred conformations
Chirality DOI 10.1002/ chir
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shown in Figure 6b, where CF5 group is synperiplanar to
carbonyl oxygen atom, and the methine proton of second-
ary alcohol moiety is also synperiplanar to carbonyl oxy-
gen atom.***! Therefore, these moieties lie on a single
plane, the MTPA plane, in the preferred conformations. In
the preferred conformation of ester (S,X)-18A, the alco-
holic substituent R! is above of the benzene plane of the
MTPA moiety.

In MTPA esters, the aromatic substituent (phenyl
group) generates a diamagnetic anisotropy effect due to
the ring current induced under the external magnetic
field, and so the proton NMR signals of the alcohol moi-
ety, which faces the phenyl group in the preferred confor-
mation, are moved to a higher magnetic field (high field
shift). So, in ester (S,X)-18A, the protons of group R! feel
a diamagnetic anisotropy effect, and hence their '"H NMR
signals show high-field shifts. On the other hand, in the
ester (R,X)-18B, the alcoholic substituent R? is above of
the benzene plane of the MTPA moiety, and hence the
protons of group R? show high-field shifts.

The parameter A3 reflecting the anisotropy effects is
defined as AS = 8(SX) — 8(R,X) for MTPA esters.*! By
combining the anisotropy effects discussed above and the
definition of A3 parameter, the empirical rule for determin-
ing the absolute configurations of chiral secondary alco-

(a) 1

M o e ooH cr, 1
e Meo,,, COO™TR2

HO R2 + H
X-17 ($)(=)-9 (S,X)-18A
MeO COOH Meo Coo R2

HO R2 + N E

(X)-17 (R)-(+)-9 (R,X)-18B

(b)

% high field shift
N
)

Fic” @

RN o) s H
yn
\_.V \j

MTPA plane
(S,X)-18A

MTPA plane
(R,X)-18B  high field shift

(©)

Ad>0

[ Absolute Configuration ] 40<0 @

of the Chiral Alcohol Q
OI -MTPA

MTPA plane
A8= S, X) - R, X)

I—

4

A= (S,X)-18A - ¥R, X)-18B

Fig. 6. The advanced Mosher method for determining the absolute
configuration of chiral secondary alcohols using both (S)- and (R)-MTPA
acids: (a) preparation of MTPA esters, (b) preferred conformations of
MTPA esters, and (c) definition of A8 value and sector rule.
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Fig. 7. Enantioresolution and determination of absolute configuration
of alcohols using chiral carboxylic acid.

hols was proposed as illustrated in Figure 6c, where the
MTPA moiety is placed in the down and rear side, while
the methine proton of the secondary alcohol moiety in the
up and rear side. The substituent R* showing positive A3
values is placed at the right side, while the substituent R*
showing negative A3 values is at the left side. So, the abso-
lute configuration (X) of alcohol 17 can be determined.*!
This method is thus convenient, since it does not require
crystallization of compounds.

In the case of the Trost's method using MPA,*° the
methoxyl group is synperiplanar to the ester carbonyl oxy-
gen atom in their preferred conformations, and the param-
eter reflecting the 'H NMR anisotropy effect, A3 is defined
as A3 = d(RX) — 3(S,X).

One problem of this method is that it is based on the
assumption of preferred conformation of molecules in solu-
tion. However, it is reliable in most cases since the method
itself has a self-diagnostic function.*’*” Namely, in some
exceptional cases of MTPA esters,*® to which the NMR ani-
sotropy method is not applicable, the observed Ad values
reflecting the anisotropy effect are small and/or distribute
randomly. On the other hand, if the AS values are suffi-
ciently large and show a reasonable distribution pattern, it
leads to a reliable assignment. Therefore, the applicability of
the 'H NMR anisotropy method can be judged from the
magnitude and distribution pattern of the observed AS val-
ues. Although the method has been widely applied to sec-
ondary alcohols, the method could be extended to other
kinds of compounds.

PREPARATION OF ENANTIOPURE COMPOUNDS
AND SIMULTANEOUS DETERMINATION OF THEIR
ABSOLUTE CONFIGURATIONS

The author considers that the most reliable and practi-
cal method for determining the absolute configuration is
the X-ray crystallography by the use of internal reference,
as described above. Namely, the absolute configurations
of points in question can be unambiguously determined
from the X-ray stereoview showing a relative stereochem-
istry, because the absolute configuration of the chiral aux-
iliary is already known. Therefore, it is easy to determine
the absolute configuration, and there is no possibility of
making a mistake in the assignment.
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We also consider that a highly efficient method for pre-
paring an appropriate amount of various chiral compounds
with 100% enantiopurity in a laboratory scale is the enantio-
resolution method, as illustrated in Figure 7, although it is
called a classical method. In the method, a chiral auxiliary is
covalently bonded to racemates, and therefore the obtained
diastereomeric mixture can be separated by conventional
HPLC on silica gel. If the chromatogram shows a baseline
separation and the chiral reagent used is enantiopure, the
diastereomers separated are also enantiopure. It is easy to
recover enantiopure alcohols from the diastereomeric esters
obtained. Therefore, if the absolute configuration of one of
diastereomers can be determined by X-ray crystallography
and/or by 'H NMR anisotropy, enantiopure alcohols with
established absolute configurations are obtained.

(—)-CSDP Acid, a CXR Useftul for the Enantioresolution
of Alcohols by HPLC and Simultaneous Determination of
their Absolute Configurations by X-ray Crystallography

As a chiral auxiliary useful for preparation of enantio-
pure alcohols and simultaneous determination of their
absolute configurations, we have developed a chiral molec-
ular tool, camphorsultam dichlorophthalic acid (CSDP
acid) (—)-1% connecting (1S,2R,4R)-2,10-camphorsultam
and 4,5-dichlorophthalic acid (see Fig. 8), and have applied
this chiral tool to various compounds.’*?° The 2,10-cam-
phorsultam was selected because of its good affinity with
silica gel used in HPLC, allowing good separation of two
diastereomers. In addition, the sultam amide moiety is
effective for providing prismatic single crystals suitable for
X-ray diffraction experiment. Furthermore, the (1S,2R,4R)
absolute stereochemistry of 2,10-camphorsultam is useful
as the internal reference of absolute configuration. To con-
nect alcohols, an ester bond was chosen, because it could
be readily formed and cleaved off. Accordingly, 4,5-dichlor-
ophthalic acid was selected as a linker for CSDP acid (—)-
1, and phthalic acid for CSP (camphorsultam phthalic)
acid (-)-2 (see Fig. 8).54%

Cl
Cl
N
COOH
—linker | o 8 toon
o o
//\\
CSDP acid
(15,2R4R)-(=)-1

,,9< O COOH
¢ Yo

CSP acid
(15 2RAR)-(=)-2

Fig. 8. Design of a chiral molecular tool, CSDP and CSP acids contain-
ing 2,10-camphorsultam moiety.
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Fig. 9. Chiral drugs with a diarylmethanol skeleton.

The desired molecular tool, CSDP acid (—)-1, was syn-
thesized by reacting (1S,2R,4R)-(—)-2,10-camphorsultam
anion with 4,5- dlCthI‘OththahC anhydride: acid (—)-1, mp
221°C from EtOH; ~101.1 (¢ 1.375, MeOH).% This
carboxylic acid was condensed with alcohol under the con-
ditions of 1,3-dicyclohexylcarbodiimide (DCC) and 4-di-
methylaminopyridine (DMAP).

Various chiral drugs with a diphenylmethanol skeleton
have been developed as shown in Figure 9. Among them,

OH
1) CSDP acid
(18.2R AR)-(=)-1
=
[ 0D e
(£)-25
Cl Cl
Cl cl
s & S/N 0
0
N Yo% + AN
0:’\0 C oo

(R)-(=)-26a, X-ray (5)-1-)-26b

HC_[ H
(R)-(=)-260 —m=

(R)-(+)-25

Fig. 10. Preparation of CSDP esters: DCC DMAP in CH,Cl, and re-
covery of enantiopure alcohol (R)-(+)-25.%
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the absolute configurations of some drugs have remained
undetermined. In addition, those drugs were prepared
mostly by means of asymmetric syntheses and/or enzy-
matic reactions. Therefore, it is hard to obtain enantiopure
drugs without purification by recrystallization. How can
we determine the absolute configuration of these chiral
drugs and also obtain enantiopure compounds? To solve
these problems, we have applied the CSDP acid method to
various diphenylmethanols as follows.

To exemplify a general procedure of the CSDP acid
method, we show here the results of chiral (2,6-dimethyl-
phenyl) phenylmethanol (25). The CSP acid (—)-1 was
allowed to react with (#)-25 using DCC and DMAP in
CH,Cl, yielding diastereomeric esters, which were effec-
tively separated by HPLC on silica gel: hexane/EtOAc =
6:1; o = 1.25, R, = 1.94 (Figs. 10 and 11).%® The first-
eluted ester (—)-26a obtained was recrystallized from
EtOH giving prisms. A single crystal of 26a was subjected
to X-ray analysis affording the ORTEP drawing as shown

Silica gel (224 x 300mm) (R)-{=)- 26a
hexane / EtQAc=6/1 25.0 min.
n = 9500-11600
ax=125

b (5)-(=)- 26b
Realad 26.1 min.

80 mg injected.

r'UJ

Fig. 11. HPLC separation of CSDP esters 26a and 26b.5

-
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Recrvstallized from EAOH
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plealed) = 1303 gem?®
plobsd) = 1.205 piem’
R=35%, Rw=488%
Mirror linage
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Fig. 12. ORTEP drawing of CSDP ester (R)-(—)-26a.%°

in Figure 12, from which the absolute configuration of the
alcohol part was clearly determined as R based on the
absolute configuration of the camphorsultam moiety used
as an internal reference. The R absolute configuration of
26a was also confirmed by the heavy atom effect of two
chlorine and sulfur atoms contained. The reduction of the
first-eluted ester (R)-(—)-26a with LiAlH, in THF yielded
enantiopure alcohol (R)-(+)-25.% Although the reduction
with LiAIH, was used here to recover the alcohol, we
found later that the solvolysis with K,CO3 in MeOH as a
more mild condition is also applicable to most CSDP
esters.

As shown in Table 2, the method using CSDP and/or
CSP acids has been successfully applied to various substi-
tuted diphenylmethanols 27-33, 35, 37-42, and 51-56
(entries 2-14 and 23-28). Namely the diastereomeric
esters prepared from racemic alcohols and CSDP acid
(1S,2R4R)-(—)-1 were effectively separated by HPLC on
silica gel with separation factor a = 1.10-1.34. It is known
that if the separation factor « is larger than 1.10, the two
components are baseline separable, yielding pure com-
pounds. In the case of alcohols 32, 38, 40, 51, 52, and
54-56, the CSDP acid method has been applied in a
straightforward manner; the separated CSDP esters were
recrystallized giving single crystals, which were subjected
to X-ray crystallography (entries 7, 11, 12, 23, 24, and 26—
28). The absolute configurations of the alcohol parts were
thus explicitly determined.

In the case of alcohols 27 and 28, those compounds
were previously enantioresolved by means of CSP acid
(1S,2R4R)-(—)-2, a similar chiral auxiliary developed by
us as shown in Figures 1 and 8, and the absolute configu-
rations of their CSP esters were determined by X-ray crys-
tallography (entries 2’ and 3’). So, by comparison with the
data, the absolute configurations of CSDP acid esters of
alcohols 27 and 28 were established by chemical correla-
tion. It should be noted that the CSDP acid esters of 27
and 28 were more effectively separated by HPLC on silica
gel than the corresponding CSP acid esters: separation fac-
tor o« = 1.20-1.26 vs. 1.1 (entries 2, 2/, 3, and 3'). In gen-
eral, CSP acid esters have low solubility, possibly due to
too better crystallinity, resulting in longer elution time and
smaller a value in HPLC on silica gel. In addition, CSP
esters were often obtained as fine needles, which were
unsuitable for X-ray crystallography. Therefore CSDP acid
1 is more useful in most cases than CSP acid 2.
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In the case of halogenated alcohols 29 and 30, their
diastereomeric CSDP esters were obtained as fine crys-
tals, which were unsuitable for X-ray crystallography. So,
as described above, the enantiopure alcohol (—)-29 recov-
ered was converted to camphanate ester, the absolute con-
figuration of which was determined by X-ray crystallogra-
phy as R (entry 4, Table 2). Alcohol (—)-30 was treated in
the same way, but its camphanate ester was not suitable
for X-ray analysis (entry 5). The absolute configuration of
(—)-30 was determined as R by the comparison of its CD
spectrum with that of (R)-(—)-29.

Methyl-substituted alcohol 31 could not be enantiore-
solved by the CSDP acid method, because of the small dif-
ference in substituent effects: Me vs. H (entry 6). There-
fore, we have adopted the chemical conversion method as
follows: racemic alcohol 32 with 4-Me and 4'-Br groups
was effectively enantioresolved as CSDP esters, the abso-
lute configuration of which was determined by X-ray crys-
tallography (entry 7). The enantiopure alcohol (R)-(—)-32
obtained was reduced to remove Br atom yielding (S)-(—)-
31.

Alcohols 34 and 36 are very unique chiral compounds,
the chirality of which is generated by the substitution of
isotopes: in the case of 34, H vs. D; in the case of 36, 12c
vs. 13C. So, it is very difficult to recognize directly such an
ultimately small chirality. To synthesize enantiopure alco-
hols 34 and 36, and to determine their absolute configu-
rations, the indirect chemical conversion method was
employed as follows. For example, deuterium-substituted/
4-Br alcohol 35 was similarly enantioresolved as in the
case of compound 29 (entry 9). The enantiopure alcohol
(S)-(—)-35 obtained was reduced to remove the Br atom
yielding [CD(—)270.4]-(S)-34, which exhibits a negative
CD Cotton effect at 270.4 nm. In a similar way, *C-substi-
tuted diphenylmethanol [CD(—)270]-36 was synthesized
in an enantiopure form and its absolute configuration was
determined as S (entry 10).

Although the CSDP acid method was easily applicable
to o-methoxy-substituted alcohol 38 (entry 11), o-methyl-
substituted alcohol 39 could not be enantioresolved as the
CSDP acid esters. So, the indirect method was adopted as
follows: o-hydroxymethyl-substituted alcohol 40 was enan-
tioresolved as CSDP esters, where the primary alcohol
moiety was esterified (entry 12). Enantiopure alcohol (R)-
(+)-40 was then converted to the target compound (R)-
(—)-39. It should be noted that the absolute configuration
of alcohol 39 was once estimated on the basis of asymmet-
ric reaction mechanism, but it was revised later by this
study. The data of alcohols 41 and 42 indicate that the
HPLC separation as CSDP esters is easier for silyl ethers
(entries 13 and 14).

The CSDP acid method was applicable to benzyl alco-
hols 43-46 and naphthalene alcohols 47-49, the CSDP
esters of which were effectively separated by HPLC on
silica gel with o = 1.11-1.38 (entries 15-21). In addition,
except the case of 45, the absolute configurations of their
CSDP esters were determined by X-ray crystallography.

Alcohol (3R,4R)-(+)-47 is a key compound for the syn-
thesis of a light-powered chiral molecular motor
[CD(—)237.2]-(—)-59a, which rotates in one rotational

Chirality DOI 10.1002/chir
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TABLE 2. Enantioresolution of alcohols by HPLC on silica gel using (15,2 R,4R)-(—)-CSDP acid 1, and determination of
their absolute configurations by X-ray crystallography

($)-(-)-27 (R)-(—)-28 (R)-(—)-29 (R)-(-)-30
sH HO H
(8)-(-)-31 (R)~(-)-32 (R)-(—)-33
HQ H HQ H
1301;‘:\30 3 136/iQ3E)K©\
{
1584 28 PQaC Br
[CD(-)270.4]-(5)-34 (8)-(-)-35 [CD(-)270]-(S5)-36 (9)-(—)-37
OR
CH3;0 |'|O H CH;3 HO OH
(R)-41: R = TBDMS
($)-(-)-38 (R)-(-)-39 (R)-(+)-40 (R)-42: R = TBDPS
CH;0 HO CH,0O HO
/ﬁ:(‘o\c/H\CH /@:k/\/ /\)\@\ (_Y\)\O\F
($)-(-)-43 (5)-(-)-44 (R)-(+)-45 (R)-(+)-46

Q0L o

SO SN

e [ Q0
HO HO

(GRAR)-(+)-47 (1R25)-(+)-48 (15,4R)-49 @@ OH

(aR,aR)-(—-)-50

HO H

3 oF &
oo
(R)-(-)-51 (R)-(-)-52 (R)-(-)-53

Chirality DOI 10.1002/chir



ABSOLUTE CONFIGURATIONS BY X-RAY AND 'H NMR 699
TABLE 2. Continued
F HO H HO H HO H
N MeO O O MeO O > O
L O O
MeO
($)-(-)-54 (5)-(+)-55 ($)-(+)-56
OH
T el
. OH
HO  “ch, OO
(15,28)-(+)-57 ($)-(-)-58
Abs.Config.
Entry  Alcohol Solvent® o® RS¢ X-ray! First Fr. Ref.
1 25 H/EA=6/1 125 194 y (st Fr) R 66
2 27 H/EA=4/1 120 0091 - S Fujita K, Harada N. unpublished data.
2'¢ 27 H/EA=4/1 11 1.3y (Ist, Fr.) S 67
3 28 H/EA=5/1 126 137 - R Fujita K, Harada N. unpublished data.
3¢ 28 H/EA=5/1 11 1.6y (Ist, Fr.) R 67
4 29 H/EA=8/1 1.1 1.3 R 29
5 30 H/EA=6/1 117 095 - R Fujita K, Harada N. unpublished data.
6 31 H/EA =7/1 - - - - 67
7 32 H/EA=8/1 118 0.83 y(lst, Fr) R 67
8 33 H/EA=4/1 11 1.0 - R Fujita K, Harada N. unpublished data.
9 35 H/EA=8/1 121 107 S 29
10 37 H/EA=4/1 127 120 S 68
11 38 H/EA=5/1 112 1.01 y (st Fr) S 69
12 40 H/EA = 4/1 1.14 091 y (2nd, Fr.)® R 69,70
13 41 H/EA =10/1 126 1.03 - R 69
14 42 H/EA=6/1 126 1.29 - R Taji H, Harada N. unpublished data.
15 43 H/EA=5/1 116 111 y (st Fr) S 71
16 44 H/EA =5/1 1.12  0.87 y (st Fr) S 71
17 45 H/EA=2/1 111 0.88 - R 71
18 46 H/EA=2/1 138 119 y (st Fr) R 71
19 47 H/EA=7/1 118 1.06 y(2nd,Fr) 3R4R 27,64
20 48 H/EA=7/1 123 127 y (st Fr),y 2nd, Fr.) 1R2S Koumura N, Harada N. unpublished data.
21 49 H/EA =10/1 130 174 y (Ist, Fr.) 1S,4R 64
22 50 H/EA=3/1 1.2 1.6  y (nd, Fr) aR,aR 72,73
23 51 H/EA=5/1 134 237 y(lst,Fr) R 74
24 52 H/EA=5/1 116 122 y(1st, Fr),y 2nd, Fr.) R 74
25 53 H/EA=5/1 111 133 - R 74
26 54 H/EA=4/1 121 250 y (st Fr) S 74
27 55 H/EA=5/1 116 142 y(lst, Fr) S 75
28 56 H/EA=4/1 115 134 y (st Fr) S 75
29 57 H/EA=10/1 117 179 y (2nd, Fr.) 1R,2R 28
30 58 H/EA=4/1 127 149 S 51

“H = n-hexane, EA = ethyl acetate.
bSeparation factor o = (¢, — o)/ (t; — to) where t; and #, are the retention times of the first- and second-eluted fractions, respectively, and t, is the reten-
tion time of an unretained compound (void volume marker).
“Resolution factor R, = 2(t, — t1)/(W; + Ws) where W; and W are the band-widths of the first- and second-eluted fractions at the base-line level, respec-

tively.
dy: ves.

“The case of esters with (1S,2R,4R)-(—)-CSP acid 2.
X-ray analysis of camphanate ester.
ECSDP ester of the primary alcohol moiety.
bX-ray analysis of 4-bromobenzoate.
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HO
CH;
(AR AR)-(+)-47
X-ray
(3R R)-(P.P)-(E)|CD(-)237.2]-(-)-59a
molecular motor, X-ray
—-

(3R3'R)-(P.P)-(Z)-|CD(-)238.0]-59¢
molecular motor, X-ray

(MM)-(E)-|CD(+)239.0]-60

Fig. 13. Synthesis of a light-powered chiral molecular motor 59a and
determination of its absolute configuration.

direction by the use of light energy (see Fig. 13). ¢is-Olefin
[CD(—)238.0]-59¢ is one of the motor rotation isomers.
The molecular framework of these compounds takes a
twisted structure, the absolute configuration of which is
defined as (P,P) or (M,M). Compound [CD(+)239.0]-60
also takes a similar twisted structure, and therefore it
shows a strong positive CD band at 239.0 nm. To deter-
mine the absolute configuration of [CD(+)239.0]-60, we
have adopted the next strategy. Enantiopure alcohol
(BR,AR)-(+)-47 was prepared by the CSDP acid method,
and its absolute configuration was determined by X-ray
crystallography. Starting from (3R,4R)-(+)-47, chiral mo-
lecular motors [CD(—)237.2]-(—)-59a and [CD(—)238.0]-
59c¢ were synthesized, and a single crystal of (—)-59a
was subjected to X-ray analysis. As compound (—)-59a
contains no heavy atoms, X-ray analysis provided the rela-
tive stereochemistry, but not the absolute configuration.
However, compound (—)-59a has two methyl groups at
chiral positions, i.e., (3R,3'R) configuration, which can be
used as internal references of absolute configuration. We
Chirality DOI 10.1002/ chir
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have thus determined the absolute sense of helicity of
(—)-59a as (P,P). So, the chirality of the molecular motor
is expressed as (3R,3'R)-(P,P)-(E)-[CD(—)237.2]-(—)-59a.
As the CD spectrum of [CD(+)239.0]-60 is almost mirror
image of (3R,3'R)-(P,P)-(E)-[CD(—)237.2]-(—)-59a, the
absolute helicity of [CD(+)239.0]-60 was determined as
(M,M)-(E). This is another unique example of the use of
internal reference in X-ray crystallography.

Ternaphthalene-dimethanol 50 is an interesting com-
pound having three naphthalene chromophores in chiral
positions. Therefore, it was expected that it would show
intense exciton-coupled CD, from which its absolute con-
figuration could be determined. The CSDP esters of 50
were separable with o = 1.2 (entry 22), and the absolute
configuration of the second-eluted fraction was determined
by Xray crystallography. The (aR,aR) configuration of
(—)-50 agreed with the assignment by the CD exciton
chirality method.

Various fluorinated diphenylmethanols 51-54 were
also enantioresolved as CSDP esters (entries 23-26). In
the case of alcohols 51, 52, and 54, their absolute config-
urations were determined by X-ray crystallography. Meta-

(a)

H 0‘ -'cHa

(18,28)-(+)-57
X-ray (28,2'8)-(MM)-(E)-[CDN-)257.8]-61a

molecular motor

(285,2'5)-(MM)-(Z£)-[CD{=)270.0]-61¢
molecular motor

X-ray stereostructure of racemic molecular
motor, (25%2' §%)-(M* M*)-(E)-(x)-61a

Fig. 14. A new model of light-powered chiral molecular motor 61a:
(a) synthesis and (b) X-ray stereostructure of racemic motor (+)-61a.
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1) CSDP acid
OO e K
// \ [o) (0]
OH
2) HPLC «CHg
($)-(-)-62a

//\\

(+)-58

: CH3

9@

OH on 9
HiCigy  HaC OJ‘\©\
e OO Y O

($)-(-)-58 ($)-(-)-63

(R)-(-)-62b

(b)

(8)-(-)-63

(© OH OCH3
CH, = CHj E_-COOH
J -
(5)-(-)-58 ($H-(+H)-3

Fig. 15. (a) Enantioresolution and determination of the absolute con-
figuration of 2-(1-naphthyl) propane-1,2-diol (58). (b) ORTEP drawing of 4-
bromobenzoate (S)-(—)-63, whose absolute configuration was determined
by the heavy atom effect of bromine atom (c) Preparation of (S)-(+)-
MaNP acid (3) from glycol (S)-(—)-58.5!

substituted diphenylmethanols 55 and 56 were enantiore-
solved by the CSDP acid method yielding enantiopure
alcohols, the absolute configurations of which were unam-
biguously determined by X-ray crystallography (entries 27
and 28).

A new model of molecular motor 6la with five-
membered rings, which rotates faster than the previous
molecular motor 59a, was synthesized (see Fig. 14). cis-
Alcohol (*)-57 was similarly enantioresolved as CSDP
acid ester, the absolute configuration of which was estab-
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lished by X-ray crystallography (entry 29). Starting from
cis-alcohol (15,25)-(+)-57, chiral molecular motor isomers
[CD(—)257.8]-61a and [CD(—)270.0]-61c¢ were synthe-
sized. To determine the helicity of the molecular skeleton
by X-ray analysis, we have attempted the crystallization of
chiral olefin [CD(—)257.8]-61a. However, all attempts
were unsuccessful. Instead, we have succeeded in obtain-
ing single crystals of racemic molecular motor (*+)-61a.
As shown in Figure 14b, its relative stereostructure was
determined by X-ray analysis to be (25*2'S*)-(M*,M*)-
(E), which means that the crystal contains enantiomers
(2R,2'R)-(P,P)-(E)-61a and (25,2'S)-(M,M)-(E)-61a in 1:1
ratio. Since the absolute configurations of methyl groups
at 2- and 2-positions were already established to be S and
S, respectively, by X-ray analysis of CSDP ester of (+)-57,
the absolute configuration of molecular motor
[CD(—)257.8]-61a was unambiguously determined to be
25,2'S)-M,M)-(E). The (2S,2'S)-(M,M)-(Z) absolute con-
figuration was assigned to [CD(—)270.0]-61c. As exempli-
fied here, in the methods for determining absolute config-
urations by Xray crystallography using internal refer-
ences, the X-ray analyses of racemic compounds are also
useful.

For this new model of chiral molecular motor, an oppo-
site absolute configuration had been once assigned.”®
Namely the (2R,2'R)-(P,P) absolute configuration was
assigned to cis-olefin [CD(—)270.0]-61¢ by comparison of
its CD spectrum with that of six-membered cis-olefin
BR,3'R)-(P,P)-(Z)-|CD(—)238.0]-59¢. It should be noted
that such comparison of CD spectra leads to wrong abso-
lute configurations. Therefore, when determining absolute
configurations by comparison of CD spectra, it is of critical
importance to judge whether such comparison is reasona-
ble or not.

A very important example is the case of 2-(1-naphthyl)-
propane-1,2-diol 58, which was isolated as a chiral metabo-
lite of l-isopropylnaphthalene in rabbits. The metabolite,
however, was not enantiopure and its absolute configura-
tion had been only empirically estimated based on the
reaction mechanism. To obtain the enantiopure diol 58
and to determine its absolute configuration in an unambig-
uous way, the method of CSDP acid was applied to (*)-
58 (see Fig. 15)°! In this case, only the primary alcohol
part was esterified, and the diastereomeric mixture
obtained was clearly separated by HPLC on silica gel: hex-
ane/EtOAc = 4:1, o = 1.27, R, = 1.14 (entry 30 and Fig.
16). In this HPLC, the presence of a free tertiary hydroxyl
group is important, because the protection of the tertiary
alcohol group led to poor separation.

Despite repeated recrystallizations, both diastereomers
62a and 62b were obtained only as amorphous solids.
Therefore, the firsteluted fraction (—)-62a was reduced
with LiAlH, to yield enantiopure glycol (—)-58, which was
further converted to 4-bromobenzoate (—)-63 (Fig. 15a).
By recrystallization from EtOH, good single crystals of
ester (—)-63 were obtained and subjected to X-ray analy-
sis. Consequently, its absolute configuration was explicitly
determined as S by the Bijvoet pair measurement of the
anomalous dispersion effect of the bromine atom con-
tained (Fig. 15b).%!

Chirality DOI 10.1002/chir
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Column : Silica gel (22¢ x 100 mm)
Mobile Phase : Hexane / AcOEt =411
Flow Rate : 6.0 ml / min
N SO0 ~ 8600
¥ 2
Ry S 149
[njection 120 mg
Deteclor - Rl
(3)-(-)-62a {R)-(=)-62b
133 min 15.4 min
T 1 I | 1 1 I T
0 5 10 15 20 (min)

Fig. 16. HPLC separation of esters (S)-(—)-62a and (R)-(—)-62b.

Furthermore, we have obtained enantiopure 2-methoxy-
2-(1-naphthyl) propionic acid (MaNP acid) (S)-(+)-(3) via
several reactions from diol (S)-(—)-58 (Fig. 15c).”
Regarding this carboxylic acid, Goto et al. had first used
(—)-3 for analytical studies of racemic amino acid methyl
esters.””"® Amino acid methyl esters were condensed with
acid (—)-3 giving diastereomeric amides, which were effi-
ciently separated by HPLC. However, those separated
amides had not been used for recovering chiral amino
acids or methyl esters. In addition, at that time, the abso-
lute configuration of acid (—)-3 had not been determined
yet. Later, Ichikawa reported the S absolute configuration
of acid (—)-3 on the basis of 'H NMR spectroscopy data.”
However, this assignment was revised later by our X-ray
crystallographic analysis and chemical correlation as
shown in Figure 15. Since then, as will be discussed
below, the absolute configuration of MaNP acid 3 has
been independently determined by X-ray crystallographic
studies of 1:1 complex of 9-O-(tert-butylcarbamoyl)qui-
nine,%® ester prepared with (—)-menthol,??> and of amide
formed with (S)-(—)-phenylalaninol.®* All four X-ray stud-
ies, of course, are consistent with one another.

We have discovered that this carboxylic acid, MaNP
acid 3, was also effective for enantioresolution and simulta-
neous determination of the absolute configuration of vari-
ous secondary alcohols by the 'H NMR anisotropy
method.1922°1-608287 The results obtained by the 'H
NMR anisotropy method are consistent with those by the
X-ray method. Therefore, the methods of CSDP and
MaNP acids are useful as complementary molecular tools,
as will be discussed later.

MzNP Acid, a CAR Powerful for Both Enantioresolution
of Alcohols and Simultaneous Determination of Their
Absolute Configurations by ' H NMR Anisotropy

We have discussed above the design and applications of
CSDP acid useful for both the preparation of enantiopure
compounds and the unambiguous determination of their
absolute configurations by X-ray analysis. The X-ray crys-
tallographic method using the internal reference of abso-
lute configuration thus leads to the unambiguous and reli-
able determination of absolute configuration. However,
Chirality DOI 10.1002/chir
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the disadvantage of X-ray crystallography is that the
method needs single crystals, and, therefore, it is not ap-
plicable to noncrystalline materials. However, in daily
experiments, prismatic single crystals suitable for X-ray
analysis are not always obtainable. So is there any other
method applicable to noncrystalline materials? In addition,
the applications of the CSDP acid method have been
mostly applied to aromatic compounds as shown in Table
2. So, a powerful method applicable to aliphatic com-
pounds has been required.

As discussed above, the 'H NMR anisotropy method
using a-methoxy-a-trifluoromethylacetic acid, MTPA acid,
(9) is also useful as another method for determining abso-
lute configurations. However, MTPA acid 9 is not so use-
ful for enantioresolving racemic alcohols. Namely, it is not
easy to separate diastereomeric esters prepared from race-
mic alcohol and chiral MTPA acid (R)-(+)-9 by HPLC on
silica gel, because of less polar nature of fluoro-derivatives.
Are there new chiral 'H NMR anisotropy reagents (CAR)
powerful for both enantioresolution of alcohols and deter-
mination of their absolute configurations?

We have discovered that 2-methoxy-2-(1-naphthyl)pro-
pionic acid MaNP acid(3) Figs. 1 and 15) is remarkably
effective in enantioresolution of aliphatic alcohols, espe-
cially acyclic aliphatic alcohols.!%#2°176082-87 1p the 'H
NMR spectra of the esters formed from MaNP acid 3 and
alcohols, the chemical shifts of the protons in the alcohol
moiety are strongly affected by the magnetic anisotropy
effect induced by the naphthyl group. Therefore, this
MaNP acid 3 can be used as a CAR useful for determining
the absolute configuration of secondary alcohols. Another
advantage of the MaNP acid 3 is that it does not racemize,
because the a-position of 3 is fully substituted, and there-
fore, it is easy to prepare enantiopure acid 3. Furthermore,
as will be discussed below, MaNP acid 3 is a very power-
ful chiral auxiliary, which enables enantioresolution of
alcohols. Namely, the MaNP esters prepared from chiral
acid 3 and racemic alcohols are easily separable by HPLC
on silica gel. From the MaNP esters separated, enantio-
pure alcohols can be recovered together with chiral acid
3. Therefore MaNP acid 3 is very useful not only for
determination of the absolute configurations of natural
products and biologically active synthetic chiral com-
pounds, e.g., chiral drugs, but also for preparation of enan-
tiopure compounds.

In the following sections, the principle and applications
of this chiral MaNP acid method are described: (a) syn-
thesis of MaNP acid 3 and its enantioresolution with chi-
ral alcohols, (b) absolute configurational and conforma-
tional analyses of MaNP acid esters by NMR and CD
spectroscopic methods, (c) enantioresolution of racemic
alcohols and determination of their absolute configuration
using chiral MaNP acid 3, (d) recovery of chiral alcohols
with 100% enantiopurity from the separated diastereomeric
esters.

Facile synthesis of MalNP acid and its enantioreso-
lution with natural (—)-menthol.’*>*® To synthesize a
large amount of enantiopure chiral MaNP acid 3 the facile
synthesis and enantioresolution of racemic acid 3 were



ABSOLUTE CONFIGURATIONS BY X-RAY AND 'H NMR

0]
HO
Br (a) OCH3 (b)
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(R)-(-)-3
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(a) Mg/THF, then methyl pyruvate, 86%. (b) NaH,
CH3I/THF, 88%. (c) KOH, aqueous MeOH, ca. 100%.
(d) (=)-menthol, DCC, DMAP/CH,Cl,.

(e) HPLC on silica gel (hexane/EtOAc = 10:1),
66a, 49%, 66b, 46%. (f) NaOMe/MeOH, A, ca.100%.

Flg 17 Preparation of enantiopure MaNP acids (S)-(+)-3 and (R)-
-)-3

carried out as shown in Figure 17. In general, for enantio-
resolution of carboxylic acids, chiral synthetic amines or
alkaloids have been used. However, we have adopted the
following novel strategy to use chiral alcohols; chiral alco-
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(a)
Silica gel (22 ¢ X 300 mm)
hexane : EtOAc=10:1
n = 9500 ~ 11600
a=1.83
Rs =4.55
100 mg injected

(5)-(-)-66a
17.3 min

(R)-(-)-66b
21.8 min

inject

'

wal

(b)
Silica gel (25 ¢ X 400 mm)

hexane : EtOAc=15:1

n = 113;? ~ 14300
Rs —173 (S) ( ]'ﬁﬁd (R)- (*L?fh
1.0 g injected

a

Fig. 18. HPLC separation of MaNP acid menthol esters (S;1R,3R,45)-
(—)-66a and (R:1R,3R,45)-(—)-66b°%: (a) analytical HPLC; (b) preparative
HPLC.

hols are condensed with racemic acid 3 and the diastereo-
meric esters formed are separated by HPLC on silica gel.
The separated esters are then hydrolyzed to yield both
enantiomers of the desired carboxylic acids 3.

As a chiral alcohol, naturally occurring (1R,2S,5R)-(—)-
menthol was selected and esterified with racemic acid
(#)-3. It was surprising that diastereomeric esters 66a

Fig. 19. The Xray stereostructure of menthol MaNP ester
(R:1R 3R 45)-(—)-66b.*

Chirality DOI 10.1002/chir



704

(b)

Ad =B8(R) - 8(S)
= 5(66b) — 5(66a)

Fig. 20. 'H NMR data of MaNP and HaNP acid menthol esters: chemical shift 8 (ppm) and A8 (ppm).>2°6

and 66b formed were very easily separated by HPLC on
silica gel (hexane/EtOAc = 10:1) as illustrated in Figure
18. The separation and resolution factors were extraordi-
narily high (a« = 1.83, Ry = 4.55), indicating that MaNP
acid 3 has great ability to recognize the chirality of the
alcohols. The efficiency in separation enabled the HPLC of
a preparative scale: esters 66a/66b (1.0-1.8 g) were sepa-
rable in one run using a glass column of silica gel (250 X
400 mm). The first-eluted ester 66a was subjected to sol-
volysis to yield chiral acid (+)-3, while the second-eluted
Chirality DOI 10.1002/ chir
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(600 MHz, CDCl5)

0.71

0.94
H

7.44 (600 MHz, CDCls3)
8.23 0.96 0.72
H 1 .ﬁBH

H
1.99 0.46 0.13| 0.87
CH

Ad = B(R) - &(S)
= 3(67h) — &(67a)

ester 66b gave acid (—)-3. To confirm the absolute con-
figurations of chiral acids 3 obtained, they were converted
to methyl esters, the CD spectra of which were measured.
By comparison of those CD spectra with that of the
authentic sample with known absolute configuration,
which was established by X-ray analysis and chemical cor-
relation (see Figure 15), the absolute configurations of chi-
ral acids 3 were determined as (S)-(+) and (R)-(—),
respectively. Therefore, the results led to the assignment
of (S;1R,3R,45)-(—)-66a and (R;1R,3R,4S5)-(—)-66b.”®
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Fig. 21. The preferred conformation of MaNP esters, and the sector rule for determining the absolute configuration of chiral alcohols by the use of

'H NMR A5 values.®®

Later we have succeeded in obtaining the single crystals
of the second-eluted MaNP ester (—)-66b, one of which
was subjected to X-ray crystallography. The stereostruc-
ture of (—)-66b is shown in Figure 19.22 By reference to
the (1R,3R,4S) absolute configuration of menthol moiety,
the absolute configuration of acid part was definitely deter-
mined to be R. The present results are naturally consistent
with the previous absolute configurational assignment of
MaNP acid (S)-(+)-3, carried out by the Bijvoet method.
In this case, (1R,3R,4S)-(—)-menthol worked as a CXR.

The 'H NMR anisotropy method for determining
the absolute configuration of secondary alcohols: The
sector rule and applications.’>*® As described above the
'H NMR anisotropy method has been frequently used as a
relative and empirical method for determining the absolute
configurations of chiral organic compounds.**° In the
cases of Mosher’s MTPA and Trost's MPA acids, the phe-
nyl group exhibits the magnetic anisotropy effect induced
by the aromatic ring current, affecting the chemical shift
(®) of protons in the alcohol part. We have found that
MaNP acid 3 is superior to Mosher’s MTPA and Trost’s
MPA acids, because the magnetic anisotropy effect of the
naphthyl group is much larger than that of a phenyl group
and, therefore, larger A3 values are obtained. So, the abso-
lute configuration of chiral alcohols can be unambiguously
determined, when using MaNP acid 3 as a CAR. More-
over, MaNP acid has another advantage of not racemizing,
because the a-position of 3 is fully substituted. For these
reasons, it is advisable to use MaNP acid 3 for determin-

ing the absolute configuration of chiral alcohols including
natural and synthetic compounds.

All NMR proton peaks of diastereomeric menthol
MaNP esters 66a and 66b were fully assigned by various
methods including two-dimensional ones (‘H, 'H-'H
COSY, 3¢, 'H-'3C COSY, HMBC, Fig. 20a). The protons
of the isopropyl group in ester 66b appeared at much
higher fields than in ester 66a. On the other hand, the
protons in the 2-position in 66a appeared at higher fields
than in ester 66b. Those high field shifts are obviously
due to the diamagnetic anisotropy effect induced by the
naphthyl group of the MaNP acid moiety.

To determine the absolute configuration from the 'H
NMR anisotropy effect, it is required to determine the pre-
ferred conformation of each diastereomer. In esters 66a
and 66b, the absolute configurations of MaNP acid and
menthol moieties are established as described above, and
so the following stable conformations are proposed to sat-
isfy the anisotropy effects observed in the NMR spectra
(Figs. 20 and 21). Namely, MaNP esters adopt the pre-
ferred conformations shown in Figure 21, where the termi-
nal methyl group of the propionic acid part is synperiplanar
to H-2 proton of naphthalene group forming the Me/naph-
thyl plane as shown with dotted lines. On the other hand,
the oxygen atom of the methoxyl group is synperiplanar to
the ester carbonyl oxygen atom, which is also synperipla-
nar to the methine proton of the alcohol moiety, forming
the MaNP plane as shown with solid lines. These two
planes are perpendicular to each other because of the tet-
rahedral configuration of the quaternary stereogenic cen-
ter.

Chirality DOI 10.1002/chir
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Ab = O(R) - &)
D=1.52

(a)

(b) Ad = d(S) - &(R)
D=

Ab =5(R) - 8(8)

(c)

0.44 D =070

D = Abimax) — Ad({min) = A6({2ax-H) — A&(8-H)

Fig. 22. Comparison of the 'TH NMR A8 (ppm) and D values (ppm, CDCls) of menthol esters formed with chiral carboxylic acids.”

In the preferred conformation of ester formed from (R)-
MaNP acid, the substituent R? is in close proximity to the
plane of naphthalene moiety, falling in its field of diamag-
netic anisotropy and leading to the high-field shifts of R?
protons (see Fig. 21). On the other hand, in the other
ester made with (S)-MaNP acid, the substituent R! is
located above the naphthalene plane, and, therefore, high-
field shifts of R! protons are observed.

In menthol ester 66a, the naphthyl group and H-2 pro-
tons are on the same front side of the MaNP plane, and
the H-2 protons are located above the naphthyl plane (see
Fig. 20). Therefore, the H-2 protons feel the magnetic ani-
sotropy effect of high field shift, and so appear at higher
field. In ester 66b, the naphthyl group is close to the iso-
propyl group, and the high field shifts of isopropyl protons
are observable.

The predominance of the syn conformations in esters
66a and 66b is also supported by the comparison of the
'H NMR data with those of 2-hydroxy-2-(1-naphthyl)pro-
pionic acid (HaNP) menthol esters 67a and 67b shown
in Figure 20b. From the NMR chemical shift and IR data,
it is obvious that the tertiary hydroxyl group of HaNP
esters is hydrogen-bonded to the oxygen atom of the ester
carbonyl group. Namely, the hydroxyl group and the ester
carbonyl oxygen atom take a syn conformation. We have
found a very interesting fact that the 'H NMR chemical
shift data of MaNP acid menthol ester (S;1R,3R,4S)-(—)-
66a, especially those of the menthol part, are very similar
to those of HaNP acid menthol ester (S;1R,3R,4S)-(—)-
67a as shown in Figure 20. The same is true for the pairs
of other diastereomers, (R;1R,3R,4S)-(—)-66b and HaNP

acid menthol ester (R;1R,3R,4S5)-(—)-67b (see Fig. 20).
These facts indicate that MaNP acid menthol esters take
the syn conformation, as HaNP acid menthol esters usu-
ally do. This fully explains the observed magnetic anisot-
ropy effects.

By using the NMR anisotropy effect of MaNP esters,
the sector rule for determining the absolute configuration
of secondary alcohols can be deduced (see Fig. 21). The
basic procedure is as follows: (R)-MaNP and (S)-MaNP
acids are separately allowed to react with a chiral alcohol,
the unknown absolute configuration of which is defined as
X. So, the ester prepared from (R)-MaNP acid has the
(R,X) absolute configuration, while the other ester pre-
pared from (S)-MaNP acid has the (S,X) absolute configu-
ration. All 'H NMR proton signals of (RX)- and (S,X)-
esters are fully assigned by careful analyses. If necessary,
the use of two-dimensional spectra is suggested. The A%
values (A3 = S(R.X) — 8(S,X)) are calculated for all pro-
tons in the alcohol moiety. Figure 21 shows the sector
rule for the MaNP ester, where the MaNP group is placed
in the down and front side, while the methine proton of
the secondary alcohol is in the down and rear side. The
group R! with protons exhibiting positive A values is
placed at the right side, while the group R? with protons
showing negative Ad values on the left side. From this pro-
jection, the absolute configuration X of chiral alcohol can
be determined.

The magnetic anisotropy effect of chiral MaNP acid is
much stronger than those of conventional chiral carboxylic
acids as shown in Figure 22. We have introduced a new
parameter D representing the strength of the anisotropy

+0.25 00 0o -0m +0.58
024 +018 4025 +014 H o8
+0.26
e +0.25 +0.11 H
) : H -0.06
3 O-MaNP g : H
+01.03 H +045 T H B 01
+0.02 O-MGNP = 0,49 H +HL
(8§)-(+)-2-butanol 6-M0.NF' #0111 T
(8§)-(=)-1-phenylethyl 007 . :
alcohol (=>-borneol {=)-isoborneol

Fig. 23. The 'H NMR AS$ values (ppm, CDCl;) and absolute configurations determined by the MaNP acid method.>?
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Fig. 24. HPLC separation of diastereomeric esters formed from aliphatic alcohols and (S)-(+)-MaNP acid 3 (silica gel, 22¢ X 300 mm, hexane/

EtOAc = 20:1).

effect, which is defined as D = Ad(max) — A8(min),
where Ad(max) indicates the maximum value of AS in the
alcohol moiety, while A8(min) indicates the minimum
value of AS (negative largest one). In the case of menthol
esters, Ad(max) was determined by the shift of the proton
at the 2ax-position, H-2ax, and A8(min) determined by the
H-8 proton. Therefore D = Ad(max) — Ad(min) = Ad(H-
2ax) — A8 (H-8); this definition was used for other menthol
esters. In the case of menthol MaNP acid esters 66a/
66b, D = +0.31 — (—1.21) = 1.52 (ppm); for menthol
MTPA esters, D = 0.44 (ppm); for menthol MPA esters, D
= 0.70 (ppm). The AS values of the MaNP-menthol ester
are approximately four times larger than those of
Mosher’s MTPA esters (Fig. 22b): twice for Trost's MPA
esters (Fig. 22c); comparable to 1-NMA and 2-NMA esters
reported by Riguera et al. and Kusumi et al. MaNP acid is
thus effective for determining the absolute configurations
of chiral secondary alcohols.

Some application examples of this MaNP acid method
to chiral alcohols are shown in Figure 23.

Enantioresolution of various alcohols using MaNP
acid and simultaneous determination of their absolute
configurations.”®® Another extraordinary quality of
MaNP acid is its excellent ability in chiral recognition. For
example as discussed earlier, racemic MaNP acid could
be successfully enantioresolved as the esters of natural
(—)-menthol; the diastereomeric esters formed were
largely separated by HPLC on silica gel. MaNP acid could
be also enantioresolved with other chiral alcohols. These
facts logically indicate that if enantiopure MaNP acid is
used, racemic alcohols can be enantioresolved. In fact, we
have succeeded in the enantioresolution of various alco-
hols using enantiopure MaNP acid (S)-(+)-3 as exempli-
fied in Figure 24.

Chiral MaNP acid (S)-(+)-3 has thus a remarkable
enantioresolving power for alcohols, especially for ali-
phatic alcohols. For instance, in the case of 2-butanol, the
diastereomeric esters 68a/68b can be baseline separated
with the separation factor « = 1.15 and resolution factor
R, = 1.18 (see Fig. 24). In this case, it is obvious that the

Chirality DOI 10.1002/chir



708 HARADA
(a)
o]
MEO.,*' OH R! 1) Esterification Mel‘l,,
—_—
+ /J\ 2
e L)
(5)-(+)-3 (£)-17 the first fraction the second fraction
(5,X)-T4a (5,~-X)-Tdh
l 2) HPLC on Silica gel
(h) ;. Memaphthyl plane ~. Me/maphthyl plane

MaNP plane

Two planes, perpendicular

high field shift

(c)

Absolute Configuration
of the First Fraction

Ad= MRX)-T4 - d5.X)-T4
= MS,—X)-T4b — &5,X)-Tda
= 2nd. fr.) = d1st. fr.)

solvolysis

enantiopure
alcohol

(X)-17

the first fraction
(5,X)-T4a

e
-
“a
ta

N
MaNP plane high field shift
Two planes, perpendicular
S
sector rule
Ad=0 Ad=0
X ]
H O-MaNP
MaNFP plane
Ad= AR,X) - §S5.X)
H2
HZ
’ER‘ AR
—» HO i R
solvolysis
enantiopure
the second fraction alcohol
-X)-17

(8,~X)-74b

Fig. 25. Enantioresolution of racemic alcohol as (S)-MaNP esters, and determination of the absolute configuration of the first-eluted fraction by the

'H NMR anisotropy method.>>°%5¢

chiral carboxylic acid 3 recognizes well the slight differ-
ence between methyl and ethyl groups.

Diastereomeric MaNP esters (69a/69b-73a/73b) of
higher 2-alkanols were more easily separated by HPLC on
silica gel, where the separation factor o ranges from 1.25
to 1.93. This is an excellent practical method for preparing
enantiopure aliphatic alcohols, because chiral acid (S)-(+)-
3 exhibits a high resolving power for aliphatic alcohols, to
which, in general, asymmetric syntheses are hardly appli-
cable.

The next question is then how the absolute configura-
tion of the alcohol moiety is determined. The absolute con-
figurations of separated diastereomers can be determined

Chirality DOI 10.1002/chir

by applying the 'H NMR anisotropy method using chiral
MaNP acid described above. A general scheme is illus-
trated in Figure 25, where racemic alcohol (#)-17 is
esterified with MaNP acid (S)-(+)-3 yielding a mixture of
diastereomeric esters 74a/74b, which is separated by
HPLC on silica gel. The absolute configuration of the first-
eluted ester 74a is defined as (S,X), where S denotes the
absolute configuration of the MaNP acid part, while X
denotes that of the alcohol part. So, the absolute configura-
tion of the second-eluted ester 74b is expressed as
(S,—X), where —X indicates the opposite absolute configu-
ration of X. As described above, the original definition of
A3 value is AS = d3(RX) — 8(5,X), and so the value of
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Fig. 26. Determination of the absolute configurations of first-eluted
esters shown in Figure 24 by the 'H NMR anisotropy method using (S)-
(+)-MaNP acid 3 and the observed A8 values (ppm, CDCl;).>*

3(RX) is required to calculate AS value. However, the
enantiomer (R,X) does not exist in this scheme, and so
the original equation of A3 is not useful here.

To solve the above problem, the following conversion
of the equation was performed. Since the ester (S,—X) is
the enantiomer of ester (R,X), their NMR data should be
identical: 8(R,X) = 8(S,—X). Therefore, AS = §(R,X) —
3(S,X) = 8(S,—X) — 8(S,X) = 8(@2nd fr.) — S(1st fr.),
when MaNP acid (S)-(+)-3 is used. The absolute config-
uration X of the first-eluted fraction can be thus deter-
mined from the A3 value, which is obtained by subtract-
ing the chemical shift of the first-eluted fraction from
that of the second-eluted fraction (see Fig. 25). This
method has been applied to the esters shown in Figure
24, giving AS$ values and the absolute configurations of
the first-eluted esters (see Fig. 26). The AS$ values are
reasonably distributed: positive values at the right, and
negative value at the left. The absolute configuration of
the first-eluted ester can be thus determined, and the op-
posite absolute configuration is, of course, assigned to
the second-eluted ester. It should be noted that when
MoaNP acid (R)-(—)-3 is used, the A3 value is defined as
AS = 3RX) — 8(S5,X) = d(RX) — S(R,—X) = d(Ist fr.)
— 8(2nd fr.), see last subsection.

The next step is the recovery of enantiopure alcohol and
chiral MaNP acid 3. As exemplified in Figure 27, enantio-
pure alcohol was readily obtained by the solvolysis of the
separated ester.’®% The chiral MaNP acid 3 was also
recovered and could be recycled.

How good is the enantiopurity of the recovered alco-
hols? In our method, both diastereomeric esters
obtained are enantiopure, if MaNP acid 3 used is enan-
tiopure, because they are fully separated in HPLC. The
MaNP acid 3 was enantioresolved with natural (—)-

709

menthol, the enantiopurity of which was confirmed as
100% by gas chromatography using chiral stationary
phase.?®

As described here, MaNP acid has excellent enantiore-
solving power despite its simple molecular structure and
the absence of so-called heteroatoms. Besides, the chiral
acid 3 has larger magnetic anisotropy effects than
Mosher’s MTPA and Trost’'s MPA acids.

Recent applications of the MaNP acid method to
various alcohols®3:°6-5774:88 The MaNP acid method
has been successfully applied to various racemic alcohols
listed in Table 3 for preparation of enantiopure secondary
alcohols and simultaneous determination of their absolute
configurations. If the separation factor « is as large as in
the case of 1-octyn-3-ol 76 (entry 2 in Table 3, « = 1.88), a
large-scale HPLC separation of diastereomeric MaNP
esters is feasible. For example, in the case of esters 91a
and 91b derived from alcohol 76, 0.85-1.0 g of the mix-
ture was separable in one run by the HPLC (hexane/
EtOAc = 20:1) using a silica gel glass column (226 X 300
mm) (Figs. 28 and 29).

The HPLC separation data of diastereomeric esters pre-
pared from other racemic alcohols 77-90 with MaNP
acid (S)-(+)-3 are listed in Table 3. It should be empha-
sized that in the cases of most alcohols, their diastereo-
meric MalNP esters are clearly separated with « values of
1.08-1.93. Phenylacetylene alcohol 77 was separable as
MaNP esters 92a/92b (« = 1.30, entry 3). Substituted
cyclohexanols 78 and 79 were also effectively separated
as MaNP esters (entries 4 and 5). Significantly, the «
value of trans-2-isopropylcyclohexanol MaNP esters 93a/
93b is as large as 1.88, which is comparable to that of the
menthol case. On the other hand, in the case of trans-2-
methylcyclohexanol MaNP esters 94a/94b, the o value
is relatively small, « = 1.21. These results indicate that
the combination of a longer and larger alkyl group on one
side and a smaller alkyl group on the other side leads to
better separation of the two diastereomers, as seen for 2-
hexadecanol esters 73a/73b (entry 1, Fig. 24) and trans-
2-isopropylcyclohexanol MaNP esters 93a/93b.

2-hexadecanol
(R)-(-)-75

(S)-(+)-3

(a) KOH/EtOL, 84%.

Fig. 27. Recovery of enantiopure alcohol and MaNP acid.
Chirality DOI 10.1002/chir
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TABLE 3. HPLC® separation of diastereomeric esters formed from alcohols with MaNP acid (S)-(+)-3, determination of
their absolute configurations by the 'H NMR anisotropy method, and absolute configurations of recovered chiral alcohols

HO™"

(9-(-)-76

(1R.2R)-(-)-80

TBDMSO

CH;0

(15,65,8a8)-(+)-84

=

(9-)-77

(9)-(+)-81

HO

OH

(1R,25)-(—)-78

(BRAS)-(+)-82

r

(15,65,8a5)-(+)-85

H

[ ]'
’
‘.

OH

(1R, 2R)-(—)-79

HO

(15,25)-(+)-83

H

CH;

(R)-(-)-86

FHOH

@

@

F
(R)-(+)-87 (R)-(-)-88 (R)-(-)-89 (9)-(-)-90
Entry Alcohol Solvent” o R4 Ester (1st Fr.) Chiral Alcohol (from 1st Fr.) Ref.
1 (*)-75 H/EA = 20/1 1.93 3.68 (S;R)-(—)-73a R)-(—)-75 53, 56
2 (+)-76 H/EA = 20/1 1.88 4.67 (S;9-(—)91a 9)-(—)-76 53, 56
3 (+)-77 H/EA = 10/1 1.30 2.38 (S;9)-(—)-92a S)-(—)-77 56
4 (+)-78 H/EA = 20/1 1.88 4.97 (S;1R,25)-(—)-93a (1R,25)-(—)-78 56
5 (*)-79 H/EA = 20/1 1.21 1.54 (S;1R2R)-(—)-94a (1R,2R)-(—)-79 56
6 (+)-80 H/EA = 2/1 1.35 1.82 (S;1R,2R)-(—)-95a° (1R,2R)-(—)-80 56
7 (+)-81 H/EA = 10/1 1.22 1.54 (S;9)-(+)-96a 9)-(+)-81 56
8 (+)-82 H/EA = 15/1 1.46 2.77 (S;3R,49)-(+)97a (BR,49)-(+)-82 56
9 (+)-83 H/EA = 15/1 1.81 5.97 (S;15,25)-(—)-98a (1S,259)-(+)-83 88
10 (+)-84 H/EA = 10/1 1.80 1.30 (S;1R,6R,8aR)-(—)-99a (1R,6R,8aR)-(—)-84 57
11 (+)-85 H/EA = 1/1 1.27 1.83 (S;18,65,8aS)-(+)-100a (15,65,8aS)-(+)-85 57
12 (+)-86 H/EA = 15/1 1.12 1.45 (S;R)-(—)-101a (R)-(—)-86 56
13 (+)-87 H/EA = 15/1 1.10 1.40 (S;R)-(—)-102a (R)-(+)-87 56
14 (+)-88 H/EA = 8/1 1.39 4.84 (S;R)-(—)-103a (R)-(—)-88 74
15 (+)-89 H/EA = 10/1 1.18 2.55 (S;R)-(—)-104a (R)-(—)-89 74
16 ()90 H/EA = 8/1 1.08 1.28 (S;9)-(—)-105a 9)-(—)-90 74

‘Glass column (226 X 300 mm, or 250 X 400 mm) of silica gel (particle size 5-10 pm).
PH = n-hexane, EA = ethyl acetate.
“Separation factor a = (2 — to)/(t; — to) where t; and ¢, are the retention times of the first- and second-eluted fractions, respectively, and ¢, is the reten-
tion time of an unretained compound (void volume marker).
dResolution factor R, = 2(t, — t1)/ (W + Ws) where W; and W, are the band-widths of the first- and second-eluted fractions at the base-line level, respec-

tively.
*Mono-MaNP ester.

Chirality DOI 10.1002/chir
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Il
el + HO -

(£}-76

(5.5)-(-)-91a (5,R)-(=)-91b
Il o
CH30.,,
e OH
(5.5)-(-)191la — + OO
(5)-(-)-T76 (S)-(+)-3

Fig. 28. Preparation of enantiopure 1-octyn-3-ol (S)-(-)-76.%¢

Entry 6 is an interesting case, where mono-MaNP
esters 95a/95b of trans-1,2-cyclohexanediol 80 were suf-
ficiently separated, despite the existence of a polar
hydroxyl group (« = 1.35). In the case of cyclic naphtha-
lene alcohols 81 and 82, their MaNP esters were sepa-
rated well, but the values depend on the neighboring sub-
stituent. Namely, the MaNP esters 97a/97b of trans-alco-
hol 82 were more efficiently separated (« = 1.46) than
those of unsubstituted alcohol 81 (esters 96a/96b, o =
1.22) (entries 7 and 8).

Tetralol derivative 83 was similarly enantioresolved by
this method as MaNP esters 98a/98b, which were sepa-
rated well by HPLC on silica gel (« = 1.81) (entry 9). The
absolute configuration of the first-eluted ester (—)-98a
was determined to be (S;15,2S) by 'H NMR and X-ray
methods. Ester (—)-98a was used as a key compound for

(5:R)-(-)-91b
37.4 min

(8:5)-(-)-91a
Silica gel (224 % 300 mm)  23.0 min
hexane : E1OAc=20: 1
n = 9500~ 11600
o= 1.88
Ry =467
850 mg injected

mject

1 —

Fig. 29. A large-scale HPLC separation of diastereomeric esters (S;S)-
(-)91aand (S;R)-(—)-91b.°
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(RHF)-[VCD{+)945]-106
VCD

0
CH,0., :" e
OO (5:15.25)-(-)-98a

TH NMR, X-ray

Fig. 30. Synthesis of (R)-(+)-[VCD(+)945]-4-ethyl-4-methyloctane
106.

the synthesis of (R)-(+)-[VCD (+)945]-4-ethyl-4-methyloc-
tane 106, the simplest chiral saturated hydrocarbon with
a quaternary stereogenic center (see Fig. 30). Namely,
alcohol (15,25)-(+)-83 recovered from ester (—)-98a was
converted to enantiopure hydrocarbon (R)-(+)-106. This
is the first synthesis of enantiopure hydrocarbon 106 and
the first determination of its absolute configuration.®® The
absolute configuration of (+)-[VCD(+)945]-106, which
shows a positive VCD band at 945 cm ™!, was also deter-
mined to be R by the ab initio calculation of VCD.%®

Chiral Wieland-Miescher ketone (W-M ketone, (8aS)-
(+)-107) has a long history as a key synthon useful for
the total syntheses of various chiral natural products (see
Fig. 31).%7 To prepare W-M ketone 107 of high enantio-
purity, many efforts have been devoted to develop efficient
preparation methods. However, it was still difficult to
obtain enantiopure W-M ketone 107 in an efficient way.
So, we have applied the MaNP acid method to enantiore-
solve W-M ketone derivatives and also to determine their
absolute configurations by the 'H NMR anisotropy
method. We have found a very interesting phenomenon
that MaNP acid esters of alcohols with less polar and
more bulky substituents were more effectively separated
by HPLC on silica gel. Namely, MaNP esters 99a/99b of
tert-butyldimethylsilyl (TBDMS) ether—alcohol 84 were
excellently separated by HPLC on silica gel with a large «
value (@« = 1.80, entry 10), while mono MaNP esters
100a/100b at the position 1 of diol 85 were less effec-
tively separated (o« = 1.27, entry 11). This substituent
effect found for the HPLC separation would be very useful
for future applications of the MaNP acid method. By this

OH
Joo
(15,65,8a8)-(+)-84

OH 0
,(jf)*ﬁﬁ
HO o

(15,6S,8a5)-(+)-85

TBDMSO

(8aS)-(+)-107

Fig. 31. Preparation of enantiopure W-M Kketone by the MaNP acid
method.

Chirality DOI 10.1002/chir
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Fig. 32. Determination of absolute configurations by the 'H NMR anisotropy method using (S)-(+)-MaNP acid 3: observed A8 values (ppm, CDCl;)

and the absolute configuration of the first-eluted esters.”®>"7488

method, we have provided another route for the prepara-
tion of enantiopure W-M ketone (see Fig. 31).

The enantioresolution of ortho-substituted diphenylme-
thanols 86 and 87 was one of the most difficult cases. We
had previously applied the CSDP acid method to these
alcohols as described above.®*”® However, the diastereo-
meric CSDP esters of 86 appeared as a single peak in
Chirality DOI 10.1002/chir

HPLC, indicating no separation at all. However, the MaNP
esters 101a/101b of alcohol 86 were baseline separated
(o = 1.12, entry 12). In a similar way, alcohol 87 was also
enantioresolved as MaNP esters 102a/102b (« = 1.10,
entry 13).

The MaNP acid method was also applied to racemic flu-
orinated diphenylmethanols 88, 89, and 90 (Table 3). A
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diastereomeric mixture of esters 103a/103b prepared
from (4-trifluoromethylphenyl) phenylmethanol 88 was
separated well by HPLC on silica gel: o = 1.39; R, = 4.84
(entry 14). Other fluorinated diphenylmethanols were sim-
ilarly esterified with (S)-(4+)-3, and the diastereomeric
mixtures obtained were subjected to HPLC on silica gel.
Diastereomeric MaNP esters of (4-fluorophenyl)phenyl-
methanol 89 were separated well with o-values of 1.18
(entry 15). On the other hand, the separation of diastereo-
meric MaNP esters of (2,6-difluorophenyl) phenylmethanol
90 took more time and effort, because of its smaller o-
value: a = 1.08 (entry 16).

By applying the 'H NMR anisotropy method, the abso-
lute configurations of the first-eluted MaNP esters 91a-
105a were determined as illustrated in Figure 32. The
observed A3 values (ppm) are distributed in a reasonable
manner; protons near the MaNP group show larger A8
values than do remote ones, and the protons at the right
side show positive A8 values, while ones at the left side
negative A values. In the 1-octyn-3-ol MaNP esters 91a/
91b, the acetylene proton showing positive A8 value
(4+0.11) is placed on the right side, while the pentyl group
having negative A3 values is on the left side. So, the abso-
lute configuration of (—)-91a was assigned to be S. In the
phenyl acetylene alcohol esters 92a/92b, the phenyl pro-
tons show clearly positive A3 values, despite the long dis-
tance from the MaNP group, while the iso-butyl group
shows large negative Ad values. Therefore, the S absolute
configuration was assigned to (—)-92a.

In the cyclic alcohol esters 93a/93b and 94a/94b,
the observed A8 values are similar at the corresponding
positions, leading to the (1R,2S)-absolute configuration of
(—)-93a and the (1R,2R)-absolute configuration of (—)-
94a. The case of vicinal diol mono-MaNP esters 95a/
95b is a unique example; there was some concern that
the conformation of the MaNP group might be deviated
from the ideal syn-conformation by the effect of the adja-
cent polar hydroxyl group. However, the distribution pat-
tern of observed A3 values is similar to that of esters 94a/
94b, although their absolute values are different. So, the
(1R,2R) absolute configuration was assigned to (—)-95a.

The naphthalene—cyclic alcohol esters 96a/96b are
also interesting cases; the naphthalene moiety contained
in the alcohol skeleton also works as a strong 'H NMR an-
isotropy-inducing group. Therefore, it was considered that
the 'TH NMR anisotropy effect of MaNP esters 96a/96b
might become confusing because of the two naphthalene
groups. However, A values observed are reasonably dis-
tributed even in the naphthalene region. Furthermore it
should be emphasized that the 2-axial proton exhibits a
very large negative Ad value (—1.36 to —1.29) as shown in
Figure 32. This phenomenon is interpreted as follows; the
MaNP ester group takes an axial orientation in both 96a
and 96b because of the peri-position of the naphthalene
group, and, therefore, in the syn-conformation of 96b, the
2-axial proton is located just below the naphthalene ring of
the MaNP moiety, falling in the area of high field shift.
From the observed A8 data, the S absolute configuration
was unambiguously assigned to the first-eluted ester (+)-
96a.
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(5:5)-(+)-96a

Fig. 33. Crystalline state conformation of MaNP ester (S,S)-(+)-96a,
where methoxyl oxygen and ester carbonyl oxygen atoms are in the syn-
periplanar (syn) relation.

It should be also noted that the boundary line of AS val-
ues is tilted to the right side as indicated by the dotted
line in 96a (see Fig. 32). Namely, the MaNP plane divid-
ing the space into two sectors of A3 is moved from the reg-
ular position of the C4—C1 line to that of C4-C10. This phe-
nomenon implies that the MaNP ester moiety declines to-
ward the aliphatic side of C-3, not toward the aromatic side
of C4a, because of steric hindrance. This conformation
was in fact proved by the X-ray crystallographic analysis of
ester 96a, which indicated that the ester plane was tilted
from the alcohol methine proton plane by 41.7° to the
methylene side at the C-3 position (see Fig. 33).2! The
absolute configuration (+)-96a determined here by the
'H NMR anisotropy method was established by X-ray anal-
ysis. The A3 data of trans-methyl alcohol esters 97a/97b
are similar to those of esters 96a/96b except that of the
methyl group, leading to the (3R,4S) absolute configura-
tion of (+)-97a.

In the case of esters 98a/98b, the boundary line of A8
values is tilted to the left side (see Fig. 32), which implies
that the MaNP ester moiety declines toward the aromatic
side, because of steric hindrance of a quaternary carbon at
the C-2 position. Despite such a phenomenon, the absolute
configuration of the first-eluted ester (—)-98a was clearly
determined to be (15,2S5).

The 'H NMR anisotropy method has been similarly
applied to the W-M Kketone derivatives 99a/99b and
100a/100b. It should be noted that the 8-equatorial pro-
ton of 99a/99b exhibits an extremely large anisotropy
effect, AS = —1.35 (see Fig. 32). This phenomenon indi-
cates that in the preferred conformation of 99b, the 8-
equatorial proton is located above the naphthalene plane,
falling in the section of high-field shift and therefore
appearing at 8 = 0.07 ppm. On the other hand, in ester
99a, the 8-equatorial proton appears at & = 1.42 ppm,
because it is remote from the naphthalene plane. The
anomalously large anisotropy effect of the 8-equatorial pro-
ton is thus explicable by the preferred conformation of
MaNP esters. From the projection with A3 values, the
absolute configuration of ester (—)-99a was determined to
be (S;1R,6R,8aR).

The anomalously large anisotropy effect of the 8-equato-
rial proton is also observed in esters 100a/100b (see
Fig. 32), indicating that the preferred conformations of

Chirality DOI 10.1002/chir
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Fig. 34. The S absolute configuration of alcohol (+)-108 as deter-
mined by the *H NMR anisotropy method using MaNP acid: (a) DCC,
DMAP, CSA/CH,Cly, r.t.”

esters 100a/100b are similar to those of 99a/99b. The
distribution pattern of A8 values led to the (S;1S5,6S5,8aS)
absolute configuration of ester (+)-100a. It should be
noted that the absolute configuration of ester (+)-100a is
opposite to that of ester (—)-99a. Namely, the elution
order in HPLC is reversed, when the less polar group,
OTBDMS, is converted to a polar free hydroxyl group.
This is a pertinent example showing that the absolute con-
figuration cannot be determined by the elution order of
HPLC.

In the case of (2-methylphenyl)phenylmethanol MaNP
esters 101a/101b, it was easy to assign the proton sig-
nals of two phenyl groups, leading to the R absolute con-
figuration of (—)-101a, which was corroborated by X-ray
crystallography. In the 2-methylphenyl group on the left
side, the A3 value of the H-5 proton (—0.45) is larger than
that of the H-3 proton (—0.22), indicating that esters
101a/101b take a preferred conformation where the H-5
proton is more shielded by the naphthyl group than the H-
3 proton. A similar phenomenon was also observed in
esters 102a/102b; the A8 value of the H-5 proton
(—0.46) is larger than that of the H-3 proton (—0.14). The
absolute configuration of 102a was unambiguously deter-
mined as R.

In the similar way, the absolute configurations of fluori-
nated diphenylmethanol MaNP esters 103a-105a were
assigned as shown in Figure 32. In the case of 103a and
104a, the phenyl groups have large positive Ad values
(+0.11 to +0.45 ppm), while the fluorinated phenyl groups
show large negative Ad values (—0.58 to —0.33 ppm), and
therefore R absolute configurations were assigned to the
Chirality DOI 10.1002/chir
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first-eluted esters. On the other hand, in the case of (2,6-
difluorophenyl) phenylmethanol 90, the first-eluted MaNP
ester 105a takes S absolute configuration (see Fig. 32).
The observed AS values distribute with regularity; ortho-
protons have the largest AS values (0.49-0.58 ppm), meta-
protons middle A3 values (0.20-0.37 ppm), and para-pro-
tons smallest A values (0.11-0.20 ppm). These data indi-
cate that the absolute configurational assignments per-
formed by the 'H NMR anisotropy method using MaNP
acid are reliable. In the case of alcohols 88 and 90, the
absolute configurations determined by the MaNP acid
method agreed with those by X-ray crystallography.

Enantiopure alcohols were recovered from the corre-
sponding diastereomeric MaNP esters: (i) by hydrolysis
with KOH in EtOH, or (ii) by solvolysis with NaOCH3 in
MeOH followed by treatment with water, or (iii) by reduc-
tion with LiAlH4, or (iv) by hydrolysis with K,CO;3 in
MeOH (Table 3). The MaNP acid method is thus very
useful for the preparation of enantiopure alcohols and also
for simultaneous determination of their absolute configura-
tions by the 'H NMR anisotropy method.

Absolute configurations of chiral meta-substituted
diphenylmethanol and the thyroid hormone analogue
KAT-2003 as determined by the 'H NMR anisotropy
method with MalNP acid. If the purpose is only to deter-
mine the absolute configuration of chiral alcohols, the
MaNP acid method is applicable as follows. For example,
alcohol (+)-108 was esterified with (R)-(—)-MaNP acids
3, yielding ester (R,X)-109, where X denotes the absolute
configuration of alcohol moiety (see Fig. 34).” A similar
reaction was repeated using (S)-(+)-MaNP acid 3 afford-
ing ester (S,X)-109. The 'H NMR spectra of both prod-
ucts were fully assigned using the 'H, 'H-'H COSY, *C,
HMQC, and HMBC methods. The AS$ values (AS =
3(RX) — 5(S,X)) were calculated as shown in Figure 34.
Namely the 3,5-dimethoxyphenyl group has positive AS
values, while phenyl has negative ones. By applying the
MaNP sector rule, the absolute configuration of the alco-
hol part was determined as X = S. This result agrees with
the S absolute configuration as previously determined by
the X-ray method (Table 2). It was thus established that
the 'H NMR anisotropy method using MaNP acid is safely
applicable to such chiral alcohols.

It was reported that the chiral thyroid hormone ana-
logue KAT-2003 (+)-110 (see Fig. 35) showed hypocho-
lesterolemic activities and decreases of hepatic triglyceride
contents with low cardiac side effects, while the opposite
enantiomer (—)-110 was less active than (+)-110.>° So

s d;;r“jﬂ

KAT-2003 (5)-{+)-110

HO
HO,,

F
Fig. 35. Absolute configuration of KAT-2003 (+)-110.%°
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HO
CH;0 N
HO,
0
(=110 —a H
{a) @
{£)-111

Et

(5.R)»-i-)-112b

F

Fig. 36. (a) CH3l, Cs,CO3/CH3CN: (+)-111, 75%. (b) DCC, DMAP,
CSA/CH,Cly, r.t.: (+)-112a, 45%; (—)-112b, 50%.%°

the chiral thyroid hormone analogue KAT-2003 (+)-110
had been developed as a potent medicine. However, its
absolute configuration had remained undetermined.

KAT-2003 (+)-110 having a chiral diphenylmethanol
moiety had been prepared by the asymmetric reduction of
the corresponding ketone with chiral reagent, (+)-B-chloro-
diisopinocamphenylborane (DIP-chloride™). We have
first applied the CSDP acid method to KAT-2003 110 and
its methyl ether derivative. However, we were unable to
separate diastereomeric CSDP esters by HPLC. We then
applied the method of MalNP acid 3 to chiral KAT-2003
(+)-110 to determine its absolute configuration.”

To apply the MaNP acid method, the phenol group of
KAT-2003 has to be protected, e.g., as methyl ether. So, ra-
cemic KAT-2003 (+)-110 was methylated with CH3I and
CsyCO3 in acetonitrile yielding trimethylated alcohol (*)-
111 in a good yield (see Fig. 36). Esterification of (*)-
111 with (S)-(+)-MaNP acid 3 gave a diastereomeric
mixture of esters, which was easily separated by HPLC on
silica gel (see Fig. 37). In general, the MaNP esters of
less polar aliphatic alcohols, such as 2-hexadecanol, are
more effectively separated by HPLC on silica gel than the
MaNP esters of polar alcohols as discussed above. There-
fore it was interesting to find that the diastereomeric mix-
ture of MaNP esters 112a/112b composed of polar
groups was clearly separated by HPLC on silica gel
(hexane/EtOAc = 5:1): separation factor o = 1.72; resolu-
tion factor R, = 2.52. It should be emphasized that a dia-
stereomeric mixture (50 mg) of esters was separable even
with a HPLC silica gel column of 10 cm length. Ester (+)-
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112a (45%) was eluted first and ester (—)-112b (50%)
second.

To determine the absolute configuration of the first-
eluted ester (+)-112a by the 'H NMR anisotropy method,
all NMR signals of both diastereomeric esters (+)-112a
and (—)-112b were fully assigned by the 'H, 'H-'H
COSY, 3C, HMQC, and HMBC methods (see Fig. 38).
The anisotropy value, AS = 8(@nd fr) — &d(st fr) =
3(112b) — 3(112a), was calculated for all protons as
shown in Figure 38. According to the sector rule, the 4-flu-
orophenyl group with negative Ad values was placed in
the left side, while the remaining group with positive A3
values in the right side. From the projection, the absolute
configuration of the first-eluted ester was determined as
X = S, leading to the absolute configurations (S,S)-(+)-
112a and (S,R)-(—)-112b.

To assign the absolute configuration of chiral KAT-2003
(+)-110, the compound was treated in the same way giv-
ing trimethyl derivative (—)-111 (82%), the spectroscopic
data of which agreed with those of racemate (*)-111
except optical rotation. Alcohol (—)-111 was esterified
with (S)-(+)-MaNP acid 3 to give ester (+)-112a which
was completely identical with the first-eluted ester (S,S)-
(+)-112a obtained by HPLC in Figure 37. Therefore the
absolute configuration of the chiral thyroid hormone ana-
logue KAT-2003 (+)-110 was established to be S.

As described here, the MaNP method is very powerful
for determining the absolute configurations of chiral syn-
thetic drugs. When single crystals suitable for X-ray analy-
sis are not available, the 'H NMR anisotropy method using
“MaNP acid” is useful as a complementary technique.

Other interesting application examples of the
MoaNP acid method. Some application examples of the
MaNP acid method reported by other research groups are

(5.8)-(+)-112a

Silica gel (22 ¢ x 100 mm) 13.2 min

n = 4700 - 7300
hexane : EIOAc=5:1

a=1.72
Rs=2.52
S iniaa (5.K)-(=)-112b
el s 21.3 min.
inject
Q L
(+)-112a

from (+)- 110

inject

@l

Fig. 37. HPLC separation of diastereomeric esters (S,S)-(+)-112a
and (S,R)-(—)-112b.%°

Chirality DOI 10.1002/chir
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1st fraction
(+)-112a

8.67

2nd fraction

(9)-112b
( +0.02 A
Ad values -0.01
9 R\ O o
AD =B(R,X) - 0(S,X) +0.05  +0 07% et
= 8(8,-X) — 5(S,X) ' ~ Ny 0 0%

= 0(2nd fr) — 6(1st fr) +0.10

J/

Fig. 38. The 'H NMR chemical shift data (600 MHz, ppm, CDCls) of
esters (+)-112a and (—)-112b and the absolute configuration of the
first-eluted ester (+)-112a as determined by the 'H NMR anisotropy
method using (S)-MaNP acid.”

shown in Figure 39. Compound (1R,35)-(+)-113 was syn-
thesized as a synthetic precursor of chiral 5-lipoxygenase
inhibitors.® It is interesting that diastereomeric MaNP
esters 115a/115b with two free hydroxyl groups were
effectively separated by flash chromatography, while cor-
responding bis(silyl) ethers 114a/114b were inseparable
by chromatography. Namely, MaNP esters with polar sub-
stituents were efficiently separable. This substituent effect
is opposite to that of W-M ketone derivatives discussed
above (Table 3 and Fig. 31). Therefore, to obtain better
separation, it is advisable to check the substituent effect in
each case. Starting from ester (—)-115a, mispyric acid, an
inhibitor of DNA polymerase B, was first synthesized and
its absolute configuration was determined.”®

Enantiopure sulcatol (R)-(—)-116°! and 2-methyl-4-hep-
tanol (R)-(—)-117,%2 a pheromone, were synthesized by
resolution and their absolute configurations were deter-
mined by the 'H NMR anisotropy method. A hydroxy
metabolite (—)-118 of blonanserin (AD-5423) was synthe-

Chirality DOI 10.1002/chir
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sized and its absolute configuration was determined to be
S by X-ray crystallography of HBr salt and also by the 'H
NMR anisotropy method using MaNP acid.”®

The case of inherently chiral anti-O,0'-dialkylated cal-
ix[4]arene derivative is an interest application example. To
enantioresolve anti-O,0'-dibenzylcalix[4]arenes, their (S)-
MaNP acid esters were prepared and separated well by
HPLC giving all four possible diastereomers. The absolute
configuration of one of esters, (—)-119¢, was clearly
determined by X-ray crystallography as shown by the use
of (S)-MaNP acid moiety as an internal reference.”* From
the results of X-ray and CD studies, the absolute configu-
rations of the remaining three derivatives were deter-
mined. Compound 120 also shows an interesting exam-
ple. To determine the absolute configuration of antibiotic
PF1140 (—)-120, it was converted to (S)-MaNP acid ester
121, to which the 'H NMR anisotropy is not applicable,
because of the phenolic ester. Instead, the absolute config-
uration of 121 was established by X-ray crystallography
using an internal reference of MaNP acid moiety.”

A new route for the large-scale preparation of enan-
tiopure MaNP acid by the use of (S)-(—)-phenylalani-
nol.®'As an extension of the MaNP acid method, we have
developed the MS spectral method for determining the

b_O_ H OH m

(1R,38)-(+)-113 (R)-(-)-116 (R)-(-)-117
OR?
R'O = NS = =
(S)-MaNP-O™ 114, R'=TBS, R2=TBDPS
(-)-115a, R'=H, R2=H

N

| N

HO Z
F

(S)-(-)-118,

HBr salt, X-ray (-)-119¢, X-ray

(S)-MaNP~

0
_>—> \
N Tn
Z>o
(6R,6aS,8R,10S,10aR)-(—)-120 (6R,6aS,8RX1OS,IOaR)—IZI,
-ray

Fig. 39. Some examples of the enantioresolution of alcohols by the
MaNP acid method, and determination of absolute configurations by the
'H NMR anisotropy method and/or X-ray crystallography.
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HO
CH30 on
H,N
0
(+)-3 (S)-(-)-122

(R:8)-(—)-123a, 46%, X-ray
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(5:5)-(+)-123b, 44%, X-ray

(a) BOP, DIEA/CH,Cl,. (b) HPLC on silica gel (hexana/EtOAc 1:2).

Fig. 40. Preparation of diastereomeric amides from MaNP acid (+)-3 and phenylalaninol (S)-(—)-122.

%ee of chiral alcohols.® The method has an advantage to
be free from the Kkinetic resolution effect, which is always
accompanied by the formation of diastereomers and dis-
turbs the exact %ee determination. The MaNP acid
method for determining %ee has been successfully applied
to an aliphatic chiral alcohol. To apply this method to the
age-determination of fossil materials, we planned to mea-
sure the %ee of a-amino acids, although the HPLC separa-
tion of a-amino acid methyl esters as MaNP amides had
been previously reported.”””® To avoid the possible partial
racemization during the derivatization reaction, we chose
to reduce a-amino acids to a-amino alcohols, which never
racemize.

As a preliminary experiment, (S)-(—)-phenylalaninol
122 was condensed with racemic MaNP acid (+)-3 yield-
ing a diastereomeric mixture of amides 123a and 123b
(see Fig. 40). It was surprising to find that these diastereo-
meric amides were separable by HPLC on silica gel with a
large separation factor o = 4.53, R, = 4.50 (Fig. 41 and Ta-
ble 4). As shown in Figure 41, it should be noted that dia-
stereomers 123a/123b were effectively separated even
on a short column (22¢ X 100 mm). This effective separa-
tion of diastereomeric amides is comparable to those
reported by Helmchen et al.,**%” where (R)-(—)-phenylgly-
cinol was used as a chiral amino alcohol.

Such an effective HPLC separation prompted us to de-
velop a new route for the preparation of enantiopure
MaNP acid 3 by the use of (S)-(—)-phenylalaninol 122.
However, we were soon confronted with the fact that the

(R:8)-(—)-123a
4.8 min.
Silica gel glass colum
22¢ x 100 mm
1 = 4700 - 7300 l
hexane/E1OAc = 1/2 (5:5)-(+)-123b
a=4.53 12.00 min.
R, =450
injected

RIH

Fig. 41. HPLC separation of MaNP amides (R;S)-(—)-123a and (S;S)-
(+)-123b.%

recovery of acid 3 from amides 123a and 123b by hydro-
lysis or solvolysis was extremely difficult. We attempted
various reactions, but all attempts were unsuccessful. Dur-
ing this period, the preparation of chiral methoxy (1-naph-
thyl)acetic acid (INMA) via amides with (S)-(—)-122 was
reported by Kusumi et al.,”® where the amides were hydro-
lyzed under an acidic condition.”” We also attempted the
acidic hydrolysis, but the elimination of methanol occurred
together with the hydrolysis of amide bond, and therefore
the chirality of the molecule vanished. Since then we have
studied the cleavage reaction for a long time, and finally
succeeded in solving this problem. This new route enables
a large-scale preparation of enantiopure MaNP acid 3 as
described below.

The firsteluted amide (—)-123a was recrystallized from
MeOH affording colorless prisms, one of which was sub-
jected to Xray crystallography. The structure was solved by
the direct method and successive Fourier syntheses: R =
0.0403 and R,, = 0.0957; Flack x = 0.0 (3). As the S abso-
lute configuration of the phenylalaninol part was known, the
absolute configuration of the MaNP acid part was automati-
cally determined to be R as shown in Figure 42a.

The second-eluted amide (+)-123b was obtained ini-
tially as amorphous solid. After many attempts, however
we found that amide (+)-123b crystallized as prisms from
toluene, and a single crystal was subjected to X-ray crystal-
lography. One asymmetric unit contains two independent
molecules of (+)-123b and one molecule of toluene as a
crystal solvent, which takes a disordered structure: R =
0.0540 and R, = 0.1323; Flack y = —0.1 (2). As the S
absolute configuration of the phenylalaninol part was
known, the absolute configuration of MaNP acid part was
determined to be S as shown in Figure 42b. The Xray
crystallography using an internal reference gives a clear
absolute configurational assignment, even if single crystals
are of low quality.

TABLE 4. HPLC separation of diastereomeric
amides and oxazolines

Entry Diastereomers  Solvent® o R, 1steluted Fr.

1P 123a/123b H/EA = 1/2 453 450 (R:S)-(—)-123a
2 124a/124b H/EA =5/1 125 2.79 (R:S)-(+)-124a

“H = hexane, EA = ethyl acetate.
bGlass column (226 X 100 mm) of silica gel (particle size 5-10 pm).
“Glass column (220 X 300 mm) of silica gel (particle size 5-10 pm).

Chirality DOI 10.1002/chir
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(a) (R;5)-(-)-123a (b} (5:5)-(+)-123b

Fig. 42. X-ray stereostructures of MaNP amides (R;S)-(—)-123a and
(S;S)-(+)-123b. In the case of (S;S)-(+)-123b, the second 1nde1pendent
molecule of (+)-123b and crystal solvent of toluene are omitted.®

As the method of a large-scale preparation of enantio-
pure MaNP acids (R)-(—)-3 and (S)-(+)-3, we have devel-
oped a procedure shown in Figure 43. The condensation
of MaNP acid (*+)-3 (40 g) and phenylalaninol (S)-(—)-
122 with DCC, HOBt, 10-camphorsulfonic acid (CSA),
DIEA in CH,Cl, provided amides 123a/123b in good

CH;0
(S)-(-)-122

(4)-3,40.0 g

(R:5)-(-)-123a ')
BIe (@

(R:5)-(+)-124a,24.2 2, 98%

(S:5)-(+)-123b  (©)
25.0 E )

92%

(5:5)-(-)-124b, 21.8 g, 92%

HARADA

yields. The separation of diastereomeric amides 123a/
123b was carried out by combining fractional crystalliza-
tions and HPLC: total yield of enantiopure 123a, 42%;
123b, 41% after removal of crystal solvent.

To recover enantiopure MaNP acid (R)-(—)-3 from am-
ide (R;S)-(—)-123a, we have adopted the route via oxazo-
line (R;S)-(+)-124a, as shown in Figure 43. Amide (R;S)-
(—)-123a was treated with SOCl,, and the crude product
obtained was successively treated with NaOMe yielding
oxazoline (R:S)-(+)-124a. The product (+)-124a was
treated with iodomethane, and the crude product was
hydrolyzed with NaOH giving enantiopure MaNP acid
(R)-(—)-3 (13.4 g). From amide (S;S)-(+)-123b, enantio-
pure MaNP acid (S)-(+)-3 (13.0 g) was similarly prepared
via oxazoline (S;S)-(—)-124b.

There may be an alternative strategy to separate diaster-
eomers at the stage of oxazolines 124a/124b. So we
checked the HPLC separation of diastereomers 124a/
124b on silica gel, which were baseline separated (o« =
1.25) as listed in Table 4, where 124a was eluted first.
However, the separation factor o is much smaller than
that of amides 123a/123b (« = 4.53). Therefore, the
separation of diastereomers at the stage of the amides
described above is much better.

To check the enantiopurity of MaNP acids (R)-(—)-3
and (S)-(+)-3, we have studied the enantioseparation of ra-
cemic MaNP acid (+)-3 using HPLC columns with chiral
stationary phases. It was found that when a column of

(R:S)-(-)-123a,26.5 g, 42% (5:5)-(+)-123b, 26.2 g, 41%

(e)
(f)

(R)-(—)-3, 13.4 g, 83%

o
CHgO.,.
(ch OH

—
i g@
89%

(S)-(+)-3, 13.0 g, 89%

(a) DCC, HOBt, CSA, DIEA/CH,Cl,. (b) fractional recrystallization and HPLC. (c)
SOCly/toluene, A. (d) 28% NaOMe/MeOH, A. (e} CHsl, A. (f) NaOH/MeOH., water, A.

Fig. 43. A large-scale preparation of enantiopure MaNP acids (R)-(—)-3 and (S)-(+)-3 by the enantioresolution with phenylalaninol (S)-(—)-122.
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(R)-(=)-3
&.3 min. (5)-(+4)-3
141 min.
injected k
LIV (280 nm) !‘
(R)-(—)-3
injected
LW (280 nm) ;
Column, CHIRALCEL QJ-H (S1(+)-3
Abeg x 250 mm
hexane/2-PrOH/CF{COO0H = 90/ 10/ 0.1
How rate, 1.3 mL / min
=211
R‘. =361 injected
LIV {280 nim) i|
L 1 I I 1
0 10 |min] 20

Fig. 44. HPLC check of the enantiopurity of MaNP acids (R)-(—)-3
and (S)-(+)-3.8!

CHIRALCEL OJ-H (Daicel Co., Ltd., Tokyo) was used, the
enantiomers were effectively separated (a« = 2.11, Ry =
3.61) as shown in Figure 44a. Under the same HPLC con-
ditions, MaNP acids (R)-(—)-3 and (S)-(+)-3 prepared
above were injected into the column, respectively, reveal-
ing that each acid was enantiopure as illustrated in Figures
44b and 44c.

Phenylalaninol (S)-(—)-122 works well as a CXR with
resolving power for the enantioresolution of MaNP acid.
Namely, amino alcohol (S)-(—)-122 has the following
advantages: (i) diastereomeric amides are easily separable
by HPLC on silica gel; (ii) separated amides have high
probability of crystallizing as single crystals suitable for X-
ray analysis; (iii) enantiopure MaNP acids are recovered
via the oxazoline derivative. Therefore, the present
method should be useful for the enantioresolution of car-
boxylic acids having nonracemizable structures, and the
simultaneous determination of their absolute configura-
tions by X-ray crystallography as shown in Figure 45.

Short remarks for the use of (R)-(—)-MaNP acid as
a CAR. In our studies, we have used only MaNP acid (S)-
(+)-3 as a CAR, which was recovered from the first-eluted
menthol ester (S;1R,3R,45)-(—)-66a (Figs. 17 and 18). In
HPLC, it is easier to collect the first-eluted fraction in an
enantiopure form than the second-eluted one. So, MaNP
acid (S)-(+)-3 was selected. Another reason why we have
used only MaNP acid (S)-(+)-3 is to prevent a careless
mistake in the determination of absolute configuration. If
the absolute configuration of a CAR is mistaken, the
results obtained by the 'H NMR anisotropy method are, of
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course, wrong. So, researchers should always mind which
enantiomer of chiral reagents is used in their experiments.

In the enantioresolution of MaNP acid with phenylalani-
nol (S)-(—)-122 discussed above, MaNP acid (R)-(—)-3
was obtained from the first-eluted amide (R;S)-(—)-123a,
which was easily recrystallized from MeOH affording col-
orless prisms. Therefore it is easier to prepare enantiopure
MaNP acid (R)-(—)-3 than (S)-(+)-3. Figure 46 shows the
procedure for determining absolute configurations by the
'H NMR anisotropy method using MaNP acid (R)-(—)-3.
The principle is the same as in the case of MaNP acid (S)-
(+)-3. One important point to be noted is that the defini-
tion of anisotropy factor AS is different from the case of
MaNP acid (S)-(+)-3. Namely, parameter Ad is logically
transformed as shown below (see Fig. 46).

The absolute configurations of the first-eluted ester
128a and the second-eluted ester 128b are defined as
(RX) and (R,—X), respectively. Since ester (R,—X) is the
enantiomer of ester (S,X), their NMR data should be iden-
tical: 8(R,—X) = 5(S,X). So, the original definition of A8 is
transformed as AS = d(RX) — d(S,X) = 3(RX) —
3(R,—X) = 5(128a) — 5(128b) = d(Ist fr.) — 8(2nd fr.).
Namely, Ad values are obtained by subtraction of the
chemical shift data of the second-eluted ester from those
of the first-eluted ester. This is an important point to

OH
H
&COQH + HN™ 1) condensation
e
2) HPLC on silica gel
{+)-125
(5)-—)-122
S

phenylalaninol, CXR

OH OH

=

i
T= T
+
-
Iz

(X:5)-126a (=X:5)-126b

3) X-ray crystallography

(o]

ot
4) conversion &AN
(X:5)-126a —
(X:5)-127a
5) recovery &*CDOH
——
——
(X)-125

Fig. 45. A general scheme of the enantioresolution of carboxylic acids
having nonracemizable structures, and the determination of their absolute
configurations by X-ray crystallography by the use of (S)-(—)-phenylalani-
nol, a CXR with resolving power.
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MaNP acid (R)-(—)-3

1) esterification

2) HPLC on silica gel

(R:X)-128a, first-eluted

(R;~X)-128b, second-eluted

3) Iy NMR anisotropy r b

Absolute Configuration
of the First Fraction

Ad= 5(R,X)-128 — §S,X)-128
= §R,X)-128a - &5 R,-X)-128b

. MoaNFP plane
= & 1st. fr.) - &2nd. fr)) As= {R,X) - 5,X)
4) solvolysis HOQ
(R:X)-128a ———=
(X)-17

Fig. 46. Enantioresolution of alcohols and determination of their abso-
lute configurations by the use of MaNP acid (R)-(—)-3, a CAR with resolv-
ing power.

notice, when MaNP acid (B)-(—)-3 is used. From the
distribution of AS$ values in the sector rule, the absolute
configuration X of the first-eluted ester can be determined.

CONCLUSION

In this review, the principles and applications of meth-
ods for determining absolute configurations of chiral com-
pounds by X-ray crystallography with an internal reference
and 'H NMR anisotropy are explained using mostly our
own data. In order to facilitate understanding by beginners
or graduate students, attempts have been made to explain
clearly. Thus this is not a comprehensive review covering
all reported data and literatures.

CSDP acid, a CXR, is useful for preparation of enantio-
pure alcohols by resolution and simultaneous determina-
tion of their absolute configuration by X-ray analysis. The
X-ray crystallographic method using an internal reference
is, of course, the best for determining absolute configura-
tion. However, ideal single crystals are not always obtain-
able. In such a case, the NMR method using MaNP acid,
a CAR, is effective, because it requires no crystallization.
In addition, MaNP acid has an excellent ability to enan-
tioresolve alcohols. Chiral CSDP acid and MaNP acid are
Chirality DOI 10.1002/chir
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thus useful as complementary. If the resolution with one
reagent is unsuccessful, the use of the other is suggested.
Phenylalaninol is also useful as a CXR for enantioresolving
carboxylic acids having nonracemizable structures. The
methods using such CXRs and CARs with resolving power
are thus useful for preparation of enantiopure compounds
and also for simultaneous determination of their absolute
configurations.

We have recently reported the conformational analyses
of MaNP esters, aromatic geometry and solvent effects on
A3 values, and crystalline state conformational analyses of
various MaNP esters studied by X-ray crystallography.?2°8
However, those will be explained elsewhere, because of
limited space and time. Chiral (1S,2R,4R)-(—)-CSDP, (R)-
(=)-MaNP, and (S)-(+)-MaNP acids are commercially
available from TCI (Tokyo Chemical Industry; http://
www.tciamerica.com/ or http://www.tcieurope.eu/).
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ABSTRACT

Lipases show high enantioselectivity toward a wide range of secondary

alcohols. An empirical rule based on the relative sizes of the substituents predicts which
enantiomer reacts faster. X-ray structures of lipases provide a molecular basis for this
empirical rule: their alcohol-binding pocket contains large hydrophobic pocket open to
solvent and another smaller pocket. This predictable enantiopreference of lipases allows
the determination of the absolute configuration of secondary alcohols using lipase-cata-
lyzed Kkinetic resolution. Researchers have used this relative method to determine the
configuration of ~50 secondary alcohols either as the only method or in combination
with other methods. Chirality 20:724-735, 2008.  © 2008 Wiley-Liss, Inc.

KEY WORDS: kinetic resolution; lipases; secondary alcohol; absolute configuration;
empirical rule; enantioselectivity

INTRODUCTION

Determining the absolute configuration of a molecule
by kinetic resolution is a relative, not an absolute, method
for determining configuration. It is not based on first prin-
ciples of molecular structure, but on a similarity to mole-
cule with already established absolute configuration. If the
two behave similarly, the configurations are the same; if
the two behave differently, then their configuration is op-
posite. The reliability of the method rests on the similarity
of the unknown molecule and the molecule with estab-
lished absolute configuration in the kinetic resolution. The
focus of this reviews the determination of absolute config-
uration of secondary alcohols using lipase-catalyzed Kki-
netic resolution. In most cases the primary goal of these
kinetic resolutions is the preparation of enantiopure sec-
ondary alcohol and the determination of absolute configu-
ration is a secondary goal.

Ziffer’s group was the first to propose using enantiose-
lective hydrolysis of esters to determine absolute configu-
ration of secondary alcohols in the early 1980s.'™® They
used cultures of Rhizopus migricans (a common bread
mold) that contained a secreted enantioselective esterase.
They tested 22 acyclic secondary alcohols? and 26 cyclic
secondary alcohols® with known absolute configuration
and confirmed that a simple rule can predict which enan-
tiomer reacts faster based on the relative sizes of the two
substituents in the secondary alcohol.

Later many groups reported that this rule also applies to
commercial enzymes, Table 1. This shift from cultures of
microorganisms, which are unfamiliar and inconvenient
for most organic chemists, to commercial enzymes, which
can be stored and handled like chemical reagents, greatly
© 2008 Wiley-Liss, Inc.

expanded the synthetic usefulness of these kinetic resolu-
tions. Researchers found that lipases show high enantiose-
lectivity toward a wide range of secondary alcohols and
have resolved hundreds of secondary alcohols. These
examples, together with the X-ray structures of lipases
(see below) have increased confidence in this rule and
now permit researchers to use it as a method to determine
absolute configuration.

The empirical rule only applies to secondary alcohols.
Although lipases also catalyze the enantioselective hydro-
lysis of primary alcohols, lactones, carboxylic acids, and
others, the empirical rule above does not apply to them.
Researchers have not yet found reliable and general em-
pirical rules for these other classes of molecules because
apparently minor changes in substituents can reverse
the enantiopreference.'® An example of the difficulties is
the proposal of two opposite empirical rules to predict the
enantiopreference of porcine pancreatic lipase toward pri-
mary alcohols.'® Clearly, neither proposed rule for primary
alcohols is reliable.

General Procedure for Determination of
Absolute Configuration

The determination of absolute configuration correlates
the predicted structure of the fastreacting enantiomer in
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TABLE 1. Sized-based rules similar to those in Figure 1 proposed for commercially available lipases

Lipase Comments Reference
Candida antarctica lipase B, CAL-B* 4
Burkholderia cepacia lipase, BCL, lipase PSP 5-9
Candida rugosa lipase, CRL® 86 Substrates; reliable for cyclic, 7

but not acyclic, substrates
Pseudomonas aeruginosa lipase, PAL® 28 Substrates 10
Pseudomonas fluorescens lipase, PFL, lipase AKP 31 Substrates 11
Pseudomonas fluorescens lipase, PFL, lipase YSP 27 Substrates 12, 13
Porcine pancreatic lipase, PPL® 14, 15
Rhizomucor miehei lipase, RML® 6 Substrates 16
Bovine cholesterol esterase, CE€ 15 Substrates 7
Alcaligenes sp. lipase, lipase QL 27 Substrates 17

*Manufactured by Novozymes, available from Sigma or Fluka.

"Manufactured by Amano Pharmaceutical Company, Nagoya, Japan. The Amano trade name for these lipase is also indicated. Amano PS was previously

known as Pseudomonas cepacia lipase.
“Multiple commercial sources; for example, Sigma or Fluka.

Figure 1 with an experimentally measured property of the
actual fast-reacting enantiomer. The steps below outline a
recommended procedure.

1. For a reliable determination, the structure of the alco-
hol should have a large difference in the sizes of the
two substituents (large and medium in Fig. 1). For
increased reliability choose a lipase or esterase that
shows good enantioselectivity (E > 20, preferably >50)
toward a structurally similar secondary alcohol with
established absolute configuration. The closer is the sim-
ilarity in structure the more reliable is the assignment.

2. Resolve the racemic sample with this lipase: For exam-
ple, combine equal weights of lipase powder and race-
mic secondary alcohol in vinyl acetate with or without
added organic solvent. Monitor the reaction by a con-
venient method (e.g., thin layer chromatography, gas,
or liquid chromatography) and stop the reaction at
~40% conversion. Separate the product acetate and
unreacted alcohol by an appropriate method.

3. Measure the enantiomeric purity of the product acetate,
including some property of the favored enantiomer. For
example, separation of enantiomers by chromatography
on a chiral stationary phase establishes whether the
favored enantiomer elutes first or second, NMR mea-
surement with a chiral shift reagent establishes an
upfield or downfield shift for the favored enantiomer,
or optical rotation establishes whether the favored
enantiomer has a (+) or (—) rotation.

4. Calculate the enantioselectivity of the Kkinetic resolution
from the enantiomeric purity of the product ester and
percent conversion of the reaction.?° If the percent con-
version is difficult to measure, alternatively, one can mea-
sure the enantiomeric purity of the remaining starting
material and use this value in the calculation. The enan-
tioselectivity should be >20, preferably >50 for a reliable
determination of absolute configuration. If the enantiose-
lectivity is too low, try several other lipases to find one
with higher enantioselectivity. The enantioselectivity, E,
refers to the relative rates of formation of the fast-react-
ing enantiomer vs. the slow-reacting enantiomer.

5. The predicted configuration of the product alcohol ace-
tate is in Figure 1. Thus, depending on the measure-
ment made in Step 4, one can match some easily mea-
sured behavior of the enantiomer with its absolute con-
figuration. For example, one could conclude that the fast-
eluting peak corresponds to the (R)-enantiomer, that the
upfield shift in the presence of the shift reagent corre-
sponds to the (R)-enantiomer or something similar.

6. [optional] Measure the optical rotation of the favored
product enantiomer to correlate the sign of rotation to
the absolute configuration.

The key factors for high reliability are (1) a large differ-
ence in the size of the two substituents so that the rule in Fig-
ure 1 can be applied unambiguously, (2) high enantioselec-
tivity in the kinetic resolution showing that the lipase
strongly favors one enantiomer, and (3) known enantio-
preference of the chosen lipase with similar secondary alco-
hols.

Variations in this general procedure are possible. For
example, instead of resolving by acylation in an organic
solvent, one can prepare the racemic acetate or butyrate
ester of the secondary alcohol and resolve it by lipase-cata-
lyzed hydrolysis in aqueous buffer at pH 6-8.

A similar empirical rule predicts the fast reacting enan-
tiomer for primary amines of the type NH,CHR'R? where
R! and R? are large and medium substituents. These
amines are isosteric with secondary alcohols. Lipases are
very slow catalyst for the hydrolysis of amides, but are

OH

lipases

Fig. 1. An empirical rule to predict which enantiomer of a secondary
alcohol reacts faster in lipase-catalyzed reactions. M, medium-sized sub-
stituent, e.g., methyl. L, large substituent, e.g., phenyl. In acylation reac-
tions, the enantiomer shown reacts faster; in hydrolysis reactions, the
ester of the enantiomer shown reacts faster. This rule suggests that
lipases distinguish between enantiomeric secondary alcohols primarily by
comparing the sizes of the two substituents.

Chirality DOI 10.1002/chir
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Candida rugosa lipase

large hydrophobic

pockel
<

y" Ocp

- s
Me \._J C: \O
medium
pocket  “ger 195

Fig. 2. Proposed binding site for secondary alcohols in lipase from
Candida rugosa. Schematic of the phosphonate analog of a tetrahedral in-
termediate in the hydrolysis of (1R)-menthyl heptanoate (fast-reacting
enantiomer). X-ray structure of this phosphonate analog (sticks represen-
tation) in the active site lipase from Candida rugosa (space-filling represen-
tation). Colors indicate the large hydrophobic pocket (green) and the cata-
Iytic residues Ser 209 (orange), His 449 (purple). The large substituent of
the menthyl moiety (top half of cyclohexyl ring including the isopropyl
substitutent) binds in the large hydrophobic pocket, while the medium
substituent (bottom part of the cyclohexyl ring including the methyl sub-
stituent) binds in the medium pocket.

good catalysts for the acylation of amines. No one has yet
used a lipase catalyzed kinetic resolution to determine the
absolute configuration of an amine, mostly likely because
these resolutions are less common than for secondary
alcohols.

This determination of absolute configuration by lipase-
catalyzed kinetic resolution, like other Kkinetic resolution
methods, is a relative, not an absolute method. It relies on
the similar behavior of the secondary alcohol with
unknown configuration and known configuration. Like all
relative methods for determination of absolute configura-
tion, it is less reliable than absolute methods such as
chemical correlation, anomolous scattering of X-rays or
excition chirality.

Theoretical Justification

X-ray structures of transition state analogs containing a
secondary alcohol, menthol, bound to CRL identified the
alcohol binding pocket, Figure 2.2 Crude CRL is moder-
ately enantioselective toward (1R)-enantiomer of menthyl
esters (E ~ 15), but the purified isozyme shown in the
structure below is highly enantioselective (£ > 100).%
The alcohol-binding pocket indeed resembles the empiri-
cal rule: a large hydrophobic pocket and a smaller pocket
for the medium-sized substituent, Figure 2.

The structures of several other lipases also show alco-
holbinding regions with one large hydrophobic pocket
and a medium pocket, consistent with the notion that the
empirical rule in Figure 1 applies to all lipase and ester-
ases. Lipases and esterases all adopt the same protein fold
and this fold likely causes this similarity in the alcohol-
binding region. Lipases and esterases all adopt the o/B-hy-
drolase fold and have similar catalytic machinery. As the
protein folds to orient the catalytic machinery, it also cre-
ates the medium-substituent pocket. A loop that positions
Chirality DOI 10.1002/chir
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the catalytic histidine forms the left side of the pocket (left
refers to the orientation in Fig. 2 above), a loop that posi-
tions the catalytic serine forms the bottom of the pocket
and finally a loop that positions one of the oxyanion-hole
residues forms the right side of the medium binding
pocket. Several helices common to the a/B-hydrolase fold
similarly create the large hydrophobic pocket. Other ex-
perimental support for the empirical rule are the ability to
increase the enantioselectivity of lipase-catalyzed reactions
by modifying the substrate to increase the size of the large
substituent (for examples see: Refs. 7, 23-26) or even
reverse the enantioselectivity by converting the medium
substituent into the larger one.?’

The most common lipases used for determination of
absolute configuration are lipase from Burkholderia cepa-
cia (BCL) and lipase B from Candida antarctica (CAL-B).
These lipases show high enantioselectivity toward a wide
range of secondary alcohols?® and reliably follow the em-
pirical rule for both cyclic and acyclic secondary alcohols.
In contrast, only cyclic secondary alcohols reliably follow
the empirical rule for lipase from Candida rugosa, possibly
because its active site is wider. X-ray structures of BCL
containing a transition state analog for hydrolysis of the
fastreacting enantiomer of secondary alcohol acetate®
show large- and medium-sized pockets in the same orien-
tation as discussed above for CRL. X-ray structures of
CAL-B also show similar pockets®® and molecular model-
ing suggest a similar catalytically productive orientation
for the fast-reacting enantiomer.>!

Examples

We found 35 examples where lipase-catalyzed Kinetic re-
solution was the primary method to assign the absolute
configuration of a secondary alcohol, Table 2. The majority
of the resolutions use either Burkholderia cepacia lipase
(BCL) or lipase B from Candida antarctica (CAL-B).
Approximately half of the examples are acyclic secondary
alcohols, usually with an aromatic group as the large sub-
stituent. The other half contains cyclic secondary alcohols
on five- or six-membered rings. In most cases, the resolu-
tion was highly enantioselective (E > 20). Further, in
approximately half of the examples, researcher refer to a
reference compound, that is, a secondary alcohol whose
absolute configuration has been established by other
methods, whose structure is similar to the alcohol with
unknown configuration, and which behaves similarly in
the lipase-catalyzed resolutions. In some other cases (e.g.,
Entry 1) such a reference compound exists (1-phenyletha-
nol), but was not specifically mentioned by the authors.

In most cases, the resolution involved acetylation of the
racemic secondary alcohol with vinyl acetate. For example,
Franssen and coworkers determined the absolute configu-
ration of 1-(4-hydroxyphenyl)ethanol using a BCL-catalyzed
acetylation,* Scheme 1. Injecting this reaction mixture
onto a gas chromatography column with a chiral stationary
phase (B-cyclodextrin) allowed the researchers to assign
the (R)-configuration to the first eluting peak because it
was the peak that corresponded to fastreacting enan-
tiomer. Injecting the unknown sample onto the same col-
umn identified whether it had the (R)- or (S)-configuration.
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TABLE 2. Examples of secondary alcohols whose absolute configuration was assigned by lipase-catalyzed resolution

Entry alcohol Regents and conditions Reference compounds Ref.

1 OH BCL, vinyl acetate, E high 32

&

2 OH BCL, vinyl acetate, E high 32

S

OH

3 OH BCL, vinyl acetate, E high 32
OCHj,4

q

4 OH BCL, vinyl acetate, E > 200 33
OBn

Yol

OBn
5 OH BCL, vinyl acetate, E = 29 33
B:OK/Q\OBn
CHj,
6 OH BCL, vinyl acetate, E > 200 33
)\@L R
N
7 OH F BCL, vinyl acetate, E > 200 33
F
F F
F
8 /?i/@ BCL, vinyl acetate, E = 62 33
OCHj;
9 OH CAL-B, vinyl acetate, E > 200 OH 34

O\/O
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TABLE 2. Continued

Entry alcohol Regents and conditions Reference compounds Ref.
10° OH BCL, vinyl acetate, E = 17 OH 9
N3 \/k/ O\@ N O\©
11 OH BCL, vinyl acetate, E = 29 OH 9
N3 \/'\/O\©\ N O
teri-octyl \©
12 OH _N BCL, vinyl acetate, OH FN 35
X \/k/ N/ Cl \/'\/ N \%
N02 NO2
X=F E > 200
X =Br E=29
13 OH %N BCL, vinyl acetate, E = 134 OH %N 35
F\/k/ N \)\ NO. Cl \)\/ \%
NO,
14 OH PFL, vinyl acetate, E = 50 36
KHO |

Ph
152 OH CRL, vinyl acetate, E = 5 36

h (I)

Ph

162 OH CRL, vinyl acetate, E = 20 36

(HH |

Ph
172 OH GCL, vinyl acetate, E = 50 36
ﬂo
Ph

Chirality DOI 10.1002/chir
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TABLE 2. Continued

Entry alcohol Regents and conditions Reference compounds Ref.
18 OH CAL-B, ethanolysis of acetate, E > 200 OH 37
AN
é/\NHCOCHg, @ NHCOCH;
19° OH CAL-B, ethanolysis of acetate, E = 17 OH 37
o N
" “NHCOCH, ('j NHCOCH;
20 OH CALB, ethanolysis of acetate, E = 78 OH 37
AN
é/\NHCOCHe, (') NHCOCH;
21 OH (;)H3 BCL, vinyl butyrate, E > 200 OH (;)H 3 38
N. N.
('j’ NHBoc @ NHBoc
20b OH (I:H3 CAL-B, vinyl acetate, £ = 11 OH CHs 38
N |
JRULN Ny
E') NHBoc é NHBoc
23 OH (;)H3 BCL, vinyl acetate, E > 200 38
N.
('j’ NHBoc
24 OH CAL-B, vinyl acetate, E > 200 39
25 BCL, vinyl acetate, E > 200 40
26 CAL-B, vinyl acetate, E > 200 40
27 OH BCL, vinyl acetate, E > 200 OH 40

Chirality DOI 10.1002/chir
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TABLE 2. Continued

Entry alcohol Regents and conditions Reference compounds Ref.
28 OH CALB, vinyl acetate, E > 200 OH 40
@MN T
-
29 OH BCL, vinyl acetate, E > 200 41
oae
30 OH CAL-B, vinyl acetate, E > 200 41
é/\ N(CH3),
31 OH CAL-B, vinyl acetate, E > 200 41
é‘“N(CHs)z
32 OH BCL, vinyl acetate, E > 200 42
O/\ N(CH3),
33 OH BCL, vinyl acetate, E > 200 42

34¢ OH BCL, isopropenyl acetate, E = 8 42
35 OH O/\/ CAL-B, isopropenyl acetate, E ~ 100 OH 43
Oﬂ l :l @)
OH O OH OBn

“These assignments are questionable. See text for details. GCL: Geotrichum candidum lipase.
PEnantioselectivity is below 20, but the comparison with a closely related compound with known absolute configuration adds confidence to the assignment.
“The original paper incorrectly applied the empirical rule (see caution 1 in text). The structure shown is the corrected assignment.

In other cases, researchers used alcoholysis of the race- high selectivity. The configuration of the fastreacting
mic acetate,?” Scheme 2. alcohol group was assigned as (S) because the structure
In one case, researchers used not a resolution, but a of the (S)-alcohol fits the empirical rule. Mosher ester
desymmetrization of a mesocompound, Entry 35, Scheme derivative analysis by NMR confirmed the high stereose-
3. CAL-B-catalyzed the acetylation of the meso diol with lectivity.*®
Chirality DOI 10.1002/chir
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OH BCL OAc OH
on Eheh OH  HO

Scheme 1. Kinetic resolution of a secondary alcohol by BCl-catalyzed
acetylation.

The assignments of absolute configuration for Entries
15 and 16 are questionable for four reasons. First, the
lipase chosen for the resolution—lipase from Candida
rugosa (CRL)—follows the empirical rule in Figure 1 only
for cyclic secondary alcohols, but is not reliable for acyclic
secondary alcohols such as those in the example.” The
molecular basis for this lack of reliability is likely the
larger active site pocket for CRL as compared with the
other lipases. Second, the substrates in Entries 15 and 16
have similar sizes for the three or four atoms closest to
the secondary alcohol. These atoms interact with the
active site most closely and lead to the largest discrimina-
tion between enantiomers. Their similarity lowers the con-
fidence with which one can apply the empirical rule to
these substrates. Third, the enantioselectivity for the reso-
lution in Entry 15 is only moderate (E = 5), which also
lowers the confidence in the assignment. Fourth, there is
no reference compound—a compound with the similar
structure, but known absolute configuration that behaves
similarly in this resolution.

The assignment of absolute configuration for Entry 17 is
also questionable. Only limited data are available for lipase
from Geotrichum candidum, but its structure is similar to
that for lipase from Candida rugosa. It is uncertain if GCL
reliably follows the empirical rule for both cyclic and acy-
clic secondary alcohols. Although the enantioselectivity in
this example is high (E > 50), the two substituents are
identical for four methylene units from the stereocenter
and are highly flexible. It is unusual to see such high
enantioselectivity when the differences between substitu-
ents occur so far from the stereocenter.

In ~20 other cases, researchers combined lipase-cata-
lyzed kinetic resolution with other methods to assign abso-
lute configuration, Table 3. We did not include examples
where researchers combined lipase-catalyzed resolution
with a definitive method like X-ray crystallography, chemi-
cal correlation or even comparison to samples of known
configuration. In these cases, the lipase-catalyzed resolu-
tion did not help to assign the absolute configuration. The
examples in Table 3 are those where the kinetic resolution
confirmed or verified another method.

Adam et al. resolved a series of o-hydroxy acids by
lipase-catalyzed acetylation (Entry 1, Table 3).** The abso-
lute configurations of the a-hydroxy acids were estab-
lished by the exiton chirality method. This method, based

QAc OH OAc
CAL-B
~
———— NHAc
NFAC " ethanol, 60 °C GA * A°HN«©
cis-racemate E=17

] Scheme 2. Kinetic resolution of an ester by CAL-B-catalyzed ethanoly-
sis.

731

oH o F oAc 0N
2-fold wt of CAL-B
O, - O,
isopropenyl acetate, 4d
93%, 98% ee (E ~ 100)
OH O\/\ OH O\/\

Scheme 3. Desymmetrization of meso-diol by CAL-B-catalyzed acetyla-
tion. The (S)-alcohol fits the empirical rule.

on the through-space interaction between two chromo-
phores, correlates the sign of the lower energy band in
the circular dichroism spectrum with the relative orienta-
tion of the chromophores. With rigid structures and well-
understood chromophores, the exciton chirality method is
unambiguous and is considered an absolute method com-
parable with the anomolous dispersion in X-ray crystallog-
raphy. To apply the exciton chirality method, Adam et al.
converted the enantioenriched o-hydroxy acids to the
bichromophoric 2-naphthoate 9-anthrylmethyl derivatives,
Scheme 4. The relative orientation between these chromo-
phores depends not only on the absolute configuration,
but also on the conformation of the bonds connecting
them. In previous work, Adam et al. showed that the exci-
ton chirality method could assign the absolute configura-
tion of a-hydroxy acids, thus suggesting that the confor-
mation along the bonds connecting the chromophores was
predictable. It is likely that these new o-hydroxy acids
behave similarly, but the agreement of the assigned abso-
lute configuration with the empirical rule in Figure 1
increased the level of confidence.

In similar manner, Cuiper et al. assigned the absolute
configuration of pyrrolinones by the using exciton chirality
(Entries 4-6), but since the chromophores were unusual
for this technique, they confirmed the assignment with
the empirical rule for lipase-catalyzed resolutions.*’

Gotor’s group assigned the absolute configuration of
pyridyl alcohols by a combination of the sign of optical
rotation, elution order in HPLC and the emprical rule for
lipase-catalyzed resolutions (Entry 7). The derivatives
where R = Me or Et have established absolute configura-
tions and served as the reference compounds. The config-
uration of the unknown compounds (R = Pr and Bu)
was established by their similar behavior in three tests
mentioned.*®

Zacchino resolved the threo diastereomer of 2-bromo-1-
(3,4-dimethoxyphenyl) propan-1-ol by hydrolysis of the cor-
responding acetate using a culture of Rhizopus nigricans,
Scheme 5. They assigned the absolute configuration of the
fast-reacting enantiomer as (15,25) by both 'H NMR of a-
methoxy-a-(trifluoromethyl) phenylacetate (MTPA) deriva-
tive and the empirical rule, Scheme 5.%° This case required
a combination of methods because the enantioselectivity
of the hydrolysis was too low to make a reliable assign-
ment on the empirical rule alone.

Cautions

1. Substiutent size, not the R,S nomenclature, predicts the
fastreacting enantiomer. In most cases the Cahn-
Ingold-Prelog priority of L is higher than that of M, so

Chirality DOI 10.1002/chir
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TABLE 3. Examples of absolute configuration of secondary alcohols assigned by lipase-catalyzed resolution
combined with other methods

Entry alcohol Regents and conditions Other methods applied® Ref.
1 )O\H CAL-B or BCL, vinyl acetate Exciton chirality 44
HOOC R
R = CH;3(CHy), CAL-B,E = 28 C
R = CH3(CHy)13 BCL, E > 200 Q
R = CH3(CH3)yO(CHy): BCL E = 4.7° Q
R = (2)-CH3(CH,),CH=CHCH, CALB,E =9°
R = (E)-CH;(CH,),CH=CHCH, CALB,E =8 o}
R = (2)-CH3(CH,),CH=CH(CH,)¢ BCL, E=34 o
R = (E)-CH;5(CH,);CH=CH(CHy)¢ BCL, E = 40 "Q
R o
2 OH BCL, Ac,O [a]p, CD 45
P
n "COOCH;
n==6 E=091
n=7 E=33
3 OH S CAL-B, vinyl acetate, E > 200 Elution order on GC column 46
with chiral stationary phase
)\H/k <
4 OH CAL-B, alcoholysis of acetate CD, [alp 47
R with #-BuOH
N -
\
0]
R = COC,H; E > 200 OH
R = CHg E > 200
R ="Ph E > 61 N/COCH3
R = COCH,SCH; E > 200
O Xeray)
5 OH CAL-B, alcoholysis of acetate [alp 47
with #-BuOH, E > 200
N- COCH3
@]
6 OH CAL-B, alcoholysis of acetate [alp 47
with #-BuOH, E = 38
N- COCHj5
@]
7’ OH BCL, vinyl acetate, E > 200 HPLC, [alp 48
R | N\
o
Cl
R = Pr or Bu

Chirality DOI 10.1002/chir
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TABLE 3. Continued

Entry alcohol Regents and conditions Other methods applied® Ref.
8 OH HLL, vinyl acetate, E = 17 lalp 49
A s
| ~
7
9° OH HLL, vinyl acetate, E = 56 [alp 49
s
)
=
10°¢ OH HLL, vinyl acetate, E = 68 [alp 49
/k/ S | X
~N
11¢ OH HLL, vinyl acetate, E = 56 [alp 49
s A
(@]
12¢ OH HLL, vinyl acetate, E = 14° [alp 49
\/S S
\ /)
13 OH Rhizopus nigricans, hydrolysis NMR of SMTPA? ester 50
OCHs of acetate ester, E = 9°
Br
OCHj4

aSee discussion in text.

bEnantioselectivity is lower that 20, lowering the reliability of the assignment.

“HLL: Humicola lanuginose lipase.
do-methoxy-o-(trifluoromethyl) phenylacetate.

T oo oofn

Et,O, ca. 20 °C,
30 min

CHCI,, DBU
ca.20°C, 10 h

O
o
\H/l\R
O

Scheme 4. Functionalization of the a-hydroxy acids to the corresponding bichromophoric diester to apply the exciton chirality method of determin-

ing absolute configuration.

OAc OH
\‘/'\CEOCH3 \‘/'\(:[ocH3
Br B
OCH;, ' OCH,
threo-diasteromer (18,2S)
racemic

Rhizopus nigricans
E=9

Scheme 5. Kinetic resolution of the threo diastereomer of 2-bromo-1-

(34d1methoxypheny1)propan101 by hydrolysis of its acetate ester.

Because the enant1oselect1v1ty is low, the assignment of absolute configu-

ration was confirmed by *H NMR of the MTPA derivative.

H
Ph AcO @ Ph/@

fast-| reactlng

Scheme 6. The empirical rule in Figure 1 predicts which enantiomer
of a secondary alcohol reacts faster based on the relative sizes of the sub-
stituents, not R,S-nomeclature. Either the (R)- or (S)-alcohol can be the
fast-reacting one. In most cases it is the (R)-alcohol, but in this case the
empirical rule predicts that the (S)-enantiomer reacts faster.

Chirality DOI 10.1002/chir
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OH OH
Br
\)\C6H13 \)\C6H13
E >300 E=76

Scheme 7. Electronic effects can influence enantioselectivity, but
steric effects remain more important and determine the enantioprefer-
ence. Although no one yet reported an example of electronic effects
overwhelming steric effects, it remains a possibility and thus reference
structures should not differ significantly in polarity from the unknown
structures.

the fastreacting enantiomer has the (R)-configuration.
But in other cases, the priority is reversed and the rule
predicts that the (S)-enantiomer reacts faster. For
example, in Entries 12-13 and 35, Table 2 and entries
1, 2, and 13, Table 3 the (S)-enantiomer is the fast react-
ing one. In one case, researchers made an incorrect
tentative assignment because they assumed the fast-
reacting enantiomer would have the (R)-configura-
tion.*? Scheme 6 and Table 2, Entry 34 show the cor-
rect assignment. The enantioselectivity is low, so this
assignment still needs confirmation by another
method.

2. Steric effects are the most important determinant of
lipase enantiopreference, but electronic effects also
influence enantioselectivity. For example, the CAL-B
shows high enantioselectivity toward 3-nonanol (E >
300), but low enantioselectivity toward 1-bromo-2-octa-
nol (E = 7.6) under the same conditions, Scheme 7.*2°
Both an ethyl and a —CH,Br group are similar in size,
indicating that electronic effects lowers the enantiose-
lectivity for the bromo-substituted compound. The best
reference structures will be those that also match the
polarity of the unknown.

3. Subtilisin-catalyzed Kkinetic resolutions of secondary
alcohols should not be used to assign absolute configu-
rations because the enantiopreference is less reliable.
Lipases have a deep hydrophobic pocket for the large
substituent of a secondary alcohol, while subtilisins
have a shallow binding site and leave the large substitu-
ent in the solvent. For this reason, both the reaction
solvent and substituent polarity strongly affect the
enantiopreference of subtilisin.”!

4. The empirical rule only predicts the configuration of
secondary alcohols. It does not apply to primary alco-
hols, lactones, carboxylic acids, or other compounds
even though lipases can catalyze enantioselective reac-
tions of these other classes of compounds.

CONCLUSION

An empirical rule based on the relative sized of the sub-
stituents reliably predicts which enantiomeric secondary
alcohol reacts faster in lipase- and esterase-catalyzed ki-
netic resolutions. The X-ray structures of lipases and ester-
ase revealed that the shape of the alcohol-binding pocket
matches the empirical rule, thus providing a molecular ba-
sis for this rule. Absolute configurations can be assigned
using this rule and are most reliable when the substituents
clearly differ in size, the lipase show high enantioselectiv-
Chirality DOI 10.1002/chir
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15.
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18.

ity and a closely related secondary alcohol with known
absolute configuration behaves similarly.
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ABSTRACT A method for direct assignment of the absolute configuration of mole-
cules and the absolute structures of polar crystals, independent to that of Bijvoet, is
described. The method correlates between the two-dimensional packing arrangement of
specific faces, that delineate crystals during their growth and dissolution, with mole-
cules present in the environment. The structural information stored in these faces is
transferred to “tailor-made” molecules added to the solvent by controlled morphological
changes induced to the growing crystals and by the creation of etch pits at specific crys-
tal faces during their dissolution. In addition, the “tailor-made” molecules are occluded
enantioselectively as guests within specific sectors of the host crystals. The method is
illustrated for a variety of molecules and crystals including the assignment of the abso-
lute configuration of several a-amino acids as “tailor-made” additives in centrosymmet-
ric crystals of glycine and serine, for the absolute structure of polar crystals of sugars
and o-amino acids and consequently the absolute configuration of molecules packed in
such crystals. Chirality 20:736-748, 2008.  © 2008 Wiley-Liss, Inc.

KEY WORDS: absolute configuration; crystal morphology; polar crystals; centro-

symmetric crystals; “tailor made”; auxiliaries; hemihedral faces; etch
pits; amino acids; sugars; contact angle

INTRODUCTION

Louis Pasteur,! in his remarkable experiment of the
manual separation of the sodium ammonium tartarate
enantiomorphous crystals in 1848, laid the foundations of
modern stereochemistry. He demonstrated, for the first
time, that certain classes of molecules display enantiomer-
ism even when dissolved in a solvent. The success of his
findings depended on two central but not commonly
encountered properties of racemates, spontaneous resolu-
tion into enantiomorphous crystals and the expression of
hemihedral faces that make the crystals nonsuperimpos-
able to one another. These results paved the way for the
inspired suggestion of the tetrahedral arrangements of
bonds around the carbon atom, made by van’t Hoff® and
Le Bel® two decades later.

During an entire century, stereochemistry was manipu-
lated on a relative basis. Fisher* and Rosanoff® introduced
an arbitrary convention for the absolute configuration of
(L)- and (p)-glyceraldehyde from which the configuration
of stereogenic carbon atoms of other molecules, such as
sugars, o-amino acids, steroids, and alkaloids, was
assigned after they were converted to glyceraldehyde fol-
lowing laborious chemical degradations.

Crystals have played an important role in the assign-
ment of absolute configuration on a relative basis. For
example, Fredga®’ introduced the method of quasi-
racemates by comparing the phase diagrams of co-
© 2008 Wiley-Liss, Inc.

crystals composed from homochiral and heterochiral
molecules.

Attempts to assign the absolute configuration of chiral
molecules on the basis of the enantiomorphous shape of
the host crystal were unsuccessful, even if the crystal
structure was known via a conventional X-ray diffraction
determination. The reason for this deficiency was a result
of the assumption of Friedel’s law, according to which the
X-ray diffraction intensities I(%,k,0) and I(—h,—k,—1) of an
enantiomorphous crystal are the same, as if arising from a
centrosymmetric crystal. It was only in 1951, when Bijvoet,
by applying the method of anomalous scattering of X-rays,
assigned the absolute configuration of crystalline sodium
rubidium tartrate.®

In the course of our studies on crystal and morphology
engineering with “tailor-made” auxiliary molecules, it
become possible to manipulate the morphology of crystals
in a rational manner and correlate directly between molec-
ular enantiomerism and crystal enantiomorphism, thus
providing a method independent from that of Bivjoet for
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Scheme 1.

the direct assignment of the absolute configuration of chi-
ral molecules and the absolute structure of polar crystals.’

A BRIDGE BETWEEN CRYSTAL STRUCTURE,
CRYSTAL MORPHOLOGY AND
MOLECULAR CHIRALITY

Pasteur recognized in his experiments on resolution of
enantiomers that macroscopic chirality of a crystal implies
chirality of its constituent molecules. Hence, it would
seem possible to deduce the absolute configuration of chi-
ral molecules from the asymmetric morphology of crystals.
Since asymmetry in crystal morphology results from a dif-
ference in the relative rates of growth of opposite (4,k,0)
and (—h,—k,—1) crystal faces (determined on a single-crys-
tal X-ray diffractometer), the assignment of the absolute
handedness of a molecule requires, in principle, knowl-
edge of the molecular packing arrangement of the crystal
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and an understanding of the mechanism of its growth.
However, growth and dissolution, and the development of
the crystal faces depend not only on the two-dimensional
structures of these crystal surfaces but also upon their dif-
ferent interactions with solvent molecules. Therefore,
bridging between morphological and molecular chirality
requires an understanding of these interactions on the mo-
lecular level. Such correlation became possible with the
application of the method of “tailor-made” auxiliaries in
crystallization processes.” 2

Modification of the Pasteur Method of Conglomerates
Resolution by Entrainment

The habit of a crystal is defined by the relative rates of
its growth in different directions; the faster the growth in a
given direction the smaller the surface area of the face
developed perpendicular thereto. Consequently, when
growth is inhibited in a direction perpendicular to a given
face, the area of this face is expected to increase relative
to the areas of other faces of the same crystal. Differences
in the relative surface areas of the various faces can there-
fore be directly correlated to the rate of impediment
induced by stereospecific inhibition in different growth
directions. Dramatic morphological changes observed dur-
ing growth of organic crystals in the presence of “tailor-
made” additives revealed a high degree of specificity in
the interaction of the foreign molecules with the different
structures of surfaces of the crystalline substrate. Such a
change in crystal morphology is depicted in Schemes la
and 1b, highlighting in (a) the general effect of additive
bound to the diagonal faces and how this process is mani-
fested at the molecular level in (b).

From a systematic study of a variety of organic com-
pounds crystallized in the presence of auxiliary molecules
with structures similar to those of the corresponding sub-
strate molecules and so labeled “tailor-made” additives, it
was possible to deduce a stereochemical correlation
between the structures of the affected crystal surfaces and
the molecular structure of the additives. We inferred and
experimentally demonstrated that “tailor-made” additives

Fig. 1. (a) From left-to-right (S)-Glu-HCI crystals grown in the absence and in the presence of increasing amounts of S-lysine additive. (b) Racemate
grown in the presence of S-lysine; the plates are the (R)-crystals whereas the powder is the (S) enantiomorph.
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Fig. 2. Crystallization of (R,S)-Glu-HCl in the presence of N*(2,4-dini-
trophenyl)-S-lysine. (a) First crop, colorless (R)-Glu-HCI; (b) Second crop,
mixture of colorless (R)-Glu-HCl and yellow (S)-Glu-HCI crystals; (c)
Third crop primarily contains small, yellow crystals of (S)-Glu-HCI.

are adsorbed on the growing crystals, but only at certain
surfaces and with the part of the adsorbate that differs
from the substrate emerging from the crystal.>? The role
of the “tailor-made” additives is first described here with
the extension of the Pasteur method for separation of
enantiomorphous crystals by manual sorting.
Enantiomorphous crystals behave alike in their interac-
tions towards external achiral molecules. However, if one
can select an enantiopure additive that can interact enan-
tioselectively with the faces of the chiral crystals, it should
affect the growing faces of the two enantiomorphs differ-
ently. Consequently, a enantiomerically pure inhibitor, S’
consisting of a slightly modified S molecule will be, in gen-
eral, adsorbed only at the crystal surface of the (S)-enan-
tiomorph and not at the surfaces of the (R)-crystal. This
stereoselective adsorption causes the (S)-crystals to
undergo drastic morphological changes that allow visual
identification and manual separation of the two enantio-
morphs.>* This principle is illustrated with the racemic
glutamic acid-HCl (Glu-HCl) that undergoes spontaneous
separation to yield a conglomerate mixture of (R)- and (S)-

L.—-d-

Fig. 3. Threonine crystallized in the presence of glutamic acid: (a)
R,S-Thr + 5% (w/w of Thr) S-Glu: the powder is (S)-Thr and the needles
are (R)-Thr; (b) (S)-Thr + 10% R-Glu; (¢) (S)-Thr + 10% S-Glu.
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plate-like crystals; however, the crystals do not express
hemihedral faces.'® Figure 1 shows how adsorption of S-ly-
sine (Lys) additive causes (S)-Glu-HCI crystals to grow as
thinner and thinner plates and finally as powder at higher
inhibitor concentrations, while the (R)-Glu-HCl preserve
their original morphology. Moreover, upon addition to the
crystallizing racemate solution of S-Lys together with the
yellow N*(2,4-dinitrophenyl)-S-Lys dye, the (R)-Glu-HCI
crystals precipitate first as colorless plates whereas the
(S)-Glu-HCI crystals precipitate later as yellow thin plates
due to the occlusion of the dye, (Fig. 2).

Analogous behavior was observed with conglomerate
racemates of asparagine-H,O and threonine crystals.'® Ra-
cemic threonine (Thr) crystallizes as a conglomerate of
plate-like needles. When another enantiomerically pure o-
amino acid e.g. 2-5% w/w of (S)-glutamic acid (Glu) is
added to the crystallization solution, there is a delay in the
precipitation of the (S)-Thr as compared to (R)-Thr crys-
tals. Furthermore, the morphology of the (S)-Thr crystals
is altered depending on the concentration of S-Glu. At 10%
(w/w of Thr) S-Glu additive, (S)-Thr crystals precipitate as
a powder whereas the (R)-Thr crystals remain unaffected
(Fig. 3).

High-performance liquid chromatography (HPLC) enan-
tiomeric analysis using a chiral mobile phase confirmed
for all the conglomerate crystal systems that S-inhibitors
were selectively occluded only in the bulk of substrate (S)-
crystals, typically in amounts of 0.5-1% w/w (and by sym-
metry, occlusion of R' occurred only in the (R)-crystals).
The presence of a “tailor-made” inhibitor causes a drastic
decrease in the growth and nucleation rates of the affected
enantiomer, leading to an efficient kinetic resolution on
the basis of which various racemates have been
resolved.'” '8 This correlation between the crystal and the
additive can be applied as a method for the assignment of
the configuration of chiral molecules on a relative basis, in
a manner similar to the quasi-racemate method of Fredga.”
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Fig. 4. Packing arrangement of (S)-lysine-HCI-2H,O crystal delineated
by the observed (hk0) crystal faces, viewed along the ¢ axis.

A Direct Correlation Between Molecular Enantiomerism
and Crystal Enantiomorphism

Having established the basic mechanism of interaction
between “tailor-made” additives and crystal surfaces, we

h [{elle}]

dioy e iy

-{010)

fils)] fooly  (nd)

(o)

(oio)

Fig. 5. Morphology of the experimentally obtained (S)-Lysine-
HCI-2H,0 crystals viewed along a and ¢ axes: (a) pure; (b, ¢) grown in the

presence of S-lysine-methyl ester and S-norleucine, respectively.
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Fig. 6. HPLC analysis of S-norleucine occluded in the (S)-Lysine-

HCI-2H;0 crystals. Materials taken from (a) +b side of the crystal, (b)
the -b side of the crystal.

return now to the original problem of direct assignment of
the absolute configuration of a chiral molecule. We shall
first examine how to establish by such means the orienta-
tion of a chiral molecule in a chiral crystal. As a result of
Friedel’s law, the orientation of the molecules vis-a-vis a
polar axis or polar direction in an enantiomorphous crystal
cannot be determined by conventional X-ray analysis. The
absolute configuration of a molecule can be assigned
provided its orientation is fixed either by the application of
the Bijvoet method of anomalous X-ray scattering or by
use of “tailor-made” auxiliaries, described later. To demon-
strate the method, we first focus on polar crystals com-
posed of enantiopure molecules. Scheme 2 shows two
enantiomorphous sets of hands arranged in a lattice, right
hands forming an (R)-crystal and left hands forming an
(S)-crystal.

The fingers of the hands are exposed at the (010) face
of the righthanded “molecules” and, by symmetry, at the

'|I H_ o
\ H
\ 1 o on
- & I'. OH
h=L ,L" |§J c-lactose
AW A =l
gal% I." oHM
I". ; | H_ g H OH
b Frn‘gl. " H
\ | HT o =0
- Ho “on
| | H n He aH
¢ \ / H OH
\ ."I B-lactose H H
)

Fig. 7. (Left) Packing arrangement of o-lactose monohydrate
delineated by the observed crystal faces, as viewed along the a axis.
(Right) The «- and B-lactose formulae.
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(110)
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Fig. 8. (a) Packing arrangement of a-rhamnose monohydrate crystal
viewed along the @ axis; the OH bonds of the hydrate water molecules
point towards the +b, but not the —b, direction; replacement of water by
methanol on the {110} faces is depicted; (b, ¢) Morphology of a-rhamnose
monohydrate crystals grown from aqueous solution and 9:1 methanol:-
water solution, respectively, as viewed along the a axis.

(0-10) face for the lefthanded “molecules.” Thus, by
determining at which face of the crystal specimen the fin-
gers or wrists are exposed, the handedness of the constitu-
ent molecules may be assigned, by applying the two-step
adsorption-inhibition mechanism described earlier with
appropriate “tailor-made” additives.

We illustrate this approach with (S)-Lysine-HCI-2H,0
crystal, space group P2;, with the packing arrangement
shown in Figure 4 and morphology of the pure crystals in
Figure 5a.'°

Lysine molecules are aligned parallel to the b axis, with
the "HsN—C*H—COO™~ moiety emerging from the +b
end of the crystal. The &NH3" points toward —b end and
are hydrogen bonded to a molecule in a direction perpen-
dicular to the {1-10} faces. Additives with a modified car-
boxylate or a-amino group, such as lysine-methyl ester,
inhibited growth in the +b direction, inducing develop-
ment of the (010) face (Fig. 5b). Conversely, additives that

+b
a T T,
b iz =7 e, (121)
L i
o {001} =
{121y {127) T {\ \,}\
\ (i) iy (i
A C
G }%313 waQ ] {010y
AN 7 i 7 (LT —

EEly 001y A
{oi0) [111_1\1‘\\ ! '/)/c‘lﬂl

(010)
Fig. 9. Packing arrangement of N-(E-cinnamoyl)-(S)-alanine delineated

by the faces observed when grown from methanol; (b, ¢) Morphology of
the crystals grown from methanol and acetic acid, respectively.
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Scheme 3. Chemical formulae of N-(E-cinnamoyl)-(S)-alanine and of
the two possible hydrogen bonded dimmers with acetic acid.

bear a modified side chain such as norleucine or norvaline
inhibited growth along the —b direction, with a concomi-
tant pronounced increase in the area of the {1-10} faces
(Fig. 5¢).

Assuming growth of the crystals in the opposite polar
directions from a nucleation center, the selective adsorp-
tion of additive molecules at one end of the polar axis
implies that the additive must be occluded only in that
part of the crystal that had exposed the adsorbing face to
solution during growth. Therefore, the analysis of the
occluded additive at the crystal extremities along the polar
b axis must reveal an anisotropic distribution. This expec-
tation was experimentally confirmed for the growth of (S)-
Lysine-HC1-2H,0 in the presence of S-norleucine. Accord-
ing to HPLC analysis of material taken from the +b and —b
ends of the crystal, the additive was occluded preferen-
tially at the —b side, (Fig. 6).°

The anisotropic distribution of the occluded additive
provides a second independent method of confirming the
absolute configuration assigned by means of morphologi-
cal changes, once the adsorption mechanism is known.

— (]

—_—

Fig. 10. Packing arrangements of #-heptyl and #-octyl gluconamides
viewed along their ¢ axes.
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Fig. 11. (a) Contact angle measurements on the hemihedral faces N-
n-octylgluconamide crystals grown in methanol: GL, glycerol; W, water;
EG, ethylene glycol; MI, methylene iodide; MS, mother solution (metha-
nol). (&) hydrophilic (010) face; (W) hydrophobic (0-10) face. (b) Mor-
phology of crystals grown from seeds that can be observed as an opaque
shadow at the bottom. Thickness of added material on the hydrophobic
surface is denoted as B and that added on the hydrophilic surface is
denoted as L. The B/L ratio has an average value of about 5.

The influence of B-lactose on the growth of a-lactose
crystals is an additional example.?’ The «- and B-lactoses
(Fig. 7) are disaccharides composed of a galactose and an
a- or B-glucose moiety linked through a glycoside bond.
They are anomers that interconvert spontaneously in solu-
tion. a-Lactose crystallizes from water as a monohydrate
in space group P2, packing in a polar arrangement
(Fig. 7), the crystals displaying a characteristic tomahawk
morphology,?! with the apex at the —b end. The crystals
were observed to grow only along the +b direction, which
has been interpreted by Michaelis and van Kreveld? as an
inhibition of growth along -b by the B-lactose anomer.
These authors predicted, on this basis, the orientation of
the disaccharide with respect to the polar axis, although
the crystal structure®®?* had not been determined at that
time. In fact, from the crystal structure it is obvious that
B-lactose can be adsorbed only at the —b end of the crystal
by virtue of the unmodified galactose moiety. Once
adsorbed, the modified B-glucose inhibits growth perpen-
dicular to the {0-11} faces. Therefore, by fixing the abso-
lute polarity of the molecule inside the crystal, its absolute
configuration is assigned.

By applying similar considerations, it was possible on
the basis of the growth of sucrose crystals in the presence
of raffinose and kestose to determine the absolute configu-
ration of sucrose.’
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Fig. 12. (a, b) Packing arrangements of the (+)- and (—)-B-poly-
morphs of Gly delineated by the {010} crystal faces and showing the
adsorption of R- and S-Trp molecules, respectively.
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Solvent as a “Tailor-Made” Additive

Solvent has a strong influence on the habit of crystalline
materials; however, the role played by solvent-surface
interactions in enhancing or inhibiting crystal growth is
still a matter of debate. Till about the 1980’s, there had
been two different approaches to help clarify this point. In
one approach, favorable interactions between solute and
solvent on specific faces leads to reduced interfacial ten-
sion, causing a transition from a smooth to a rough inter-
face and a concomitant faster surface growth.?>" Alterna-
tively, it has been proposed that preferential adsorption at
specific faces will inhibit their growth as removal of bound
solvent poses an additional energy barrier for continued
growth. Our studies on the role played by “tailor-made”
additives are in keeping with the latter approach. There-
fore, solvents may act in a manner similar to “tailor-made”
additives.'? This effect is illustrated with the use of solvent
for the determination of the absolute configuration of mol-
ecules packing in polar crystals that are crystalline sol-
vates and where the solvent of crystallization plays the
dual role of solvent and solute. Such crystals were grown
in the added presence of “tailor-made” solvent, which is a
slightly modified version of the solvate solvent. When
crystalline hydrates were grown from aqueous solution in
the added presence of methanol (the “tailor-made” sol-
vent), it was found that the change in morphology was in-
terpretable!??® in a manner akin to the effect of a “tailor-
made” inhibitor. For this purpose, we made use of the
crystal structure of o-rhamnose monohydrate, which
embodies a polar arrangement (Fig. 8a) in space group
P2, and, when grown from pure aqueous solution, displays
a bipyramidal morphology (Fig. 8b).

The two O—H bonds of the hydrate water molecules
are oriented exclusively towards the +b direction of the
crystal. A methanol molecule may replace a water mole-
cule at the (110) face of the crystal by virtue of a hydrogen
bond of the OH group such that the methyl group pro-
trudes from the surface and perturbs the regular growth
along the +b direction but not towards the —b direction of
the crystal. Consequently, the addition of methanol as
cosolvent changes the bipyramidal crystal morphology
into pyramidal (Fig. 8c). A similar change in crystal mor-
phology was accomplished on growing crystals of aspara-
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Fig. 13. Crystals of B-Gly grown from aqueous solutions in the pres-
ence of a mixture of 2% R,S-Trp and (a) 0.1% S-DNPLys or (b) R-DNPLys.
Note in (b) two views of the same yellow colored crystal; bottom, view
along ¢ direction showing the color at only one side, and top, view along b
direction showing coloring in the (100) and (—100) sectors.
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Scheme 4. Scheme showing the adsorption of enantiopure additives
onto enantiotopic faces of a centrosymmetric crystal.

gine monohydrate, which does not exhibit polar axes, in
the presence of methanol.?’

A second example is that of N-(E-cinnamoyl)-(S)-alanine
which crystallizes as a polar crystal in space group P2;.!°
The orientation of the molecules vis-a-vis the various faces
that delineate the crystals grown in methanol are shown in
Figure 9a. It was found that the solvent may act in a man-
ner similar to the tailor-made additives, for example, by
growing the crystal from acetic acid instead of methanol.*?
The crystals grown in glacial acetic acid display well
expressed (010) and {1-11} faces, (Fig. 9c). This change
in morphology could be easily explained by a selective
binding of the acetic acid at the exposed carboxylic acid
groups of the two (1-11) and (—1—1-1) faces of the crys-
tal forming a hydrogen-bonded dimer (a), as in Scheme 3.
In addition, acetic acid can also bind to the CHCO,H moi-
ety of cinnamoyl-alanine via a cyclic dimer (b) on the
(010) face.

The absolute configuration of glucose molecules could
be also determined by differences in the wetting proper-
ties of hydrophobic and hydrophilic crystal faces in the
class of enantiopure alkyl gluconamides C,H,, ;—
NHCO(CHOH),CHOH where n = 7-10.%° These mole-
cules crystallize as plates in a head-to-tail packing arrange-
ment, shown in Figure 10.>! Thus, one face of the plate
is hydrophobic and the opposite hemihedral face is
hydrophilic.

WEISSBUCH ET AL.

Measurements of contact angle with a variety of polar
solvents deposited on the opposite plate-like faces of speci-
men crystals could establish which face is hydrophobic
and which is hydrophilic, Figure 11a.%?

This information fixes the orientation of the constituent
molecules along the polar b axis of the crystal specimen
and consequently their chirality. These wettability experi-
ments also led to crystal growth experiments on these sys-
tems to help determine the role of the solvent on crystal
growth. Since polar solvents are expected to interact more
firmly with the hydrophilic faces of the crystal, they
should impede the growth of these faces. When these
crystals were grown in methanol at the hydrophilic face,
methanol can form O—H---O hydrogen bonds interlink-
ing the terminal hydroxyl groups of two neighboring
chains, since the translation distance between them is
about 5 A. Figure 11b shows the growth of two identical
seeds exposing either the hydrophilic or the hydrophobic
face towards the methanol solution. The crystals exposing
the hydrophobic face grew four to five times faster in com-
parison to those that exposed the hydrophilic face to the
same solution.*

An attempt to assign the sense of polarity of glycine B-
polymorph (B-Gly) specimen crystals, space group P2y, via
the Bijvoet method was unsuccessful because the atoms
are weak anomalous X-ray scatterers and the molecular
arrangement, when only the relevant O, N, C atoms need
be considered, is nearly centrosymmetric (space group
pseudo-P2;/m). Growth kinetic measurements of single -
Gly crystals in 1:1 ethanol-water solutions revealed a fast
growth at one end of the needle-like crystal (the polar b-
axis is along the needle direction) and a very slow growth
at the opposite end.>® The method of “tailor-made” ad-
ditives was more appropriate for the assignment of the
crystal sense of polarity, employing in this case tryptophan
(Trp).>® For convenience, we define the two enantiomor-
phous crystals of B-Gly as follows: the enantiomorph in
which the Gly C—H bonds point along the +b& direction,
and thus would emerge from the (010) face, is defined as

5-Thr
+h
t
: R-Thr
L5-5 |
R ‘u:i'L RS _‘u: L
—N .\l
oA w® Tweas

Minures

Fig. 14. (a) The packing of (R,S)-serine crystal viewed along the a axis. Each bc layer is composed of R or S molecules only. For clarity only half of
each R (orange) and S (gray) layer is shown. The positions of the four {011} faces are shown with respect to the crystal structure. Threonine additive
molecules have been stereospecifically inserted, with the B-methyl groups indicated by large circles. (b) Photographs of (R,S)-serine crystals, from top
to bottom: pure and grown in the presence of R-Thr, S-Thr, and R,S-Thr, accompanied by the computer-drawn morphology specifying the relevant crystal
faces. (c) HPLC enantiomeric analysis of Thr occluded at the -b tip, +b tip and whole crystal of (R,S)-serine grown in the presence of R,S-Thr.

Chirality DOI 10.1002/chir



ABSOLUTE CONFIGURATION FROM CRYSTAL MORPHOLOGY

OH H 24 ;!
He” 3 Hay,,
z' (A CHgy /i CHy
CH OH CH OH CH OH
N ) xﬁ/ sz/rs;xﬁ/ HN" @~
A |
(5)-Ser (S}-Thro (S)-alloThr ©
OH OH OH
H C/ H,, L H =
2C s, \_‘
E SE—CH; RE——CHj
CH OH £ :
R~ CH OH CH OH
HzN ﬁ HzN/llH}\‘C/ HEN/ g
5 [ |
(R)-Ser ®-Thr © (R)-alloThr ©
Scheme 5.

(+) (Fig. 12 left). Hypothetical replacement of these H
atoms by deuterium (to form a C-D bond) would yield Gly
molecules of “R-configuration.” By symmetry, the opposite
(=) enantiomorph containing Gly molecules whose C—H
bond vectors emerge from the (0-10) face would be of “S-
configuration” (Fig. 12 right). Thus, on crystal growth,
any R-amino acid additives are expected to bind selectively
to the (010) face of (+) B-Gly and S-amino acids onto the
(0-10) face of (—) B-Gly.

Crystallization of B-Gly in 1:1 ethanol:water solutions in
the presence of racemic Trp yielded, as expected, the for-
mation of short prismatic crystals due to enantioselective
binding of the additive followed by retardation of crystal
growth at either (010) or (0-10) face of the (+) and (—) B-
enantiomorphs, respectively. Therefore, we concluded that
B-Gly grows faster at the C—H exposed side than at the
opposite N—H exposed side.

To differentiate between the (+) and (—) B-enantio-
morphs, we colored them enantioselectively by growing
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R

R (010)
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the B-Gly crystals in aqueous solutions in the presence of
mixtures of 2% R,S-Trp and 0.1% of either R- or S-N*-(2,4-
dinitro-phenyl)lysine (DNPLys).>* The B-Gly plate-like
crystals grown in the presence of S-DNPLys appeared as a
mixture of colorless (+)-enantiomorphs (Fig. 13a) and
(—)-enantiomorphs colored only at the (0-10) face (Fig.
13b). Furthermore, an enantiomeric analysis, by chiral
HPLC, of the Trp occluded in the B-Gly plates revealed an
excess of R'Trp (enantiomeric excess, ee ~ 65-88%) in the
colorless (+) crystals and (S)-Trp in the colored (=) crys-
tals. These results also prove that S-Trp and S-DNPLys are
occluded in the colored (—) crystals by replacing the
C—H bond of a glycine host molecule with the side group
of the additive. By symmetry, R-Trp and R-DNPLys are
occluded in the same manner but in the (+) crystals.>*

An attempt to apply the same method for the elucidation
of the absolute configuration of glycine molecules in speci-
men crystals of the y-polymorph was only partially suc-
cessful. y-glycine crystallizes in the polar P3; or P3, space
groups. The application of “tailor-made” auxiliary method
allowed us to determine the absolute sense of polarity
of the crystal but not the sense of chirality of the glycine
molecules.

ASSIGNMENT OF ABSOLUTE CONFIGURATION OF
MOLECULES USING CENTROSYMMETRIC CRYSTALS

In contrast to the situation for chiral crystals, it had not
been generally appreciated that in centrosymmetric crys-
tals the orientations of the constituent enantiomeric mole-
cules are unambiguously assigned with respect to the
crystal axes, from a conventional structure determination.
Thus, the known orientation of the two enantiomeric mole-
cules in a centrosymmetric crystal can be exploited for the
direct assignment of absolute configuration of chiral
resolved molecules, provided the structural information
embedded in the racemic crystal can be transferred to chi-
ral additive molecules. The direct assignment of the abso-

(0100

R-amino acids

{011y

(011}

S-amino acids

{010}

Fig. 15. (a) Packing arrangement of «-Gly with the crystal heterochiral layers of chiral Gly molecules colored in red and green; (b) Morphology and
photographs of the crystals of pure a-Gly as well as (c—e) grown in the presence of (R)-, (S)-, and (R,S)-a-amino acid additives.
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Fig. 16. Enantiomeric HPLC analyses of the occluded additives in
plate-like crystals of glycine grown in the presence of (RS)-glutamic acid;
(left to right) sample taken from the +b pole, sample from a whole crystal
and sample taken from the -b pole.

lute configuration of such chiral resolved additives may
thus be determined through the morphological changes
they induce selectively on one set of enantiotopic faces
of centrosymmetric crystals with appropriate packing
features.

It is convenient to regard a racemic centrosymmetric
crystal consisting of a mixture of enantiopure chiral mole-
cules as enantiopolar with respect to each enantiomer,
namely to consider the racemic crystals as though it were
composed of two mutually enantiomorphic chiral crystal
structures, related to each other through an inversion cen-
ter. A prerequisite for application of this method is that
within the centrosymmetric racemic crystal a specific func-
tional group attached to a (R)-molecule points toward the
face fl but not toward the opposite face f~1 (Scheme 4).
By symmetry, the same functional group attached to a (S)
molecule will emerge at the enantiotopic face -1, but not
fl. Crystallization of a centrosymmetric crystal in the pres-
ence of a chiral additive R’ designed so that it will fit in the
site of a (R) molecule on the growing crystal faces f-1 or
f-2 but not on the enantiotopic faces fl1 or 2, will hinder

WEISSBUCH ET AL.

growth in the —b direction but not in the +b direction
(Scheme 4).

By virtue of symmetry, the enantiomeric additive S’ will
inhibit growth perpendicular to faces fl and {2, while race-
mic additives R',S’ will inhibit growth in both directions,
+b and —b.

We illustrate this method for the assignment of the
absolute configuration of the threonine from the morphol-
ogy changes induced by this molecule in the centrosym-
metric crystals of racemic (R,S)-serine.

Serine-Threonine System

Racemic serine (Ser) crystallizes in centrosymmertic
space group P2{/a. Within the structure (Fig. 14a) the
Cg— Hsg; bond vector of the rigid methylene group of R-Ser
molecule has a major component along +b and, by sym-
metry, the Cg—Hge bond vector of the S-Ser has a major
component along —b. Thus, their replacement by a
methyl, as in threonine (Thr), will inhibit growth in the b
direction. That is, an R-Thr molecule with a side-chain -
carbon of S-chirality (Scheme 5) will inhibit growth along
+b, while the —CHj3 group of S-Thr will replace the Hg.
hydrogen of S-Ser and hence inhibit growth along —b.
(R,S)-Ser forms tabular crystals with point symmetry 2/m
(Fig. 14b); the crystals affected by either R- or S-Thr ex-
hibit reduced morphological point symmetry 2 (the mirror
plane is lost) and are enantiomorphous (Fig. 14b).3>36

When R,S-Thr is used as the additive, the morphological
point symmetry 2/m is left unchanged because the effects
induced by each additive separately combine. The crystals
turn into rhombs, with a clear increase in the areas of the
{011} side faces relative to those of the pure form (Fig.
14b). The changes in morphology observed with the addi-
tives (Fig. 14b), with respect to that of the pure crystals,
can be interpreted only in terms of selective adsorption of
the R-Thr at faces (011) and (01-1), and of S-Thr at (0-11)
and (0—1-1), in agreement with the calculated enantiose-
lective surface binding energies®® of the additive mole-
cules on the corresponding crystal faces. These results fix
the absolute chirality of the chiral resolved Thr additive.

Fig. 17. Photographs of white crusts and yellow crusts of glycine crystals grown at the air/aqueous solution interface in the presence of N*-(2,4-dini-
trophenyl)-S-lysine and leucine in a ratio S/R > 1 and S/R < 1, respectively. The white crystals exposed their (010) face towards the solution whereas

the yellow crystals exposed their (0-10) face.
Chirality DOI 10.1002/chir



ABSOLUTE CONFIGURATION FROM CRYSTAL MORPHOLOGY

a
fﬁ’] (1)

(S}cm_ur

745

Fig. 18. (a) Photographs of the (010) and (0-10) faces of a plate-like a-Gly crystals after etching in the presence of R-alanine; (b) The (010) and
(0-10) faces of a cleaved a-Gly crystal subsequently etched in the presence of R,S-alanine.

This assignment was further supported by enantioselective
dissolution/etching experiments.>®

The morphological changes and our interpretation
thereof, imply that in the (R,S)-serine crystals grown in
the presence of R,S-Thr the occluded additive molecules
must segregate along the b axis during crystal growth; R-
Thr, being occluded through the symmetry-related (011)
and (01-1) faces, will predominate at the +b half of the
crystal whereas S-Thr will predominate at the —b half, as
confirmed experimentally by HPLC enantiomeric analysis,
(Fig 14¢).

By contrast, the (R,S)-Ser crystal is not appropriate for
the assignment of the absolute configuration of allo-threo-
nine (Scheme 5) since enantiopure allo-Thr molecules of
either handedness can each be adsorbed onto the homo-
topic {100} faces, as experimentally observed.*®

#-Glycine-z-Amino Acids System’*37-%%

When grown from aqueous solutions, Gly crystallizes in
its centrosymmetric a-polymorph (space group P2/%).
The achiral molecules of Gly in solution become chiral in
the crystalline environment because they assume a chiral
conformation. In the crystal, the C—Hp, vector of Gly mol-
ecules in R-layers points towards the +b direction emerg-
ing perpendicular to the (010) face (Fig. 15a) whereas the
C—Hg; vector of Gly molecules in S-layers points towards
the —b direction emerging perpendicular to the (0-10)
face, the two H-atoms being diastereotopic. The other two
H-atoms are within the molecular planes. Thus, the centro-

d

symmetric o-Gly crystal is composed from chiral layers of
Gly molecules, colored in red and in green (Fig. 15a).
When o-Gly crystals are grown in aqueous solutions in the
presence of racemic mixtures of amino acids they display
a plate-like morphology with two well-expressed chiral
enantiotopic (010) and (0-10) faces, Figure 15b. During
growth, the R-amino acids interact enantioselectively with
the (010) face by virtue of their a-amino acid moieties and
thus replace “red” glycine host molecules so that their
side chains emerge from the crystal surface and thus do
not interfere with the intralayer binding process. A minor
fraction of these amino acid guest molecules would be
occluded within the bulk of the a-Gly crystal on growth.
By symmetry, the S-amino acids would be occluded into
the bulk of the o-Gly crystal through the (0-10) face. As a
result of this process, racemic a-amino acids can undergo
segregation into enantiomers upon occlusion within a-Gly
crystals, Figure 16.

Furthermore, if a-Gly crystals are grown at an interface
that blocks growth at one of the enantiotopic faces, say
(010), then only the S-enantiomer of the racemic a-amino
acids will be occluded within the crystals through their
(0-10) face exposed to solution thus “converting” the
achiral host a-Gly crystal into a homochiral mixed crystal
of single handedness. This transformation can be illus-
trated with o-Gly crystals grown in the presence of N*-(2,4-
dinitrophenyl)-S-lysine. Crystals that exposed only their
(010) face to solution during growth had not occluded the
yellow dye and therefore are white whereas the crystals
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Fig. 19. (a—d) Photographs and computer-drawn morphology of glycyl-glycine crystals grown in aqueous solutions (a) pure and (b—d) in the pres-
ence of R-, S-, and R,S-glycyl-leucine. (e) Enantiomeric HPLC analyses of samples taken from single crystals as in (d) cut at the +& and -b poles and

sample from the whole crystal (left to right).
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Scheme 6.

exposing to the solution the (0-10) face during growth are
yellow, (Fig. 17).

One may envisage that such conglomerates of crusts of
glycine crystals might be spread to yield enantio-enriched
environments as in the mechanism proposed by Welch.

The diastereisomeric interactions between chiral sur-
faces of nonchiral crystals and chiral molecules present in
solution become manifest by the formation of etch pits.
Etch pits were formed only on the (010) face of an «-Gly
crystal partially dissolved in an undersaturated solution
containing R-alanine, whereas the (0-10) face does not ex-
hibit etch pits, (Fig. 18a). When o-Gly crystals were
cleaved at the {010} plane exposing (010) and (0-10) sur-
faces that were subsequently etched in a solution contain-
ing R,S-alanine, they revealed mirror-symmetry related
etching patterns, as clearly seen in Figure 18b.

By applying the same principles, we have assigned the
absolute configuration of the dipeptide glycyl-leucine that
induced a change in the morphology and underwent seg-
regation upon enantioselective occlusion within glycyl-gly-
cine crystals (Fig. 19).404

In the above systems, all the host crystals belong to the
monoclinic space group of point symmetry 2/m. In princi-
ple, the present method of the assignment of absolute con-
figuration may also be applied to orthorhombic crystals of
point symmetry 2/m2/m2/m, provided that the modified
functional groups tend to be directed towards the body di-
agonal of the crystal (Scheme 6a). In this case, the two
enantiomers form two enantiopolar sets (of point symme-
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try 222) represented separately in Schemes 6b and 6¢. An
R’ additive would affect the faces shown in Scheme 6b and
an S’ additive the enantiopolar set Scheme 6c.

“Absolute” Asymmetric Synthesis in
Centrosymmetric Crystals

In the previous examples, either both the host and the
guest were chiral molecules or only the guest was chiral.
These studies were extended to centrosymmetric crystals
where both the host and guest components are achiral
molecules, to yield in a photoreaction a product that
is homochiral, where the absolute sense of chirality of
the product can be assigned from the structure of the
crystal surfaces. Thus, additive E-cinnamic acid CgHs—
CH=CH—COH induces a loss of the center of inversion
in the crystal of E-cinnamamide C¢Hs5—CH=CH—CONH,
which, in pure form, appears in a centrosymmetric mono-
clinic arrangement, space group P2;/c. The crystal struc-
ture (Fig. 20a) is composed of hydrogen-bonded dimers
interlinked by N—H---O bonds to form a ribbon-like motif
that runs parallel to the b axis. E-cinnamic acid is preferen-
tially occluded through half of the {011} surface sites of
the crystal at the opposite ends of these ribbons, resulting
in a change in crystal morphology, (Figs. 20b and 20c),
the affected crystal composed of two enantiomorphous
halves of at most P2; symmetry. This reduced symmetry
was proven photochemically.*? Ultraviolet irradiation of E-
cinnamamide yields centrosymmetric photodimers, by vir-
tue of a cyclobutane ring formation involving pairs of close
packed >C=C< bonds across centers of inversion (Fig.
21). Replacement of one of such a pair by E-cinnamic acid
results in the formation of asymmetric cinnamamide-cin-
namic acid photodimers of opposite chirality at the two
enantiomorphous halves of the mixed crystal, with an
enantiomeric ratio of 60:40 at each opposite half, Figure
20c. This absolute configuration of the C4 rings follows
directly from the mode the acid is inserted in the growing
crystal. The four C-atoms of the C4 ring formed by inser-
tion of the acid at the +b pole of the crystal are of R-abso-
lute configuration, whereas that formed at —b side are of S-

+b pole

-bpole
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Fig. 20. Packing arrangement of E-cinnamamide viewed along the a axis delineated by the {011} faces; (b, ¢) morphology of E-cinnamamide crystals,
pure and grown in the presence of cinnamic acid; (d) HPLC analysis of the products obtained at the +b and —b poles of the host crystal.
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Fig. 21. Ribbons, along the b axis, of hydrogen-bonded molecules
composed of E-cinnamamide (open circles) and occluded guest E-cin-
namic acid molecules (full circles). The latter were adsorbed through site
1 at the +b end and site —1 at the —b end, leading to two enantiomor-
phous domains joined at the central dotted line. Shown also are the rib-
bons related by translation along the a axis so depicting the close 4 A con-
tact between C=C double bonds related by a center of inversion. Also
shown are two enantiomorphous cyclobutane photodimers between the
host and occluded guest from the top and bottom halves of the crystal.

configuration.*> The predicted configuration was con-
firmed by an independent Bijvoet analysis.

CONCLUSIONS

The use of “tailor-made” additives on crystallization and
dissolution processes provide two methods for the assign-
ment of absolute configuration of chiral molecules, inde-
pendent of the Bijvoet method that involves the use of
anomalous X-ray scattering. For the process of crystalliza-
tion, the methods involving “tailor-made” additives exploit
the change in crystal morphology and possible detection
of additives enantioselectively occluded within the crystal
for the assignment of absolute molecular configuration.
The first method comprises for crystals possessing a polar
axis, determination of its direction vis-a-vis the crystal
structure, leading directly to the assignment of the abso-
lute configuration of the constituent molecules. The sec-
ond method involves the direct assignment of the absolute
configuration of chiral molecules as additives by their
effect on the morphology of centrosymmetric crystals and
by their anisotropic distribution within the host crystal on
enantioselective occlusion. For the process of partial disso-
lution, the selective etching of crystal faces has been use-
ful for the assignment of absolute configuration of chiral
molecules and fixation of crystal polarity. Although these
methods do not compete with the general method involv-
ing anomalous X-ray scattering developed by Bivjoet and
fine-tuned by Flack,*® it may have advantages in specific
cases such as the assignment of the absolute configuration
of the B-polymorph of glycine, the chiral crystal structure
of which is close to 2/m symmetry. Furthermore, this
method, by virtue of its experimental and conceptual sim-
plicity, is useful for demonstrating to chemistry students
the assignment of the absolute configuration of chiral
molecules.
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ABSTRACT

Doping nematic liquid crystals with nonracemic chiral compounds in-

duces a twisted nematic (cholesteric) phase. The ability of solutes to twist the nematic
phase may be related to the overall shape of the chiral dopant and consequently to its
absolute configuration. The cholesteric induction is therefore a powerful tool comple-
mentary to chiroptical techniques to obtain stereochemical information on chiral mole-
cules. Chirality 20:749-759, 2008.  © 2007 Wiley-Liss, Inc.
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INTRODUCTION

In 1888 an Austrian botanist, Friedrich Reinitzer, while
working on cholesteryl benzoate discovered a novel state
of matter, which was later called liquid crystalline.!
Although liquid crystals have been known for more than a
century, only in the past 30 years their unusual properties
have found technological applications, especially in dis-
plays and other electronic devices.

Liquid crystalline phases (LCs), or mesophases, are in-
termediate between the crystal and the ordinary liquid
phases (For general books on LC, see for example Refs. 3-6).
Their range of existence in temperature is between
those typical of liquids and crystals. Intermediate is also
the order of the systems: they are characterized by long-
range orientational order, which is anyway lower than in
crystals.

Although liquid crystals exhibit certain properties of sol-
ids (e.g., birefringence) and liquids (e.g., fluidity), they
also possess properties that are not found in either liquids
or solids. The orientation of the optical axis, for example,
can be controlled by magnetic or electric fields; in some
liquid crystals the optical activity is one order of magni-
tude higher than in liquids; certain liquid crystals change
their color as a result of the sensitivity of their structure to
temperature. These are some of the properties on which
the practical applications of liquid crystals are based.

A variety of liquid crystal phases have been found,
which are characterized by a different organization. The
common nematic LCs have one-dimensional order; the
molecules forming the phase are anisometric (usually
elongated) and tend to align along a common direction
(the director). From a stereochemical point of view, the
most important phase is the cholesteric phase (or chiral
nematic phase) that may occur when the system is com-
© 2007 Wiley-Liss, Inc.

posed by chiral molecules. The cholesteric phase can be
considered a twisted nematic, with a nematic-like order of
molecules with respect to the local director, which rotates
in space in helical way (see Fig. 1). The cholesteric helix
is characterized by the pitch length (the distance along
the helix axis for a rotation of 360° of the director) and its
handedness.

The Cholesteric Induction

More than 80 years ago G. Friedel, a French physicist,
described the close relationship between the nematic and
the cholesteric phase.” He showed that a small amount of
a chiral nonracemic compound, dissolved in a nematic
phase, transforms it into a cholesteric phase. This discov-
ery remained unappreciated for almost 50 years: the next
papers on this topic appeared during the 1960s.%

The key property for the configuration assignment of
chiral molecules is the induction of oppositely-handed cho-
lesterics by enantiomers; however, the relation between
absolute configuration of the dopant and sense of the
induced cholesteric is neither simple nor obvious.

Contract grant sponsor: MiUR/PRIN (Modelling and characterization of
liquid crystals for nano-organized structures); Contract grant number:
2005035119

*Correspondence to: Prof. Gian Piero Spada, Alma Mater Studiorum-Uni-
versita di Bologna, Dipartimento di Chimica Organica “A. Mangini,” Via
San Giacomo 11, 1-40126 Bologna (Italy). E-mail: gianpiero.spada@unibo.it
or Prof. Alberta Ferrarini, Universita di Padova, Dipartimento di Scienze
Chimiche, Via F. Marzolo 1, 1-35131 Padova (Italy).

Received for publication 31 May 2007; Accepted 16 August 2007

DOL: 10.1002/chir.20482

Published online 12 October 2007 in Wiley InterScience
(www.interscience.wiley.com).



750

(b)

(a)

Fig. 1. Schematic representation of a nematic (a) and a cholesteric
phase (b). The mean alignment axis in the nematic phase (the director) is
shown by the arrow. The director rotates around the helical axis, remain-
ing perpendicular to it, in the cholesteric phase.

A quantitative study of the cholesteric induction has
required the definition of the concept of “helical twisting
power”, i.e., the ability of a chiral dopant to twist a nematic
phase?:

B = (per) " (1)

where p is the cholesteric pitch, ¢ the dopant molar frac-
tion, and 7 its enantiomeric excess. The sign of B is taken
positive for a right-handed cholesteric (P) and negative for
a lefthanded one (M). This inverse proportionality relation
between pitch and dopant concentration is experimentally
observed for molar fraction lower than about 0.01-0.05.
The twisting ability is characteristic of a given dopant,
with some dependence on temperature and solvent. From
a stereochemical point of view, one can notice that g char-
acterizes a chiral dopant in a way similar to the classical
rotatory power. Nevertheless the origin of the two proper-
ties is different. The optical rotation is a consequence of
the interaction between light and matter, while the choles-
teric induction originates from solute-solvent interactions.
Reasonably, we can expect to obtain different information
from the two techniques: the LC technique should be
more sensitive to the molecular shape and less to the elec-
tronic characteristics of the molecules.

The quantification of B requires the determination of
the magnitude and sense of the cholesteric pitch.!® This
can be obtained with spectroscopic or nonspectroscopic
methods.'>!2 The former techniques are based on typical
optical properties of the cholesterics. In particular,’® in
their planar texture (i.e., with the cholesteric axis parallel
to the light propagation direction) the cholesteric helix
reflects circular polarized light of the same handedness
and transmits circular polarized light of the opposite hand-
edness, when the wavelength is close to Ly = np (where n
is the mean refractive index); as a result, a P-cholesteric
displays an intense negative CD at A,. Hence, this spectro-
Chirality DOI 10.1002/chir
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scopic technique allows the simultaneous determination of
pitch and sign of the induced cholesteric. The nonspectro-
scopic methods are usually based on the observation of
the cholesteric phase with an optical microscope in line-
arly polarized light. Some of these are modification of the
Grandjean—Cano method'*!” based on the observation of
the disclination lines that appear when a cholesteric is
inserted in a variable-pathlength cell whose windows are
appropriately rubbed to obtain the necessary alignment.
The lens version is illustrated in Figure 2. From the dis-
tance between these lines one can obtain the cholesteric
pitch. The sense of the cholesteric can be obtained either
modifying the geometry of the cell (e.g., modifying the
rubbing directions of the windows surfaces or rotating one
window—the lens—with respect to the other—the plate),
or from the observation of the rotatory power originated
by the helicoidal molecular order.'®

Another technique widely used to measure the choles-
teric pitch is based on the Bragg scattering of monochro-
matic light obtained with a He-Ne laser: its angular de-
pendence s strictly related to the cholesteric pitch.®

R lens
R-l

Kl XI Xixd

Fig. 2. A schematic representation of the origin of the Grandjean—
Cano disclination lines which form when a cholesteric is inserted between
a plano-convex lens and a glass plate (a) and a typical texture (b). The
surfaces of both lens and plate are rubbed to produce grooves along
which the director is aligned; the rubbing directions of the top and bottom
surfaces lie parallel to each other. In correspondence of the x’s, the num-
ber of halfturns changes by one and this causes defects which are visible
as sharp lines of circular shape. The radii » of the circular Grandjean—
Cano disclinations are a function of only the curvature radius R of the lens
and of the pitch of the cholesteric phase.
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Fig. 3. Enhancement of helical twisting power by metal coordination (solvent: MBBA).

The Amplification of Chirality*

On passing from molecular to mesophase chirality, the
molecular dissymmetry is amplified in the supramolecular
helix structure.?">?® This allows one to detect even traces
of chiral dopants. Jean Jacques was the first in 1968 to use
the cholesteric induction to detect the spontaneous resolu-
tion of racemates when the single crystals were too small
to allow optical rotation measurements.?” Later, several
papers described the use of the cholesteric induction for
detecting traces of chiral dopants™®® or to detect com-
pounds with very low optical rotation.?®

Chiral dopants can exhibit a different ability to twist the
nematic phase spanning from weak inducers (B < 1
um 1) to strong inducers (B > 20 um™Y); to our knowl-
edge, the strongest chiral dopants investigated are TAD-
DOL derivatives 1 typically showing twisting powers in
the range 300-400 pm 3% A record of 534 pm ! was
achieved with TADDOL where Ar = B-naphthyl and RR
= 2,2'-biphenyliden in the nematic phase 4’-pentyl-4-cyano-
biphenyl.*!

*Chiral doping of nematic phases has been investigated over the last 30
years along two major directions. The first focuses on the investigation of
the chirality transfer between a “shape persistent” dopant and a nematic
solvent: the aim is “reading” the stereochemical information of the solute
(e.g., its absolute configuration) by means the solvent and will be
reviewed in the next sections. A second line is dedicated to the develop-
ment of switchable dopants able to modify their shape (and hence their
chiral transfer to the solvent) as a function of external stimulii (usually
light or heat). A remarkable example has been reported on recently by
Feringa and coworkers.®?° They described the rotational reorganization
of cholesteric liquid crystalline films as the result of the conversion of a
chiral molecular motor dopant to an isomer with a different helical twist-
ing power, leading to a change in the cholesteric pitch. The direction of
this reorganization is correlated to the sign of the change in helical twist-
ing power of the dopant. The rotational reorganization of the liquid crystal-
line film was used to rotate microscopic objects 4 orders of magnitude
larger than the bistable dopants in the film, which shows that molecular
motors and switches can perform work. This field of the cholesteric induc-
tion by switchable dopants (whose emphasis points mainly to applications,
material chemistry,. ..) is begond the scope of the present review and has
been reviewed elsewhere 21

When the helical twisting power is very low (as often
observed for molecules whose chirality is due to stereo-
genic centres, vide infra), different approaches have been
used to improve the ability of the molecule to express its
chirality at the mesophase level. One possibility is to adopt
a “mesogenic functionalization” of the chiral dopant. The
introduction of a group resembling the structure of the ne-
matic host enhances the solubility and the solute-solvent
interactions and this yields an enhancement of the dopant
twisting ability. Feringa and coworkers adopted this
approach for simple amines and alcohols: while the parent
compounds show very low Bs (e.g. for 2 it is negligible),
the functionalized compounds exhibit twisting powers suf-
ficiently high (e.g. 36.7 pm ™! for 3) to allow the genera-
tion of colored LC films.>*~34f

OO
RV N
O —— OO0 'S
2

3
Scheme. Mesogenic functionalization of chiral alcohol 2.

The interaction of a chiral dopant with a nematic host
may be improved also by metal coordination.®® Tris(pyri-
dyl)amine-based ligands (e.g. 4, see Fig. 3) show negligi-
ble to small helical twisting powers in the most common
nematic solvents, whereas complexation with Cu(l) or
Cu(l) greatly increases B as a consequence of the
reduced conformational flexibility and of the (more or
less) propeller-like shape of the complexes. Furthermore,
changes in overall shape of the complexes induced by dif-
ferent metals and counterions are transferred to the supra-
molecular level and proportionate changes of the helical
twisting powers are observed.>**” C, or Cs-symmetry, pro-
peller-shaped tris(diketonate) metal complexes are
reported to show high twisting power®?" (see below for
the discussion on the importance of these elements in
determining the B-values).

A third approach to enhance the chirality employs a
cosolute that binds to the low-3 dopant. Eelkema and Fer-

tAs the color of these films is dependent on the enantiomeric excess of
the dopants, this method allowed the evaluation of the enantiomeric
excess of simple chiral compounds by inspection of the color after meso-
genic derivatization and doping in a nematic LC.

Chirality DOI 10.1002/chir
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Fig. 4. Dynamically chiral biphenyl-based receptor 6 for the enhance-
ment of the cholesteric induction by the chiral aminoalcohol 5.

inga proposed a “double amplification” approach which
employs a dinamically chiral biphenol or biphenyl phos-
phoric acid receptors for amplifying the chirality of simple
amines and aminoalcohols. The binding between the dop-
ant (e.g. 5, see Fig. 4) and the receptor (e.g. 6) through
H-bonding, induces a chiral conformation of the biphenyl
receptor which, in turn, induces more efficiently a choles-
teric in a commercial nematic LC (see below the impor-
tance of the conformation of biaryl units in the cholesteric
induction).>%%°

EMPIRICAL APPROACHES FOR THE
CONFIGURATION ASSIGNMENT

In cholesteric induction experiments the molecular chi-
rality is mapped onto an achiral (nematic) phase to yield a
superstructural phase chirality which can be measured.
With a model that relates the molecular chirality to the
mesophase chirality one could infer stereochemical infor-
mation about the dopant (e.g., the absolute configuration,
the preferred conformation). In 1984 Solladié published
the first review summarising the state of the art at that
time.!° Later on, several review articles updated this sub-
ject, 1042

The first empirical correlation between the cholesteric
handedness and the solute configuration was described by
Gottarelli et al. in 1975.*% They reported that a series of
homochiral benzyl alcohols in MBBA induces cholesterics
of the same handedness. A few years later, Korte et al.
reported** the first attempt to find a general correlation
between the configuration of a stereocenter and the hand-
edness of the induced cholesteric. He related the handed-
ness of the cholesteric to a stereochemical descriptor of
the dopant based on the effective volume of the substitu-
ents. This relation is followed by more than 100 com-
pounds, as claimed by Korte, but also exceptions were
reported.*” Furthermore, this approach does not account
for the structure of the nematic solvent molecules; it may
happen that the same compound induces cholesterics of
opposite handedness in different nematics.*34°

At the beginning of the 1980s an empirical approach,
based on the analysis of many systems, was followed to
identify the structural features of dopant and solvent asso-
ciated to high values of B. The results, summarized in
Refs. 40-42, indicated that most dopants with high twisting
power are characterized by the presence of two (or more)
Chirality DOI 10.1002/chir
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(quasi-)planar moieties twisted one with respect to the
other(s). For example, while aliphatic compounds with
one or two stereocentres 7 and 8, derivative 9 with one ar-
omatic ring and spiro-compound 10 with two almost per-
pendicular benzene rings have helical twisting powers not
exceeding 1 ym ™%, biaryl 11 has B around 60 pm ™! in the
same (or similar) solvent (see Table 1).

10 11

The recognition that this molecular feature is connected
to a highly efficient transfer of chirality does not allow the
prediction of the sense of the induced cholesteric: a molec-
ular model is required to this purpose. In the first empiri-
cal approach proposed,® the solvent molecules are consid-
ered as achiral rigid rods and the role of the chiral dopant
is to prevent their parallel alignment, leading to the heli-
coidal arrangement. This model, which has been used to
assign the configuration of a few series of compounds,*>*?
cannot account for the dependence of the value of B (and
sometimes its sign)*®*° on the nature of the solvent and
its increase when the chemical structure of the solute and
solvent molecules are similar.>*As a general finding, biaryl
dopants show the highest value of B in biaryl solvents
(e.g., cyanobiphenyl nematics),> while trans-diaryl oxir-
anes (and related molecules) exhibit the highest Bs in
MBBA®™ (see Fig. 5). Furthermore, the ability to twist the
nematic also depends on the conformational mobility of
the host, and in a rigid core solvent the values of B are
generally smaller.>®

These results allowed the proposal, at the beginning of
the 1980s, of a different molecular model for cholesteric
induction.’**® This model is sketched in Figure 6 in the
case when both nematic host and chiral guest have a

TABLE 1. Helical twisting powers of compounds 7-11
measured at room temperature

B Solvent Ref.
7 +0.5 MBBA/EBBA 46
8 +0.5 MBBA 50
9 -1.0 MBBA 51
10 -1.0 MBBA/EBBA 46
11 +79 PCB 52
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Fig. 5. Structural similarity between a biaryl derivative and the nematic
phase K15, and between trans-stilbene oxide and the nematic MBBA.

biaryl structure. Typical nematogenic molecules are flexi-
ble and can exist in chiral enantiomorphic conformations of
opposite helicity in fast interconversion. The chiral dopant
has a well defined molecular helicity (M in Fig. 6)* and sta-
bilizes the homochiral conformation of the solvent: in this
way, the M-chirality is transferred from the dopant to the
near molecule of the solvent and from this to the next-near
one and so on. This leads to a deracemization of the ne-
matic solvent and its transformation into a M-cholesteric.*”

The mechanism of Figure 6 has been supported by rota-
tory power measurements in isotropic solutions.’® The ro-
tatory power in dynamically chiral nonmesogenic solvents
(e.g. biphenyls) is increased or decreased in comparison
with ordinary solvents (e.g. acetonitrile) in relation to the
sign of twisting power of the solute. Binaphthyl 12, a com-
pound with positive twisting power (3 = +73 pm ! in E7,
a mixture of biaryl derivatives), in nonmesogenic biphenyl
solvents displays a rotatory power (+762°, in 4-pentylbi-
phenyl) which is much more positive than in acetonitrile
(+469°); cholchicine (13) has a positive B (+54 um ! in
E7) and is laevorotatory in acetonitrile (—162°), while in
biphenyl solvents it displays a small negative rotation
(—9°). These data can be interpreted assuming that the
right-handed twisting compounds 12 and 13 in biaryl sol-
vents induce an excess of solvent molecules in the P-con-
formation; their contribution to the rotatory power is posi-
tive. Molecular statistical calculations support this chirality
transfer.”®

12 13

‘In this context, the P, M descriptors do ot refer to the configuration of
chirality axes, planes or helices according to IUPAC, but simply to the
handedness of the twist between the two planes. For example, bipheny is
designed as P when the two phenyl rings are arranged in such a way that
a clockwise rotation of the ring closer to the observer is required to obtain
the coplanarity of the two aromatic planes.
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Fig. 6. The chirality transfer from the dopant to the solvent. A chiral
inducer with an (M)-helicity* aligned with its biaryl axis parallel to the
biphenyl axis of the solvent can have close contact only with molecules of
the solvent having the same helicity: the chirality is therefore transferred
from the dopant to the near solvent molecule and from this to the next-
near one and so on, via chiral conformations.

Several stereochemical applications of cholesteric induc-
tion have been described;!%*%#2 reliable results are
obtained especially when the dopant has a high twisting
power. One of the molecular fragments associated to a
high value of twisting power is, as anticipated earlier, the
biaryl unit; therefore many experiments have been done
on compounds containing this unit.

The main factor in determining the handedness of the
cholesterics induced by bridged 1,1’-binaphthyls is the hel-
icity (P or M) of the solute and this observation is the
basis of many configurational studies of chiral binaphthyls.
All the homochiral (eR)-binaphthyls 14-18 have an M-
helicity of the core, and all induce, in biphenyl nematics,
M-cholesterics.’**® By systematic structural variations of
the covalent bridge, it is possible to obtain 1,1’-binaphtha-
lenes with dihedral angles ranging from 60 to 96° (see
series 19-23); the handedness of the cholesteric phase
always matches the helicity of the binaphthyl unit (see Ta-
ble 1).%8 It should be noticed that derivatives 22 and 23
have helicity (P, s-trans) opposite to all the other deriva-
tives, hence they induce opposite-handed cholesterics (see
Table 2).

X ¥ z
14 cH; H H
15 chH; H Br
LI N 16 oM, H Bz0
| || 17  (CHy; H H
i O 1R (CH H H
I o Y 19 oHy &-acetarmida-2-Py B0
I I || 20 (CHaMCOCHYICH ) S-acetamide-2-Py BzO
TR 21 (CHbMICHHCH,): &-acatamida-2-Py B20
22  CHyCCCH; B-acetamide-2-Py BzD
23 CHy(mCgHICH, Gacetamide-2-Py BzO
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TABLE 2. Helical twisting powers of compounds 14-23
measured at room temperature in biphenyl-type

nematics*%°559
B C1-C1’ conformation Core helicity®
14 -85 s-cis M
15 —68 s-cis M
16 -80 s-cis M
17 —80 s-cis M
18 -79 s-cis M
19 -33.6 s-cis M
20 —65.6 s-cis M
21 -2.5 s-cis/s-trans -
22 +40.0 s-trans P
23 +95.2 s-trans P

Also the conformations around the C1-C1’ binaphthyl bond and the biaryl
core helicities are reported.
3See page footnote®.

This finding allows one to obtain useful information also
on the conformation of nonbridged binaphthyls in solu-
tion.>>%2 In the case of (aS)-binaphthyls, s-cis, and s-trans
conformations are characterized by opposite helicities
along the biaryl axis. Therefore one may expect the induc-
tion of lefthanded or right-handed cholesterics depending
on the dominant conformation in solution. In fact, binaph-
thys with substituents able to stabilize the s-cis conforma-
tion exhibit oppositely-signed B values with respect to
binaphthyls with the bulkiest substituents stabilizing the
s-trans conformation.

THEORETICAL APPROACHES FOR THE
CONFIGURATION ASSIGNMENT

The earlier reported examples clearly show the diffi-
culty in associating the measured cholesteric handedness
to the dopant configuration. This difficulty is strictly
related to the origin of the cholesteric organization, i.e.,
the interplay of anisotropy (i.e., deviation from spherical
symmetry) and chirality (i.e., nonidentity of mirror
images) of intermolecular interactions. The former is nec-
essary for the onset of orientational order in liquid crys-
tals, whereas the latter is responsible for the helical
arrangement of the director in the case of cholesterics.
Chiral interactions are washed out by the orientational dis-
order in liquids; in nematics on the contrary, by virtue of
the orientational anisotropy, they are averaged to a non-
zero value and originate a torque, which tends to twist the
director. At equilibrium, the twisted configuration is the
result of a compromise between the chiral strength and
the elastic restoring forces which oppose director deforma-
tions.

Important issues, which have to be considered when
dealing with theoretical models of chiral induction, are on
one side the fluid nature of liquid crystals, which requires
interactions to be averaged over all dopant orientations,
and on the other side the weakness of the chiral contribu-
tion to the intermolecular interactions and its subtle de-
pendence on the molecular structure, which call for
detailed modeling. Statistical mechanics treatments have
Chirality DOI 10.1002/chir
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been proposed to connect atomic and meso-scale levels,
using simplified representation of molecules and suitable
approximations to derive a molecular form of the free
energy;®>%" simple expressions for the twisting power
have been obtained in the case of toy models. These
approaches have played an important role to explain the
mechanism of chiral induction, but they can be of limited
usefulness if the link between dopant configuration and
cholesteric handedness is concerned. Also Monte Carlo
techniques have been used to evaluate the helical twisting
power of solutes®” %% atomistic force fields allow a
detailed account of the structure of the dopant, but long
trajectories are needed for an exhaustive sampling of chi-
ral properties, and the high computational demand of sim-
ulations is certainly a limit for practical purposes. Phenom-
enological models, able to account for the molecular struc-
ture with a modest computational cost, seem to provide
more suitable tools for the assessment of the absolute con-
figuration. An example is provided by the so called
“surface chirality” method, which was presented about a
decade ago,”®™! and since then has been successfully
applied to different classes of dopants. It relies on a physi-
cally sound model of cholesteric induction, based on a mo-
lecular expression of the free energy of the twisted ne-
matic phase, comprising a chiral and an elastic restoring
contribution; the helical twisting power is then obtained
by minimization of the free energy. A simple form is used
for the molecular field: renouncing a detailed representa-
tion of the solvent, which is approximated as an elastic
continuum, the structure of the solute is explicitly taken
into account by parameterizing the chirality and anisotropy
of intermolecular interactions according to the molecular
surface. Phenomenological expressions scaling with the
surface are widely used in other contexts, e.g., within mod-
els for implicit solvation,”>”® with the underlying reason
that short range interactions can be related to the amount
of surface of a solute accessible to the surrounding mole-
cules. The surface chirality model leads to a linear rela-
tionship between the helical twisting power B and the so
called “surface chirality parameter” @"*"!:

B=AQ (2)

where A is a quantity which only depends on the nematic
solvent; it is defined as A = Na&/2nKoo0,, with Np being
the Avogadro number, K,, and v,, the twist elastic con-
stant and the molecular volume of the liquid crystal sol-
vent, respectively, and the parameter £ the orienting
strength, which is related to the degree of order of the sol-
vent. It follows from the definition that the value of A for a
given solvent is a function of temperature; it bears a de-
pendence on the structure of the solvent, mainly through
the twist elastic constant, which generally increases with
the rigidity of the constituent molecules.>® As far as the
application of LC to the determination of configuration is
concerned, A can be taken as a scaling factor, identical for
different dopants in the same nematic solvent; usual values
are of the order of a few um ' A3,

The surface chirality parameter @ is the key property,
specific of each chiral dopant; it is proportional to the aver-
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Z Z

Fig. 7. Molecular surface of biphenyl with a twist angle equal to ¢ =
+1/4, viewed along the x and y axes, which tend to lie perpendicular to
the helical axis in the LC phase. The x axis is parallel to the bisector of
the twist angle.

age helicity of the molecular surface in the nematic envi-
ronment, according to the relation”®"*:

Q= —6"2(Qu+ Qy)S1 +6*(Qy — Qu)AS.  (3)

where @;; is the helicity of the molecular surface along the
ith axis and S; = (Syy + S,,)/2 and AS| = (S — Sy,
with S;; being the order parameters, which specify the
degree of alignment to the director of the ith axis. Let us
chose x and y as the molecular directions, which tend to
lie perpendicular to the local director; then, the sign of S|
is negative, and the first contribution to the helical twisting
power in eq. 3 has the same sign as the average of the hel-
icities of the molecular surface along x and y. The second
term in eq. 3 accounts for the different contribution of the
x and y helicities, which derives from the different degree
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of order of the corresponding axes. If AS| ~ 0, @ is simply
proportional to the mean helicity of the molecular surface
along the x,y axes. The surface chirality parameter of a
given molecular structure can be easily calculated,”®"1:7
on the basis of the molecular surface which can be gener-
ated if the nuclear positions are available.””"®

Other approaches for the prediction of the helical twist-
ing power on the basis of the molecular structure have
been proposed over the years,”®® which however in most
cases do not care about the physical origin of the phenom-
enon, but rather focus on the search of descriptors of the
intrinsic chirality of the dopant, assuming that this is line-
arly related to B, as in eq. 2. The quality of the model is
then evaluated from the correlation between calculated
and experimental values for sets of solutes. One of the ear-
liest methods in this class is due to Osipov et al., who pro-
posed a chirality tensor, calculated from of the nuclear
coordinates, in a form derived from the theory of optical
activity.” From this tensor two chirality indices were
obtained, describing respectively the isotropic and the ani-
sotropic parts of the chirality of the nuclear distribution.
Also other chirality indices, defined on the basis of the nu-
clear positions or the molecular surface of the dopant,
have been proposed.®®-®* Calculations for dopants of differ-
ent structure have shown a general agreement between
the various chirality parameters, at least in the sign.

In the following, the surface chirality method will be
reviewed in some more detail, considering a few signifi-
cant examples, which will highlight how the interplay of
order and chirality determines the helical twisting ability
of a chiral dopant. Biphenyl, whose structure is chiral for
twist angles ¢ # nn/2, with » integer, is a simple case,
yet sufficient to illustrate some important issues. Two dif-
ferent views of the molecular surface of biphenyl for ¢ =
+n/4 (Ptwisted enantiomer) are shown in Figure 7, to-
gether with the corresponding helicities. Order parame-
ters and surface chirality components of biphenyl change
as a function of the twist angle; accordingly, also the chi-
rality parameter @ changes, as shown in Figure 8. For
P-helicity of biphenyl (¢ < n/2) a positive helical twisting
power is predicted, as a result of the strong tendency of
the y axis, characterized by high positive helicity, to lie
perpendicular to the director.

Indeed, a highly positive twisting power has been mea-
sured for the homochiral (P) biphenyl derivatives 24-

0.4 y
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Fig. 8. Order parameters, surface chirality components and of biphenyl and chirality parameter @, calculated for biphenyl as a function of the twist

angle between the aromatic rings.
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TABLE 3. Helical twisting powers of compounds 24-31
measured at room temperature in biphenyl-type

nematics!0-82-84
B Molecular shape (see text) Core helicity®
24 +21 disk-like P
25 +20 disk-like P
26 +15 disk-like P
27 -15 disk-like P
28 -114 rod-like P
29 -17.2 rod-like P
30 -19.3 rod-like P
31 —20.3 rod-like P

Also the molecular shape derived from the calculation of their orienta-
tional behaviour (see text) is reported.
See page 5 footnote*.

26,9887 which are constrained in a geometry with a

twist angle comprised between 20 and 60° and are charac-
terized by Phelicity along the biphenyl axis.* However,
there are counter examples, like the derivatives 27-31
which, although sharing the same P-helicity at the molecu-
lar level, have twisting powers spanning from highly nega-
tive to negligible values (see Table 3).1%8587 Calculations
performed with the surface chirality method show that
these differences between the dopants can be mainly
traced back to their different orientational behavior,
induced by the substitution in the central biphenyl core.
Whereas the compounds 24-26, like biphenyl, have a
definite preference for keep what we have denoted as the
y axis perpendicular to the director, the compounds 28—
31, which are more elongated, behave more as rods, with
a small difference in the degree of alignment between the
x and y axes. It follows that in the first case the y-helicity
(right-handed) is imparted to the nematic host, whereas in
the latter there is a significant contribution of the left-
handed «x helicity.®” It is worth singling out the difference
from binaphthyl, in which case the propensity of the y axis
to lie perpendicular to the director is significantly higher
than that of the x axis, irrespectively of the presence of
substituents, so that right-handed cholesterics are induced
by P-enantiomers.

jor
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BE W] [ ]
b 24 25 ' 26

x
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" 27 28-31
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The simultaneous presence of different helicities in the
same molecule clearly appears in heptalene, as shown in
Figure 9. A small helical twisting power has been pre-
dicted for this molecule, as the result of the competition
between oppositely handed contributions. The presence of
substituents, depending on their locations, can enhance
the one or the other contribution, leading to induced cho-
lesterics of opposite handedness for heptalene derivatives
with the same absolute configuration.”>®

Another interesting example is represented by heli-
cenes and related molecules. Compounds very different
spectroscopically, such as 32-35, and hence hardly com-
parable with chiroptical techniques, are very similar in
shape and give helical twisting powers of the same sign
and of comparable intensity;**? the twisting powers of
helicenes can be easily explained by the surface chirality

model.
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The opposite behavior, i.e., similarity of the chiroptical

34 35
properties and dramatic differences in the helical twisting
power despite a clear molecular helicity, has been found
for series of oligonaphthalene derivatives linked at the 1,4-
position.”!  Configurationally homogeneous derivatives
with a different number of monomers have molecular struc-
tures corresponding to helices of the same handedness.
Surprisingly, it has been observed that relatively small
changes in the substituents can have dramatic effects on
their twisting ability. For some derivatives (e.g., 36), cho-
lesterics of the same handedness are induced by oligomers
of different length. However, series of derivatives have
been found (e.g., 37), which display and unexpected sign
alternation of B with length. Calculations with the surface
chirality model have shown the importance of local contri-
butions, strongly dependent upon the substitution pattern,

’

>
K

Fig. 9. Opposite helicities of (P)-heptalene along the C(3)-C(8) direc-
tion (left) and the C(5a)-C(10a) bond (right).
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and the scarce meaning of global stereochemical descrip-
tors for the phenomenon of cholesteric induction.

OCH;Ph
/ OMe |
| ) |
\ 'nh
I | -'
| ? \
i ‘n \

OCH,Ph

36 37
n=0,1,2 =012

On the basis of the considerations presented earlier it is
not difficult to understand that bulky molecules, in which
chirality results in a sizeable shape distortion and a well-
defined orientational behavior can be devised, generally
have a strong twisting ability, not dramatically affected by
substituents. Moreover, a significant role of the molecular
flexibility can be expected, because different conformers
can have different order parameters and different chirality.
The @ value for a flexible dopant is obtained by averaging
over all the conformers®:

Q - Zapoc Qa (4)

where p, and @, are the probability and the chirality pa-
rameter of the a conformer. As calculations show, different
conformers can have opposite twisting ability, and this
makes even more difficult to associate absolute configura-
tion and cholesteric handedness, even for dopants with
the same chiral core. As a general rule, with increasing
flexibility the possibility of chiral conformers with high
twisting ability of opposite handedness is predicted, which
however results in a significantly lower net twisting power
after averaging over the whole ensemble. >

In most cases, the handedness of the induced choles-
teric phase is characteristic of a given dopant, and is main-
tained irrespectively of the chemical structure of the ne-
matic solvent and of the temperature. These have the only
effect of scaling the magnitude of the pitch, according to
eq. 2. However, in some cases changes of handedness
with solvent and temperature have been observed, mostly
for solutes with a modest twisting ability. They can be
explained as a result of a change in the orientational
behavior®”"! and/or in the conformational distribution of
the dopant. The effects of the nematic solvent on the tor-
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sional potential, and then on the molecular alignmnent
and the helical twisting power, have been thoroughly
investigated in the case of arylalkylsulfoxides.?*%

CONCLUDING REMARKS

The results reported in this article show the extreme
sensitivity of the LC technique to the molecular chirality.
This methodology, which has the valuable features of ex-
perimental simplicity and low cost, affords a powerful tool
to obtain stereochemical information about configuration
and conformation. The origin of chirality amplification in
LC is independent of that of the traditional chiroptical tech-
niques: whereas the former is determined by the interplay
of anisotropy and chirality of solute-solvent interactions,
the latter relies on the chirality of the electron distribution
in the chromophoric groups. It follows that the LC tech-
nique is sensitive to the whole molecular shape of the mol-
ecule, and is strongly affected by the presence of substitu-
ents. The cholesteric helicity bears a nontrivial relation
with the molecular chirality, and sometimes apparently
conflicting results can be found. However, as appears from
several examples reported earlier, some useful guidelines
can be found, at least for rigid dopants with relatively high
twisting power (larger than about 10 pm™?Y), without
groups involved in strong specific interactions. In these
cases the handedness of the induced cholesteric phase is
mostly independent of the nature of the LC host and can
be taken as a signature of the configuration of the dopant.
Simple empirical correlations between configuration and
handedness can be found for homologous series of rigid
molecules, with a clear shape chirality such as that deriv-
ing from the presence of twisted planes, and a well defined
orientational behavior, which are hardly affected by sub-
stituents. In general, for dopants, which do not satisfy
such requirements, or in the presence of bulky substitu-
ents and/or molecular flexibility, modeling can give a sig-
nificant contribution; the surface chirality method, thanks
to its capacity to take into account the molecular details
and the low computational cost, has been shown to be a
reliable tool for this purpose.
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