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ABSTRACT The first straightforward lipase-catalyzed enantioselective access to
enantiomerically enriched tiaprofenic acid as a versatile method in chiral separation of
racemates is demonstrated. The latter was directly monitored by enantioselective HPLC
using a 3,5-dimethylphenylcarbamate derivative of cellulose-based chiral stationary
phase namely Chiralpak IB (the immobilized version of Chiralcel OD). Non-standard
HPLC organic solvents were used as diluent to dissolve the ‘‘difficult to dissolve’’
enzyme substrate (the acid) and as eluent for the simultaneous enantioselective HPLC
baseline separation of both substrate and product in one run without any further deriva-
tization. The existence of a non-standard HPLC organic solvent (e.g., methyl tert-butyl
ether) in the mobile phase composition is mandatory to accomplish the simultaneous
enantioselective HPLC baseline separation of both substrate and product. Chirality
20:871–877, 2008. VVC 2008 Wiley-Liss, Inc.
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INTRODUCTION

Nonsteroidal anti-inflammatory drugs (NSAIDs) of the 2-
arylpropionic acid (2-APA) class represent one of the most
commercially successful and important classes of analgesic
anti-inflammatory drugs. A common structural feature of 2-
APA NSAIDs is a sp3-hybridized tetrahedral chiral carbon
heteroatom within the propionic acid side chain moiety,
with the S-enantiomer possessing most of the beneficial
anti-inflammatory activity. In vivo, however, some of this
class of compounds, namely, profens undergoes, to a limited
degree, inversion from the (R) to the (S) form. Examples
include the (R)-(2)-enantiomers of ibuprofen and naproxen
which were converted in blood into the corresponding (S)-
(1)-enantiomers.1 However, only naproxen and flunaxapro-
fen are administered as the pure (S)-(1)-enantiomer.

Tiaprofenic acid (5-benzoyl-a-methyl-2-thiopheneacetic
acid) belongs to this class of compounds having potent
anti-inflammatory and analgesic properties.2 Several stud-
ies in healthy and arthritic subjects have involved the
administration of the racemate. However, tiaprofenic acid
has been suggested to exhibit limited pharmacokinetic
stereoselectivity.3 In view of the increasing legislative
concern regarding the development and use of single
enantiomeric drug in studying the pharmacokinetics and
pharmacodynamics of each separate enantiomer, an enan-

tioselective straightforward route to access to separate
enantiomers is required. The enantioselective resolution
of tiaprofenic acid was reported using gas chromatography
GC, high performance liquid chromatography HPLC and
capillary electrochromatography (CEC).4–10 Most of these
assays are indirect which involve the formation of diaster-
eomers through reaction of the carboxylic acid moiety in
tiaprofenic acid with a coupling reagent, 2,2,2-trichlor-
oethyl chloroformate, to form a mixed anhydride. The lat-
ter is followed by the formation of an amide using L-leuci-
namide. However, in addition to racemization, partial or
complete chiral conversion might occur.4 In fact, none of
the reported procedure used to access to enantiomercially
pure/enriched tiaprofenic acid did include a straightfor-
ward enzymatic resolution of the racemates. This is prob-
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ably due to solubility problems of the substrate in conven-
tional standard HPLC organic solvents and the difficulty
associated with the simultaneous resolution of the free
acid (enzyme substrate) and its corresponding ester (pro-
duct) in one run without derivatization. A mandatory highly
required step for the monitoring of the enantiomeric
excesses of substrates and product during the enzymatic
reaction.

The enantioselective transformations catalyzed by
enzymes in non-standard HPLC organic solvents,11–13

such as dichloromethane (DCM), ethyl acetate (EtOAc),
methyl tert-butyl ether (MtBE), and tetrahydrofuran
(THF) might be the method of choice to overcome solubil-
ity problem of the substrate. However, reactions in non-
standard HPLC organic solvents are usually monitored off-
line, since such harmful solvents might cause irreversible
damage of the CSP by dissolving or swelling of the chiral
selector.14 In a typical offline HPLC monitoring of an enzy-
matic reaction, an aliquot of the supernatant reaction mix-
ture is withdrawn at several time intervals during the
course of a biotransformation; solvent is evaporated, the
residue is dissolved in mobile phase eluent, and analyzed
by HPLC equipped with appropriate chiral stationary
phase and UV detector.15

Yet, a new technology has been introduced by making
the HPLC CSPs with a silica support onto which the poly-
mer chiral selector (polysaccharide derivative) has been
bonded/immobilized.16–19 Thus, Chiralpak IA, a 3,5-di-
methylphenylcarbamate derivative of amylose, immobi-
lized onto silica (the immobilized version of Chiralpak AD)
was the first launched in this series followed by Chiralpak
IB, a 3,5-dimethylphenylcarbamate derivative of cellulose
(the immobilized version of Chiralcel OD).11,20 Such
immobilization of the polymeric chiral selectors on the
silica support is considered as an efficient approach to con-
fer a universal solvent compatibility to this kind of CSP,
thereby broadening the choice of solvents able to be used
as mobile phase eluent or diluent. This is of particular in-
terest in monitoring reactions performed in non-standard
HPLC organic solvents.

Here, we report on the first straightforward lipase-cata-
lyzed enantioselective access to enantiomerically enriched
tiaprofenic acid directly monitored by enantioselective
HPLC using non-standard HPLC organic solvents as dilu-
ent to dissolve the enzyme substrate and eluent to analyze
both substrate and product in one run without further
derivatization.

EXPERIMENTAL PROCEDURES
Instrumentation

The mobile phase for HPLC was filtered through a Milli-
pore membrane filter (0.45 lm) from Nihon Millipore
(Yonezawa, Japan) and degassed via Waters in-line degas-
ser AF. The HPLC system consisted of a Waters binary
pump, Model 1525, (Milford, MA), equipped with a dual k
absorbance detector model 2487, an autosampler model
717plus and an optical rotation detector (Ibz Messtechnik
GmbH, Hannover, Germany) operating at room tempera-

ture. The UV-detector was set at 300 nm. Chiralcel OD
(4.6 mm 3 250 mm ID coated on 5 lm silica-gel) and
Chiralpak IB (4.6 mm 3 250 mm ID immobilized on 5 lm
silica-gel) column was purchased from Chiral Technolo-
gies Europe (Illkirch, France). The enantiomeric excess
ee of the substrate (ees) and the product (eep) as well as
the conversion (Conv.) and enantioselectivity (E) were cal-
culated as previously described.21–23

Materials

All solvents used as mobile phase in HPLC including
2-propanol were HPLC-grade and purchased from Fisher
Scientific (Fair Lawn, NJ). n-butanol used in the synthesis
of ester was Analar grade and purchased from BDH chem-
icals (Poole, England). Lipases from Asperigillus niger
(lipase AS), Burkholderia cepacia (formerly Pseudomonas
cepacia) free (lipase PS) and immobilized on ceramic par-
ticles (lipase PS-C) together with Candida rugosa (lipase
AYS) were gifts from Amano (Nagoya, Japan). Immobi-
lized Candida antarctica lipase B (Novozym 435), its free
form (Novozyme 525), and immobilized Rhizomucor mie-
hei lipase (lipozyme RM IM) were from Novo Nordisk
(Bagsvaerd, Denmark). Lipase type VII from Candida
rugosa (CRL) was from Sigma (Steinhiem, Germany).
Lipase from Candida cylinderacea (CCL) and lipase immo-
bilized in sol–gel-Ak on sintered glass from Mucor miehei
(MML) were purchased from Fluka (Buchs, Switzerland).
Tiaprofenic acid was extracted from the readily marketed
tablets SURGAM1 according to literature procedure.24

Chromatographic Conditions

The mobile phase was consisted of n-hexane/methyl
tert-butyl ether/2-propanol/trifluroacetic acid (90:10:1:0.2
v/v/v/v) and the flow rate was 1 ml/min. The column was
operated at room temperature (248C). UV detection was
set at 300 nm.

Chemical Synthesis of Racemic Butyl Ester of
Tiaprofenic Acid (2)

Few drops of conc. sulfuric acid were added to 0.77 M
racemic tiaprofenic acid (1) in benzene followed by the
addition of 1 ml of n-butanol (0.01 mol, 3 M equiv.). The
mixture was stirred under reflux over night, solvent was
evaporated under vacuum and the residue was neutralized
with 10% sodium hydrogen carbonate. The ester was
extracted twice using 30 ml diethyl ether. The ether was
dried over sodium sulfate anhydrous, filtered, and evapo-
rated under vacuum to afford 1 g pale yellowish oil (73%
chemical yield).

Lipase-Catalyzed Esterification of Tiaprofenic Acid (1)

Twenty milligrams (0.077 mmol) racemic tiaprofenic
acid 1, n-butanol (0.21 mmol, 3 equiv.), molecular sieves,
and 2.0 ml either standard (acetonitril) or non-standard
HPLC organic solvent (such as toluene, MTBE, EtOAc,
THF or DCM) were added and stirred in a 4 ml reaction
vial. The reaction mixture was thermostated at 408C. Sam-
ple (100 ll) was withdrawn and injected at zero time (con-
trol). Lipase (100 mg) was added and 50 ll sample was
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withdrawn and directly injected to HPLC without dilution
or workup at several time intervals.

Lipase-Catalyzed Hydrolysis of Tiaprofenic Acid Butyl
Ester (2)

Tiaprofenic acid butyl ester (24.3 mg; 0.077 mmol), 1.0
of ml solvent, and 1.0 ml of 0.1 M phosphate buffer (pH 7)
were added to 4 ml reaction vial. The reaction mixture was
thermostated at 408C and 50 ll sample of the non-standard
HPLC organic solvent aliquot was withdrawn and injected
at zero time (control). Lipase was (100 mg) added and
50 ll samples of the non-standard HPLC organic solvent
aliquot were withdrawn at several time intervals. The
samples were filtered and used directly without dilution
for direct enantioselective HPLC analysis.

RESULTS AND DISCUSSION

The precise determination of the enantiomeric excess of
substrates and products is an important prerequisite for
the detailed investigation of the enzyme-catalyzed enantio-
selective resolution of racemates. For an efficient monitor-
ing of the lipase-catalyzed enantioselective resolution of
tiaprofenic acid 1 (cf. Fig. 1), the acid itself (1) and its cor-

responding ester (2) should be simultaneously baseline
separated in their racemic synthesized form. This should
be ultimately done in one run without further derivatiza-
tion. Thus, the enantioselective HPLC separation of both
synthesized racemic acid (1) and its corresponding butyl
ester (2) was investigated using either coated 3,5-di-
methylphenylcarbamate derivative of cellulose-based chi-
ral stationary phase namely Chiralcel OD or its immobi-
lized version namely Chiralpak IB using standard organic
solvents consisting of n-hexane/2-propanol with different
volume ratios. Only the acid (1) was baseline separated
using the above mentioned mobile phase composition with
volume ratio 90/10 v/v and the ester itself has never been
separated simultaneously in the same run on both col-
umns. Because of the limited solvent choice restricted to
standard organic solvents in coated Chiralcel OD, this
phase was excluded from our investigation which has
been continued on its immobilized version, namely, Chiral-
pak IB having broader choice of solvents used as mobile
phases. The latter include nonstandard HPLC solvents like
ethyl acetate (AcOEt), dichloromethane (DCM), tetrahy-
drofuran (THF), and other solvents in which the polysac-
charide derivatives themselves are dissolved or swollen.
Indeed, these solvents can not be used as mobile phase
eluents in conventionally coated HPLC columns (e.g.,
Chiralcel OD). The above mentioned non-standard sol-
vents have been investigated solely or in combination with

Fig. 1. Lipase-catalyzed enantioselective esterification of racemic tiaprofenic acid (1) using n-butanol in non-standard HPLC organic solvents.

Fig. 2. Baseline separation and traces of the polarimetric detection of
racemic tiaprofenic acid (1) and its corresponding butyl ester (2) on Chi-
ralpak IB. Chromatographic conditions: mobile phase: n-hexane/MTBE/
2-propanol/trifluoro acetic acid (90:10:1:0.2 v/v/v/v) at 1 ml flow rate and
UV 300 nm. Chromatographic parameters including the retention factor of
the first peak (k1), separation factor (a) and the resolution (Rs) are
shown.

TABLE 1. Enzymatic parameters including enantiomeric
excesses of both substrate (1) and product (2) ees and eep,
respectively, conversion and enantioselectivity (E) of differ-
ent lipases screened for the enantioselective esterification of

tiaprofenic acid (1) using 1-butanol in acetonitril as
standard organic solvent

Lipase Time (h) ees (%) eep (%) Conversion % E

Novozyme435 48 47.2 49.6 48.7 4.6
Novozyme525 48 4.8 14.8 24.5 1.4
Lipozyme 120 7.2 12.6 36.6 1.3
Lipase AS 120 5.6 27.2 17.2 1.8
Lipase PS 120 4.9 1.6 75.0 1.0
Lipase AYS 120 4.6 3.5 56.4 1.1
CRL 120 4.5 1.9 69.7 1.0
Lipase PS-C 120 4.2 12.6 25.3 1.3
CCL 120 4.5 1.7 72.0 1.0
MML 120 4.1 6.1 40.2 1.1
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n-hexane in mobile phase composition using different
ratios for the simultaneous separation of 1 and 2 in one
run on Chiralpak IB. A simultaneous baseline separation
of both racemic tiaprofenic acid (1) and its corresponding
butyl ester (2) was achieved in one run using n-hexane
associated with MTBE as a non-standard HPLC organic
solvent, 2-propanol and trifluoroacetic acid in mobile phase

composition (n-Hex/MTBE/2-PrOH/trifluoroacetic acid
(90:10:1:0.2 v/v/v/v) (see Fig. 2). Once the enantioselec-
tive baseline separation of the enzyme substrate (1) and
the expected product (2) is settled, the enzymatic reac-
tion can be easily and directly HPLC monitored in either
standard or non-standard HPLC organic solvents. Thus,
the screening of different lipases for the enantioselective

TABLE 2. Enzymatic parameters including enantiomeric excesses of both substrate (1) and product (2) ees and eep,
respectively, conversion and enantioselectivity (E) of some selected lipases screened for the enantioselective esterification

of tiaprofenic acid (1) using 1-butanol in several non-standard HPLC organic solvents

Lipase Solvent Log P Time (h) ees (%) eep (%) Conv. (%) E

Novozyme435 Toluene 2.50 0.66 70.9 59.6 54.3 8.1
MTBE 1.30 5 46.0 64.0 41.8 7.1

Ethylacetate 0.68 72 10.8 75.6 12.5 8.0
THF 0.49 72 0.9 71.5 1.2 6.0
DCM 1.30 48 41.9 70.6 37.2 8.7

Novozyme525 Toluene 2.50 8 47.4 62.7 43.0 6.9
MTBE 1.30 24 25.2 44.4 36.1 3.3

Ethylacetate 0.68 72 15.9 56.0 22.1 4.1
THF 0.49 72 2.2 67.0 3.1 5.1
DCM 1.30 16 16.3 85.2 16.0 14.7

Fig. 3. HPLC chromatograms (from t 5 0 to t 5 40 min) showing the UV traces of both substrate (1) and product (2) during the direct HPLC moni-
toring of the reaction progress of the Novozyme435-catalyzed enantioselective esterification of 1 using 1-butanol in toluene as non-standard HPLC
organic solvent.
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esterification of tiaprofenic acid acid (see Fig. 1) was first
performed in acetonitril (log P 20.34) as standard organic
solvent. Of all 10 tested lipases, only immobilized lipase
from Candida antarctica lipase B CAL-B (Novozyme 435)
showed better enantioselectivity (also called enantiomeric
ratio) E in shorter time (up to 48 h). The rest did not show
any promising results even after 120 h. Results are shown
in Table 1. In most cases of the enantioselective esterifica-
tion of racemic 1 [(RS)-1], (R)-1 was the faster reacting
enantiomer which was selectively esterified to afford its
corresponding butyl ester (R)-2 leaving the second enan-
tiomer of the substrate (S)-1 in enantiomerically enriched
form. This was achieved when using different lipases in
presence of n-butanol in acetonitril as standard organic sol-
vent (cf. Table 1).

On the basis of the above-mentioned results, two lipases
were selected for further investigation in nonstandard
solvents. Thus, lipase from Candida antarctica lipase B
CAL-B (Novozyme 435) and its free form (Novozyme 525)
were used for the enantioselective esterification of racemic
tiaprofenic acid 1 in nonstandard HPLC solvents such as
toluene, methyl tert-butyl ether (MTBE), ethyl acetate
(EtOAc), tetrahydrofuran (THF), and dichloromethane
(DCM); results are summarized in Table 2. The reactions
were directly monitored by enantioselective HPLC using
Chiralpak IB without further workup or removal of the
nonstandard solvent. In comparison with the lipase-cata-
lyzed kinetic resolution of (1) in acetonitril as standard or-
ganic solvent, better enantioselectivity E, enantiomeric
excesses of both substrate (1) and product (2) and faster
reaction rate were observed when using non-standard
HPLC organic solvents.

In terms of enantioselectivity (E), enantiomeric ex-
cesses of unreacted substrate (ees), enantiomeric excess
of the resulting product (eep), and the reaction time at
maximum conversion (54.3%), lipase from Candida antarc-
tica B (CAL-B) known as Novozyme 435 showed the best
performance in toluene having log P 2.50 (ees 5 70.9%,
eep 5 59.6%, E 5 8.16 after 40 min). Log P in Table 2 is
defined as the ratio of concentration of a substance in two
immiscible phases at equilibrium namely octanol and
water and used to describe the correlation of hydrophobic-
ity and the enantioselectivity E of lipases (cf. Fig. 3).

Compared with the esterification experiments in the
nonaqueous medium consisting of standard and non-stand-
ard HPLC organic solvents described above, the enzy-
matic hydrolysis of the butyl ester (RS)-2 in aqueous
medium proceeded slowly (2 days) (cf. Fig. 4). Only two
lipases, namely, Novozyme 435 and 525, were able to con-
duct poor enantioselective resolution when toluene was
used in combination with sodium phosphate buffer (pH 7)
in a biphasic system (ees 29.3%, eep 19.8, Conv. 59.6%, E 5
1.9 for Novozyme 435 and ees 33.4%, eep 26.7, Conv. 55.5%,
E 5 2.3 for Novozyme 525). These results promote us to
study the screening of both enzymes for the enantioselec-
tive hydrolysis of racemic (2) in other nonstandard HPLC
organic solvents, namely, MTBE, EtOAc, and DCM.
Results are summarized in Table 3. In terms of the enan-
tioselectivity (E), enantiomeric excesses of unreacted sub-
strate (ees of the ester (S)-2), enantiomeric excess of the
resulting product (eep of the acid (R)-1) and the reaction
time at maximum conversion (56.1%), lipase from Candida
antarctica B (CAL-B) known as Novozyme 435 showed
the best performance when used in a biphasic solvents

Fig. 4. Lipase-catalyzed enantioselective hydrolysis of butyl ester (2) in a biphasic system consisting of non-standard HPLC organic solvent and
phosphate buffer (pH 7).

TABLE 3. Enzymatic parameters including enantiomeric excesses of both substrate (2) and product (1) ees
and eep, respectively, conversion and enantioselectivity (E) of selected lipases screened for the enantioselective
hydrolysis of racemic tiaprofenic acid butyl ester (2) in a biphasic system consisting of a nonstandard HPLC

organic solvent and a phosphate buffer pH 7

Lipase Solvent Log P Time (h) ees (%) eep (%) Conv. (%) E

Novozyme435 MTBE 1.30 2 61.6 47.1 56.6 5.0
Ethylacetate 0.68 120 16.8 1.3 1.4 0.2

DCM 1.30 120 31.7 12.0 2.0 4.3
Novozyme525 MTBE 1.30 2 24.3 54.3 30.9 4.2

Ethylacetate 0.68 120 0.1 28.3 0.4 1.7
DCM 1.30 120 13.7 39.6 2.5 2.6
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consisting of MTBE and buffer (pH 7) (ees 5 61.6%, eep 5
47.1%, E 5 5.0 after 2 h (cf. Fig. 5).

CONCLUSION

The lipase-catalyzed biotransformation of tiaprofenic acid
in non-standard HPLC solvents can be easily monitored by
direct enantioselective HPLC equipped with UV, optical
detector, and immobilized chiral stationary phase, namely,
Chiralpak IB. A part from what has been previously
reported,25–27 the current method allows direct and continu-
ous monitoring of the biocatalyzed reaction conducted in

non-standard HPLC organic solvents without any workup.
This could offer unique capabilities to allow the exploration
of the enantioselectivity of lipases toward ‘‘difficult to dis-
solve’’ substrates in non-standard HPLC organic solvents.
To the best of our knowledge, this is the first report on the
lipase-catalyzed kinetic resolution of tiaprofenic acid.
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Chiral Molecules with Polyhedral T, O, or I Symmetry:
Theoretical Solution to a Difficult Problem in Stereochemistry
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ABSTRACT Ever since point groups of symmetry have been used to describe mole-
cules after Van’t Hoff and Le Bel proposed tetrahedral structures for carbon atoms in
1874, it remains difficult to design chiral molecules with polyhedral symmetry T, O, or
I. Past theoretical and experimental studies have mainly accomplished molecular struc-
tures that have the conformations for satisfying the T symmetry. In this work, we pre-
sent a general theoretical approach to construct rigid molecular structures that have
permanently the symmetry of T, O, and I. This approach involves desymmetrizaton of
the vertices or the edges of Platonic solid-shaped molecules with dissymmetric moi-
eties. Using density functional theory (DFT) and assisted model building and energy
refinement (AMBER) computational methods, the structure, the rigidity, and the sym-
metry of the molecule are confirmed by assessing the lowest energy conformation of
the molecule, which is initially presented in a planar graph. This method successfully
builds molecular structures that have the symmetry of T, O, and I. Interestingly,
desymmetrization of the edges has a more stringent requirement of rigidity than desym-
metrization of the vertices for affording the T, O, or I symmetry. Chirality 20:878–884,
2008. VVC 2008 Wiley-Liss, Inc.

KEY WORDS: chiral polyhedral symmetry; dissymmetry; stereochemistry; trioxatricornan;
T, O, I symmetry

INTRODUCTION

After the tremendous discovery of the three dimen-
sional tetrahedral configuration of carbon center in 1874
by Van’t Hoff (and Le Bel), who proposed ‘‘the extension
into space of the structural formula,’’1 symmetry elements
used for describing macroscopic objects such as plants,
animals, and crystals have been judiciously applied to
describe molecular structures.2 Interestingly, there exists
a set of three high symmetry point groups (T, O, and I)
theoretically, but it has been difficult to conceive molecu-
lar structures that satisfy rigorously the symmetry require-
ments of any one of these symmetry point groups. Over
the past century, this problem has fascinated among the
most prominent chemists to design and synthesize struc-
tures that possess these symmetries.3–9 These symmetries
belong to a class of chiral point groups that bear all the
rotational symmetry elements belonging to the polyhedral
shapes of platonic solids, and thus are referred to as T, O,
and I, without having the subscript d or h. In these point
groups, symmetry elements of the first kind (identity, E;
rotation, Cn) are preserved and the symmetry elements of
the second kind (reflection, r; inversion, i; rotation and
reflection, Sn) are prohibited.10,11 While the theoretical
framework for this class of symmetry is well established,
the actual structure as molecules or objects have long
been sought after. A few textbooks that choose to disclose
this problem describe the issue by statements such as ‘‘T

symmetry is very rarely, if ever, encountered in real mole-
cule’’5; ‘‘Molecules belonging to T and O are unknown’’6; ‘‘I
symmetry is mentioned purely for the sake of completeness,
since no example of its occurrence in Nature is known’’;5 ‘‘No
optically active molecules with T, O, I symmetry has ever
been studied.’’4 In this work, we describe the challenges
involved in imagining or designing these molecules, and
present a general theoretical method for designing rigid
molecules with T, O, and I symmetry.

While the design and imagination for molecules with T,
O, and I symmetry has been difficult, there has been sig-
nificant developments in noncovalent assemblies that are
reported to have a T symmetry.12–22 Notably, Stang and
coworkers have synthesized several high symmetry
assemblies including three-dimensional metallacyclic poly-
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gons and polyhedra via spontaneous self-assembly using
coordination as a driving force.23–27 A T-symmetric species
is accomplished by employing tridentate ligand 1,3,5-tris
[(4-pyridyl) ethynyl)] benzene and [(R)-(1)-BINAP] PdII

and -PtII bis (triflates) to form noncovalent self-assembly.28

MOLECULAR CONFORMATIONS
WITH T SYMMETRY

Theoretically, molecules (or objects in general) with T,
O, or I symmetry are chiral, and possess multiple rota-
tional axes. A T-molecule has the symmetry elements of
identity (E), 3 two-fold rotational axes (C2), and 4 three-
fold rotational axes (C3), which gives a symmetry number
(s) of 12.2,5,10 An O-molecule has the symmetry elements
of E, 6C2, 4C3, and 3C4, which affords s 5 24.2,5,10 An I-
molecule has the symmetry elements of E, 15C2, 10C3,
and 6C5, which affords s 5 60.2,5,10 Because of the high
symmetry numbers and the multiple rotational axes, chiral
molecules with T, O, or I symmetry are considered highly
symmetric.9 Nature, on the other hand, has long provided
some assembled materials with these highly symmetric
chiral symmetries. For example, amphibian red-cell L ferri-
tin proteins are of O symmetry29 and supramolecular
assemblies of many viruses are of I symmetry.30–35 Fur-
thermore, a sculpture named ‘‘Sphere with Fish’’ present-
ing carvings of 12 identical fish by artist Maurits Cornelis
Escher has demonstrated the T symmetry. To this date, it
remains a challenge for chemists to come up with,
let alone to synthesize, structures that rigorously satisfy
the T, O, and I symmetry. However, a few studies have
achieved molecules with transient conformations that are
of T symmetry.

Design of covalent single structure that fulfills chiral
polyhedral symmetry can be traced back to Pierre Curie’s
proposition about the relation between physical property
and symmetry, which was first noted in 1894 that symme-
try is a subtractive property: ‘‘. . . it is merely necessary to
combine an achiral skeleton of the appropriate symmetry
with a set of ligands which preserves all symmetry elements of
the first kind while destroying all those of the second.’’9,36

This statement became an important guideline for many
who later attempted designing molecules with T symme-
try.9 Gerhard Herzberg in 1945 noted that T symmetry is
attainable simply by twisting all four methyl groups of neo-
pentane (C(CH3)4) in the same direction and to the same
extent (but by less than 608).37,38 This design does fulfill
all requirements for T symmetry, but such a T molecule
requires synchronized rotations of all the r bonds or a fro-
zen conformation with all bond angles fixed at a certain
value. Note that a molecule such as C(R*)4, where R*
groups are homochiral moieties with C1 symmetry, has
the symmetry point group of D2, not of T.

8,9 Cahn et al.
proposed a hypothetical structure for a T molecule in 1966
by stating that ‘‘it is possible to build a molecule of T symme-
try round a tetrahedral atom by bridging in pairs with six
like bridges four like tetrahedral atoms directly bound to it,
each bridge containing a plane of chirality which destroys
planes of symmetry, but preserves a two-fold rotational axis
between the atoms bridged. The bridges might, for example,

be trans-olefinic, of the form ��(CH2)nCR¼¼CR��(CH2)n��.
The chiralities of the chiral planes being alike, the 4 three-
fold axes of rotation will be preserved, and hence the overall
symmetry will be T.’’39 Because the conformation of this
molecule is flexible, this molecular design will depend
on the conformation of minimum energy to afford a T sym-
metry.

Caldwell and Eyring in 1971 proposed to construct T, O,
or I molecules from ‘‘. . . placing an irregular protrusion
anywhere on one of the faces of the original figure (platonic
solids) except on a plane or axis of symmetry. Additionally,
identical protrusions at the positions attainable by the first
under all combinations of the original group’s proper rota-
tions will lead to the desired lower symmetry.’’ 4 There is no
explicit documentation of structures or objects that are
designed based on this guideline. Farina and Morandi in
1974 published a hypothetical structure for T molecule, of
which we believe is consistent with Caldwell and Eyring’s
suggestion. This design consisted of ‘‘adamantane as an
achiral simplex with spiranic or twistane type ring attach-
ments on the vertices.’’ 9 This molecule also requires a
synchronized ring puckering or the same ring puckering
for all of its cyclic substituents to avoid different local con-
formations in the molecule, which can result in a C1 sym-
metry (or possibly other symmetries that are not a T) for
the molecule.8,9 Interestingly, Cotton et al. described a re-
vision of this hypothetical structure in one of his recent pa-
per that presented a cage assembly that has the T symme-
try.19 The revised structure replaces the cyclopentyl group
in the Farina’s design with cyclopropyl groups on the ada-
mantane core, which appears to offer a rigid molecule with
T symmetry.19 Neither of these two adamantane molecules
has been synthesized.

The early experimental evidence of molecules with T
symmetry include the study of tetrakis[trimethylsilyl]-
silane by Bartell et al. in 197043 and the synthesis of tetra-
tert-butyltetrahedrane by Maier and Pfriem in 1978.44 Cal-
culations by Mislow and coworkers show that both of the
molecules assume a T symmetry in its ground state in gas
phase with a low energy barrier between the enantiomers,
which render the system necessarily racemic at ambient
temperature.45,46 Later, Nakazaki and Naemura attempted
the first synthesis of enantiomerically pure molecules with
T symmetry by substituting adamantane (symmetry: Td)
with four enantiomerically pure trishomocubane (symme-
try: D3) with known absolute stereochemistry using a
linker of ��CH2OC(O)CH2��.47,48 However, Mislow soon
noted that ‘‘the interposition of the acetoxymethyl
(CH2OC(O)CH2) groups destroys all three fold symmetry
inherent in the four 2-D3-trishomocubanyl groups and in
the adamantine skeleton, and T symmetry is ipso facto unat-
tainable for any conceivable conformation.’’49 Responding to
this criticism, Nakazaki and coworkers later synthesized a
similar molecule by replacing the linker with a linear and
rigid buta-1,3-diynyl groups.50–52 Recently, a surprisingly
stable tetrakis(trimethylsilyl)tetrahedrane has also been
accomplished.53 For all of these studies, the T symmetry
exists in a specific transient conformation or via a pre-
sumed synchronized motion of the conformation of the
molecule. A molecular structure that exhibits permanent
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T, O, or I symmetry is still unknown. Apart from the mole-
cules discussed above, a flexible molecule with T symme-
try has been synthesized not with the intention to achieve
T symmetry. Fritz Vögtle et al. have reported the synthesis
of a cage molecule with four benzene rings at the vertices
of a tetrahedron connected by flexible methylene units.
This molecule racemerizes with a fairly low barrier and is
at the fast exchange limit at temperatures above 2908C.54

APPROACH, RESULTS, AND DISCUSSION

Consistent with the guideline given by Pierre Curie,9,36

we present here a general desymmetrization method for
constructing not only chiral molecules that rigorously sat-
isfy T symmetry, but also chiral molecules that satisfy O
and I symmetries. In this article, we have used the
assisted model building and energy refinement (AMBER)
force field40,41 and density functional theory (DFT) with
the B3LYP hybrid functional and 6-31G(d) basis set to cal-
culate the energies of the proposed structures. DFT com-
putations were preformed using GAUSSIAN-03.42 Opti-
mized structures were verified to be at true minima in the
potential energy surface by harmonic vibrational analyses
which revealed no imaginary vibrational frequencies.

Desymmetrization of the Vertices

Our approach to construct molecules with T, O, or I
symmetry involves the following four steps: First, choose a
Platonic solid-like skeleton2,55 that has Td, Oh, or Id sym-
metry, and present the structure in a planar graph.56 Sec-
ond, replace each of the vertices of the skeleton with a C3-
dissymetric structural moiety of the same chirality. Third,
replace ‘‘edges’’ and connections with functional groups
that maintain the rigidity of the whole molecule. Finally,
use a computation method to obtain the atom configura-
tion (conformation) of minimum energy for the molecule
and to examine its symmetry. As an example for designing
molecules with T-symmetry, we use the Platonic solid, tet-
rahedron (symmetry: Td), and replace each vertex with a
C3-dissymmetric trioxatricornan57–61 and each ‘‘edge’’ with
three acetylene groups. Here, we used DFT to obtain the
minimum energy structure and the prescribed symmetry
of the proposed molecule. This approach results in a rigid,

strained chiral molecule that appears to be highly symmet-
ric (see Fig. 1). To support that the obtained structure is
of a global energy minimum, we also used AMBER42 to
obtain the energy minimum structure by starting with
many grossly different planar graphs of the designed mol-
ecule. The results show that the same structure as that
obtained by DFT, which prescribes a T symmetry, was
obtain with all the sampled planar graphs. Examining the
symmetry elements of this molecule reveals that there
exists a two-fold rotational (C2) axis that passes through
each pair of the opposite edges, and a three-fold rotational
(C3) axis that passes through the center of each trioxatri-
cornan vertex and the center of the opposite face. As the
tetrahedron consists of four edges and four faces, there
are three C2 and four C3 rotational axes. Overall, the sym-
metry elements consist of identity E, 3C2, and 4C3 rota-
tional axes, and has a symmetry number of 12.2,10 Because
the molecule is rigid, these symmetry elements gives rise
to a permanent T symmetry for the molecule.

Using the same method, we also designed molecules
with O and I symmetry. Constructing the structure and
sampling the conformations using AMBER from their pla-
nar graphs, we obtained molecules with O and I symmetry
(see Fig. 2). Examining the symmetry of molecules with
O and I symmetry reveals that there is a slight difference
in the nature of the rotational axes between T and O (or I)
molecules designed in this method. Whereas the C3 axis
in the T molecule passes through a vertex and its opposite
face, all of the rotational axes in O and I pass through the
same structural moieties (vertex-to-vertex, edge-to-edge
and face-to-face of the polyhedron). The O molecule has
the elements identity E, and rotational axes of 6C2

(passing through the edges), 4C3 (passing through the
vertices), and 3C4 (passing through the faces), and has a
symmetry number of 24.2,10 The I molecule has the ele-
ments identity E, rotational axes of 15C2 (passing through
the edges), 10C3 (passing through the vertices), and 6C5

(passing through the faces), and has a symmetry number
of 60.2,10 Details of the symmetry analysis with different
orientations of the T, O, or I molecule is shown in the sup-
porting information. We note that this desymmetrization
method is general in that other C3-dissymmetric mole-
cules may also be used on the vertices of the molecule.
For example, perhydrotriquinacene can be used to con-

Fig. 1. The bowl-shaped trioxatricornan core has three flanking substituents giving rise to a C3-dissymmetric moiety that can occupy the vertices
of a tetrahedron to afford a chiral molecule with T symmetry. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.].
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struct molecules with T, O or I symmetry (See supporting
information).

Desymmetrization of the Edges

Modifying Cahn et al.’s suggestion39 molecules with T,
O, or I symmetry are also constructed by desymmetrizing
the edges with C2-dissymmetric biphenyl moieties (see
Fig. 3) instead of desymmetrization of the vertices.
Detailed analysis of the symmetry of these two molecules
is shown in the Supporting Information.

Interestingly, we find that the requirement of the rigid-
ity for desymmetrization of the edges appears to be more
stringent than for desymmetrization of vertices. For exam-
ple, if a single sp3 carbon is used in place of the benzene
ring, the O molecule collapses from a cube shape to a
crumpled conformation during the calculation by AMBER
(see Fig. 4). We checked this instability of the structure
by other computational methods including DFT, Hartree-
Fork Theory and AM1. All methods showed that this
structure collapsed while searching for the conformation
of the minimum energy. From the crumpled conformation,

it appears that the bond angle (109.58) of the sp3 carbon is
not rigid enough to support the caged skeleton, and
thus the strain in the molecule and/or p-stacking of the
aromatic ring is causing the two bridging methylene car-
bon to twist, leading to an eventual total collapse of the
molecule.

We note that designing the optimal packing of tetrahe-
dron that gives the maximum density is still unachieved—
an unsolved problem of considerable importance.62

Because the molecules with T, O, and I symmetry pro-
posed in this work (see Fig. 2) have the rigid shapes of
Platonic solids, the assembly of the molecules with T sym-
metry (see Fig. 1) to form crystals or liquid crystals will
be particularly interesting and important as it may shed
light on how tetrahedron will pack.

In addition, highly symmetric and strained molecules
are of fundamental and application interests for their reac-
tivities and propensity to rearrange.63 In particular, acety-
lene-based, but achiral polyhedranes has been synthesized

Fig. 2. Proposed molecules with the symmetry of T (symmetry elements: E, 3C2, 4C3), O (symmetry elements: E, 6C2, 4C3, 3C4) and I (symmetry
elements: E, 15C2, 10C3, 6C5). All three molecules consist of C3-dissymmetric trioxatricornans at the vertices. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.].

Fig. 3. Proposed molecules with T and O symmetry by desymmetriza-
tion of the edges with C2-dissymmetric biphenyls connected with two
buta-1, 3-diynes. The rigidity of the molecules is confirmed by energy min-
imization of the conformations. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.].

Fig. 4. Desymmetrization of the edges with C2-dissymmetric biphenyls
and sp3 vertices leads to collapse of the molecule destroying the O sym-
metry. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.].
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and proposed for electrooptical64,65 and biological applica-
tions.66 Because of the considerable interests, several the-
oretical studies using both quantum and molecular
mechanics have been carried on for the stability and strain
analysis of both hypothetical and synthetic acetylene-
based polyhedranes.67,68 Past synthesis of highly symmet-
ric achiral molecules, such as cubane69 and dodecahe-
drane70,71 has resulted in advances in fundamental under-
standing72–76 and application development.77–81 There are,
however, much less similar studies on highly strained,
symmetric, and yet chiral molecules. Their kinetics for
rearrangement,82 whether racemization or new stereo-
genic centers will arise during their rearrangement83 and
reactions (such as polymerization)84,85 is of interest for a
wide range of potential applications.86 As such, we are cur-
rently focusing on the synthesis of the resolved chiral mol-
ecule with T symmetry via schemes that are less than
eight steps from a known structure of trioxatricornan.61

Examining the strained part of the T molecule, the bond
angles between the acetylene and phenyl ring and among
the acetylene groups range from 167.48 to 173.18 (see sup-
porting materials), which is about 108 from an unstrained
1808. Other reportedly synthesized strained molecule
bearing acetylene units show bond angles for sp carbon
in the range 151.88–178.78.87 We believe that this particu-
lar design of molecule with T symmetry is an attainable
structure.

CONCLUSIONS

In this work, we present a general desymmetrization
method for constructing rigid molecules that rigorously
and permanently satisfy the symmetry of T,O, and I, which
exist theoretically but were never ‘‘visualized’’ before. This
method involves replacing the vertices on a Platonic solid-
shaped molecule with C3-dissymmetric moieties or the
edges with C2-dissymmetric moieties while maintaining
the rigidity of the molecule. It is important to note that the
design rigid shape for these cage-like molecules should be
confirmed to be the conformation of minimum energy by
using computational methods even though the molecules
are designed a priori with rigid components. This class of
designed molecules with chiral polyhedral symmetry
appears to be strained, and does not require a synchron-
ized conformation to maintain the T,O or I symmetry.
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Parallel SFC/MS-MUX Screening to Assess Enantiomeric Purity
DEREK B. LASKAR, LU ZENG,* RONGDA XU, AND DANIEL B. KASSEL
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ABSTRACT Enantiomeric excess (ee) was evaluated for two internally synthesized
compound libraries using a high-throughput automated, intelligent four-channel parallel
supercritical fluid chromatography/mass spectrometry system equipped with a multi-
plexed ion source interface (SFC/MS-MUX). The two libraries contained compounds
spanning a wide range of enantiomeric ratios with structurally diverse chemical scaf-
folds and stereogenic centers. The system analyzed each sample simultaneously against
four chiral columns using up to six organic modifiers. Enhancements to our previously
published parallel supercritical fluid chromatography/mass spectrometry system were
implemented to address the challenges associated with automated trace enantiomer
identification and quantitation. A reversal of enantiomer elution order was observed for
several samples across multiple CSPs and modifiers. The relationship between elution
order and % ee accuracy is presented for compounds exhibiting high, middle and low %
ee values. Despite incidences in which the minor enantiomer eluted prior to the major
enantiomer with less than baseline resolution, the overall % ee was in agreement with
separations in which full baseline resolution was achieved. The methods presented here
demonstrate the value and utility of high-throughput ee determinations to support drug
discovery and development programs. Chirality 20:885–895, 2008. VVC 2008 Wiley-Liss, Inc.

KEY WORDS: enantioselective screening; racemate; enantiopure; supercritical fluid
chromatography (SFC); high-throughput analysis; mass spectrometry;
multiplexed ion source (MUX); enantioseparation; enantiomeric excess

INTRODUCTION

The value and importance of measuring enantiomeric
purity of chiral drug substances during drug discovery
and development is widely recognized by pharmaceutical
and biotechnology industries. Since the publication of for-
mal guidelines for the development of the stereoisomeric
drugs by FDA in the early 90s, there has been a growing
need to develop robust screening methods that enable sci-
entists to rapidly identify, quantify, and evaluate enantio-
meric sample mixtures to assess enantiomeric purities.1

Chromatographic separations have been the preferred
method for the characterization and purification of enan-
tiomers in lieu of indirect methods (e.g. chemical derivati-
zations).2,3 Numerous publications have demonstrated the
advantage of packed-columns coated with polysaccharide
(amylose and cellulose derivatives) chiral stationary
phases (CSPs) as chiral selectors to chromatographically
resolve enantiomer pairs.4,5 Supercritical fluid chromatog-
raphy (SFC) offers the advantage of lower viscosity mobile
phase relative to other chromatographic techniques (e.g.
CE and HPLC), thereby enabling higher flow rates to be
utilized, which leads to faster analysis times and superior
chromatographic peak resolutions.6–8 SFC has been
reported to have the most extensive enantioselectivity.9

Typically, SFC is coupled with ultraviolet (UV) detection
to identify analytes.10,11 However, there are significant
advantages of using mass spectrometry (MS) as a means
of detection: (1) MS provides higher sensitivity than UV to

detect trace enantiomer peaks that would otherwise not be
detected, (2) chromophores are not required for detection,
(3) Selected Ion Monitoring (SIM) ensures that noniso-
baric impurities are disregarded in the sample analysis,
and (4) instrument vendor data acquisition software pro-
grams can be readily modified with visual basic instru-
ment control applications that enable automated data ac-
quisition and data processing.12 Moreover, coupling SFC
with mass spectrometry (SFC/MS) has been demon-
strated to be a powerful technique, owing to faster vapori-
zation of solvents at the ion source—by CO2’s nebulizing
effect—resulting in a tolerance for a broader range of flow
rates at the ion source interface.13,14

Automated HPLC and SFC enantiomeric screening
methods have been widely used in the pharmaceutical
industry to rapidly determine the optimal enantiosepara-
tion conditions.15–17 Previously, we demonstrated the util-
ity and application of automated, intelligent four-channel
parallel SFC/MS-MUX to rapidly screen, identify, and opti-
mize separation conditions of (primarily) racemic sample
mixtures for enantiopurifications.18,19 Compared with
other parallel chiral LC methods cited in literature,16,20,21
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our approach combined innovations in instrument hard-
ware, software, and enantioseparation strategies. We coined
the technique ‘‘Intelligent Parallel Optimization for Chiral
SFC Separations’’ (IPOCSS). Using the IPOCSS interface,
we showed that a single sample mixture can undergo a
comprehensive method development screen (i.e. four-col-
umns by six modifiers; 24 unique modifier/column combi-
nations) in as little as 30 min. Furthermore, utilizing cus-
tom intelligent decision-making software to navigate the
screening process, it was possible to automatically termi-
nate the data acquisition once user-defined criteria (mini-
mum Rs, tR, peak area, etc.) were satisfactorily met. Thus,
a significant amount of time, solvent usage, and resources
was saved while productivity and throughput are
increased.

To evaluate and characterize compound libraries con-
taining one or more stereocenters for % ee determinations
required a modification of our previously reported
IPOCSS screening strategy from a method development
and optimization tool to a rapid, high-throughput enantio-
meric purity assessment tool. Automated method develop-
ment for rapid % ee determinations is complicated by the
presence of trace amounts of minor enantiomers. The
problem is exacerbated when applied to large compound
libraries with diverse chemical structures, varying enan-
tiopurities, and multiple stereocenters. To address these
issues, we modified the IPOCSS program so as to allow it
to function as a tool for rapid, high-throughput enantio-
meric purity assessment tool. The new enhancements
were made to support the characterization of two inter-
nally synthesized compound libraries—‘‘Library A,’’ an 11-
component library and ‘‘Library B,’’ a 225-component
library—with structurally diverse chemical scaffolds
(across Libraries A and B), stereogenic centers (within
Libraries A and B) and varying enantiopurities. Experi-
mental screening conditions were modified to balance fast
analysis times while maintaining suitable enantioselectiv-
ity for accurate % ee determinations.

MATERIALS AND METHODS
Chemicals and Reagents

Liquid CO2 (SFE/SFC grade) was obtained from Airgas,
Inc. (Radnor, PA). HPLC-grade (0.2 lm filtered) organic
modifiers, methanol (MeOH), 2-propanol (2-PrOH), and
acetonitrile (ACN) were obtained from Fisher Scientific
(Fair Lawn, NJ). 1-Propanol (1-PrOH) was obtained from
Alfa Aeser (Ward Hill, MA) and ethanol (EtOH) was
obtained from Acros Organics (Morris Plains, NJ). Ammo-
nium acetate (AAc), ammonium trifluoroacetate (ATFAc),
and warfarin were obtained from Sigma-Aldrich (St. Louis,
MO). Compound libraries were synthesized at Takeda San
Diego. Library A components (11 compounds, 1 mg each)
were diluted with MeOH to 0.1 mg/ml before analysis.
Library B samples (225 compounds) were received as
10 mM stock solutions MeOH/DMSO (50:50) in a 96-well
plate. Solvent was evaporated overnight using a MiniVap
(SPEWare, Baldwin Park, CA) and the compounds were
reconstituted to 0.1 mg/ml in MeOH before analyses.

Chiral Chromatographic Conditions

All chiral SFC columns used were coated polysaccha-
ride Chiralpak AD-H, AS-H and Chiralcel OJ-H, OD-H (all
2.1 3 150 mm, 5 lm) purchased from Chiral Technolo-
gies, Inc. (West Chester, PA). A mobile phase composition
of CO2/organic modifier (60:40, v/v) was used with modi-
fier screening hierarchical progression scheme: MeOH >
EtOH > 2-PrOH > 1-PrOH > ACN. Mobile phase was
delivered at 5 ml/min and split to the four columns ena-
bling a 1.25 ml/min per column flow rate. The outlet pres-
sure was regulated at 100 bar. It has been shown that add-
ing basic additives such as AAc and ATFAc to organic
modifiers can aid in enantioselectivity, improved peak
shape and enhanced MS ionization with polysaccharide
CSPs for the analysis of basic compounds.22–25 To support
the characterization of Library A and Library B, 10 mM of
AAc was added to MeOH, EtOH, 2-PrOH, and 1-PrOH
while 10 mM of ATFAc was added to ACN (due to AAc’s
low solubility in ACN).

SFC/MS-MUX Instrumentation and Configuration

All chiral analyses were performed on a Waters ZQ 2000
Micromass1 single quadrupole mass spectrometer
(Waters Corp., Milford, MA) equipped with a multiplex
(MUX) four-channel electrospray ion source coupled to a
Berger SFC AnalytixTM Dual Pump Fluid Control Module
(FCM 1100), Modifier Fluid Control Module (FCM
1200), and a TCM 2000 column oven (Mettler-Toledo/
AutoChem, Columbia, MD). Mass spectrometric data ac-
quisition was performed using Positive-Ion Electrospray
Ionization (ESI1) detection in the Selected Ion Recording
(SIR) mode with 0.1 sec dwell time; the inter-spray scan
delay time was 0.1 sec/channel with 0.8 sec total cycle
time. Ion source conditions were used as follows: sprayer
voltage, 3.2 kV; cone voltage, 25 V; desolvation tempera-
ture, 3508C; source temperature, 1508C; desolvation gas
flow, 650 l/h and cone gas flow, 30 l/h. Injections were
made using an HTS PAL autosampler (LEAP Technolo-
gies, Carrboro, NC). A 20 ll injection of sample was made
and distributed evenly across each of the four-columns
operated in parallel chromatography mode. A make-up
flow of 0.05% formic acid in MeOH/H2O (90:10, v/v) at
0.02 ml/min per channel was added post-column to each
of the four column effluent flow streams prior to entering
the MUX interface. MassLynxTM acquired and monitored
data simultaneously from the four-channel mobile phase
streams. Figure 1 illustrates the complete SFC/MS-MUX
system configuration.

Chiral Screening Methodology and Strategy

Intelligent parallel optimization for chiral SFC sepa-
rations. As previously reported, IPOCSS integrates both
SFC/MS-MUX hardware and Waters/Berger software
components to navigate the screening process by auto-
matically submitting samples, monitoring runs, processing
and analyzing data, intelligently judging optimal separation
conditions, and deciding how to proceed in the screen pro-
gression.19 The entire sequence is guided by an in-house
custom intelligent decision-making software program
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written in Microsoft1 Visual Basic1 6.0. To initiate an
IPOCSS screen, the user enters MassLynxTM methods
and parameters (tune, inlet, MS, SFC, modifier priority, re-
solution requirements, etc.) into the Configuration panel
and then imports a sample list text file—containing sample
name, molecular weight and vial position—using the
Import Sample List button. Pressing the Start button ini-
tiates the automatic screen, enabling IPOCSS to perform
the flow scheme progression that was described previ-
ously.19 Peak integrations are performed by OpenLynxTM,
while IPOCSS applies the following equation (according to
USP)26 to calculate peak resolution values (Rs):

Rs ¼ 2 3 ðtR2 � tR1Þ=ðW2 þW1Þ

where tR2 and tR1 are the retention times (in min) of the
second and first eluting peaks, respectively, and W2 and
W1 are the peak widths (in min, 10% valley definition) of
the second and first eluting peaks, respectively.

After a sample has completed one solvent cycle (5 min
run), IPOCSS automatically calculates and quantifies key
screening parameters from the run—retention times (tR),
peak widths, resolution (Rs) and % ee—to gauge the analy-
sis ‘‘success’’ using a specific column and modifier combi-
nation. IPOCSS then evaluates and compares the results
against the user-defined criteria to judge if further solvent
cycles are necessary to satisfy the user-defined criteria. If
Rs has not been adequately met, IPOCSS automatically
screens the next modifier in the procession to evaluate its
selectivity behavior. If Rs has been adequately met,
IPOCSS terminates the screening process and determines
the ‘‘optimal’’ separation conditions based on the largest
observed Rs. The original purpose of IPOCSS was to
rapidly develop optimal chiral chromatographic conditions

of racemates to support enantiopurifications. Thus, the
software and criteria that controlled IPOCSS were
designed to handle samples containing approximate equal
proportions of each enantiomer pair; whose mass spectral
peak abundances and ion intensities would be approxi-
mately equal in magnitude.

IPOCSS Enhancements to support high throughput
and % ee determinations. Modifications to the IPOCSS
program were required in order to rapidly assess enantio-
meric purity of compound libraries, where sample mix-
tures contain varying degrees of enantiomeric ratios (sca-
lemic mixtures). Two crucial user-definable features were
added to IPOCSS control software interface to aid in the
identification of peaks exhibiting relative small MS peak
intensities: (1) Minimum Area (MA), a peak integration-
defining parameter in which an absolute minimum area
threshold is defined and must be satisfactorily met for
IPOCSS to identify a peak as legitimate instead of as
chemical noise or other chromatographic impurity; and (2)
Minimum % Base Peak (MBP), a % ee qualifier where the
relative % area of the smaller peak (compared to the larger
peak) must meet or exceed a set value in order for a peak
to be considered. Adding these two features to the
IPOCSS program enabled us to readily assess % ee values
in scalemic sample mixtures containing trace amounts of
an enantiomer.

RESULTS AND DISCUSSION
Enantiomeric Purity Assessment of a Small

Compound Library

Library A was a small, structurally similar set of 11 inter-
nally synthesized compounds that was screened to: (1)

Fig. 1. Schematic representation of the SFC/MS-MUX parallel four-channel configuration used for enantioselective screening. M1–M6 correspond to
each modifier attached to the 6-port stream selector valve. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.
com.]
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verify enantiomeric purity and (2) enantiopurification feasi-
bility. The following criteria were used in the IPOCSS Con-
figuration panel: Rs 5 0.70, MA 5 3000, and MBP 5 30%.
Setting Rs to ensured IPOCSS would terminate the
method development process once the observed Rs has
been satisfactorily met. The 40% organic modifier hierarch-
ical progression scheme was: MeOH > EtOH > 2-PrOH
> 1-PrOH > ACN.

The following factors were considered in selecting the
initial screening conditions that balanced both speed of
analysis and overall purity calculation accuracy: (a) Using
<40% modifier generally retains molecules longer on the
column, generating run times of 5 min and (b) Resolution
Rs � 0.70 is considered an acceptable value for assessing
enantiopurification feasibility. With the current configura-
tion, a single sample can undergo a comprehensive
method development screen (i.e. parallel four-columns
across five modifiers) with 20 unique column/modifier
conditions in as little as 25 min; the shortest run time is as
little as 5 min if the criteria have been met satisfactorily
within any of the first modifier/four-column combinations.

The success rate for achieving an observed Rs � 0.70
within five solvent cycles was 90.9% (10/11) for all 11 sam-
ples in Library A. No compounds achieved the defined
minimum Rs using a single solvent cycle (5 min). 18.2%
of the samples (2/11) required 2 cycles (10 min), 45.5% of
the samples (5/11) required 3 cycles (15 min), 27.3% of
the samples (3/11) required 5 cycles (25 min) and the
remaining 9.1% of the compounds (1/11) did not meet the
Rs criterion (see Fig. 2). The largest observed Rs with cor-
responding modifier, column and calculated % ee value are
shown in Table 1. Compound A-11 exhibited the largest
observed Rs (equal to 1.89) with 2-PrOH on AS-H within a
15-min total screening time. The modifiers that yielded the
highest success rates of meeting Rs criterion were 2-PrOH
and ACN. Nine of 11 compounds exhibited the largest Rs

on an AS-H column.
Shorter screening times are possible if Rs has been sat-

isfactorily met within the first or second solvent cycles.
Such an example is illustrated with Compound A-4 in
Table 2. Rs 5 0.68 (3.23% ee) was observed with MeOH
(first cycle) while EtOH (second cycle) yielded Rs 5 1.04

(7.05% ee) both on AS-H. Compound A-7 required a full
screen (i.e. 4 columns 3 5 modifiers) and Rs was ultimately
achieved using ACN on an OD-H column (see Fig. 3). Only
marginal enhancements in enantioselectivity were
observed until arriving at ACN, where Rs 5 0.83 (3.26% ee)
was achieved on OD-H (Table 2). Despite taking 25 min to
reach Rs, the total screening time is significantly shorter
when compared to non-parallel-based screening methods
(e.g. serially based methods would have taken 104 min).

Despite Library A primarily consisting of racemates (Ta-
ble 1), several compounds contained 2 chiral centers with
small amounts of diastereomeric ‘‘impurities’’ present in
the sample mixtures. One of the challenges we encoun-
tered with the library was IPOCSS erroneous peak selec-
tion of nontargeted peaks. Compound A-9 exhibited such
behavior where the majority of the targeted enantiomers
were principally equal in proportion; however, small
amounts of diastereomer ‘‘impurities’’ were observed, as
listed in Table 2 on OD-H and AD-H with MeOH and on
all four columns with EtOH. Conversely, the impurity was
not observed with 2-PrOH on any column. Expanded chro-
matograms showing the impurity along with the calculated
relative diastereomer percentage (Ed) and absolute inte-
grated area (Ad) are displayed in Figure 4. As evidenced
in Figure 4, selecting a large enough MA and MBP is criti-
cal in reducing erroneous peak selection. With MeOH,
AD-H yielded Ed 5 4.86% and Ad 5 2831, while OD-H
yielded Ed 5 15.71% and Ad 5 17831. As the IPOCSS Con-
figuration was set to MA 5 3000 and MBP 5 30%, it was
unable to select the diastereomer in OD-H because Rs was
below the setting (Rs 5 0.55). Moreover, none of the dia-
stereomer proportions was large enough with EtOH to be
identified as a legitimate peak. Improved Rs was observed
across cycles 1–3 with AS-H displaying superior enantiose-
lectivity and a final Rs 5 1.02 (3.74% ee) with 2-PrOH.

Identifying diastereomers is important for characterizing
sample mixtures containing multiple chiral centers, espe-
cially when one diastereomer is targeted for enantiopurifi-
cation. The technique enabled us to properly identify and

Fig. 2. Percentage of samples that met Rs (Rs � 0.70) in a given sol-
vent cycle (time) for Library A. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

TABLE 1. Screening results of Library A displaying largest
Rs with corresponding column, mobile phase, Rs and % ee

Sample Chiral columna Mobile phaseb,c Rs % ee

A-1 AS-H 2-PrOH 0.76 5.20
A-2 AS-H 2-PrOH 0.71 7.23
A-3 AS-H 2-PrOH 0.70 5.27
A-4 AS-H EtOH 1.04 7.05
A-5 OD-H ACN 1.11 8.13
A-6 AS-H ACN 0.74 2.00
A-7 OD-H ACN 0.82 3.26
A-8 AS-H 2-PrOH 0.56 9.03
A-9 AS-H 2-PrOH 1.02 3.74
A-10 AS-H EtOH 0.83 8.17
A-11 AS-H 2-PrOH 1.89 14.00

a‘‘AD-H’’ and ‘‘AS-H’’ indicates ChiralpakTM AD-H and AS-H, respectively.
‘‘OD-H’’ and ‘‘OJ-H’’ indicates ChiralcelTM OD-H and OJ-H, respectively.
bMobile phase composition was CO2/modifier (60:40, v/v).
cEtOH and 2-PrOH contained 10 mM of ammonium acetate (AAc) as addi-
tive; ACN contained 10 mM of ammonium trifluoroacetate (ATFAc) as
additive.
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Fig. 3. Screening results of A-7 indicating modifier progression scheme (from left to right) to attain Rs; Rs 5 0.83 (3.26% ee) was achieved within 25
min on OD-H with 40% ACN (boxed).

Fig. 4. Expanded chromatograms of A-9 screening results. Small amounts of diastereomer impurities were identified on AD-H and OD-H with
MeOH and AD-H, OD-H, AS-H, OJ-H with EtOH and their relative percentage proportions (Ed) and absolute integrated areas (Ad).
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substantiate the existence of diastereomers due to the
same molecular ions observed in the chromatogram.
Employing other detection methods (i.e. UV) would not
differentiate between diastereomers and other unidentified
small impurities in the sample mixture. Future work on
diastereomer elucidation may perhaps include the use of
an ion trap mass spectrometer (MSn) to distinguish enan-
tiomers from diastereomers based on the MS fragmenta-
tion pattern differences, as recently reported by Badaloni
et al.27

Enantiomeric Purity Assessment of Library B

Library B was a large, structurally similar set of 225
internally synthesized compounds that was screened to

determine % ee values without further method refinement,
optimization, or enantiopurification. The screening strat-
egy used for Library B was adopted from the one used for
Library A to balance both speed of analysis while maintain-
ing accurate purity calculations. The following criteria
were used in the IPOCSS Configuration panel: Rs 5 1.5,
MA 5 500, and MBP 5 1%. Setting MA 5 500 ensured
trace peaks were not overlooked, and similarly, MBP 5 1%
made certain that small enatiomers in the samples with
large % ee values were properly identified. Setting devRs 5
1.5 anticipated chromatographic baseline separation to
accurately quantify a % ee and increases the likelihood of
achieving a full 3-modifier screen. The 40% organic modi-
fier hierarchical progression scheme was: MeOH > EtOH
> 2-PrOH. With the current configuration, a single sample
could undergo a comprehensive method development
screen (i.e. parallel four-columns across three modifiers)
with 12 unique column/modifier conditions in as little as
15 min; the shortest run time is as little as 5 min if criteria
have been satisfactorily met within any of the first modi-
fier/four-column combinations.

Library B compounds were primarily scalemic mixtures
with varying degrees of enantiomeric ratios. Figure 5 dis-
plays the range of enantiopurities obtained from the
screen: approximately half of the samples (56.4%) exhib-
ited enantiopurity values close to racemates (0–20.0% ee),
while the remainder displayed a range of % ee values
(between 20.0 and 100% ee). Purity values within the 80.1–
100% ee range (12.4% of the total samples) posed chal-
lenges in accurate identification and quantification of trace

Fig. 5. Range of enantiopurities observed in Library B. [Color figure
can be viewed in the online issue, which is available at www.interscience.
wiley.com.]

Fig. 6. Screening results of B-113. (a) Rs 5 2.1 (91.32% ee) was achieved within 10 min on AD-H with 40% EtOH (boxed). (b) Magnified view high-
lighting elution order with relative percentage proportions (Ed) and absolute integrated areas (Ad). Elution order reversal of the minor enantiomer was
observed comparing OJ-H (tR1 5 0.47 min) and AS-H (tR1 5 1.26 min) with MeOH and between AD-H (tR2 5 2.02 min) and AS-H (tR1 5 1.19 min) with
EtOH.
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amounts of enantiomer impurities in these samples. The
new enhancements in IPOCSS played a key role in prop-
erly identifying these small peaks as further discussed
below.

Enantiomeric Elution Order and Method Accuracy

Enantiomeric elution order of trace analytes in multi-
component mixtures plays an important role in accurately
determining chromatographic parameters.3,28 Elution
order reversal and enantioselectivity is influenced by both
modifiers and chiral selectors used in enantiosepara-
tions.29 The following discussion of three examples high-
light the importance of elution order in relation to enantio-
selectivity and accurate % ee values; elution order reversal
was observed on multiple columns across several modifier
conditions.

Compound B-113 had a high % ee value (>90%) and
was used to illustrate the successful implementation of the
new IPOCSS software enhancements to accurately identify
and measure trace amounts of minor enantiomers present
in scalemic mixtures. The modifier screen progression is
illustrated in Figure 6 where the minor enantiomer was
properly identified and quantified among multiple columns
within 10 min (two solvent cycles). Table 3 lists the
screening results, demonstrating the consistently large %
ee values across multiple CSPs and modifiers. Enantiose-
lectivity was observed with MeOH on AS-H (Rs 5 0.84,
91.28% ee) and OJ-H (Rs 5 0.70, 85.96% ee); however,
EtOH exhibited superior selectivity over MeOH on AD-H
(Rs 5 2.10, 91.32% ee) and marginal selectivity on AS-H
(Rs 5 0.82, 91.82% ee). Enantioselectivity was not observed
on OD-H and OJ-H with EtOH. Since Rs was suitably met
on AD-H with EtOH, IPOCSS terminated further solvent
progression yielding satisfactory Rs and % ee within 10
min.

Elution order reversal was observed between AS-H and
AD-H with EtOH (see Fig. 6). Since the minor enantiomer
on AD-H was sufficiently separated from the major enan-
tiomer, it was possible to derive an accurate % ee. Even
though baseline resolution was not achieved with MeOH
and EtOH on AS-H, the % ee values were in agreement
with those obtained from the separation on AD-H with
EtOH (Rs 5 2.10). This suggests that accurate and consist-
ent % ee values may be achieved even when baseline sepa-
ration is not achieved, provided the minor enantiomer
elutes prior to the major one.

Compound B-85 had a medium % ee value (20–89%).
Elution order reversal was observed on AS-H and OJ-H
with MeOH, whereas enantioselectivity was not observed
on AD-H or OD-H (see Fig. 7). The minor enantiomer
eluted prior to the major enantiomer on AS-H with an Rs 5
0.96 and 76.06% ee, whereas the elution order on OJ-H was
reversed (Rs 5 1.92 and 75.42% ee on OJ-H). Despite
reduced selectivity on AS-H relative to OJ-H (Table 3), the
% ee values across columns were in good agreement.

Compound B-127 had a small % ee value (<20%), exhib-
iting elution order reversal behavior between AS-H and
AD-H with both EtOH and 2-PrOH (see Fig. 8). The minor
enantiomer eluted prior to the major enantiomer on AS-H,

whereas the elution order was reversed on AD-H. Figure 8
and Table 3 illustrate the results from a complete screen
where the % ee values for both AS-H and AD-H with 2-
PrOH were in agreement with each other despite the large
disparity in observed Rs: on AD-H, Rs 5 2.34, 42.96%
ee and on AS-H, Rs 5 0.80, 41.84% ee. IPOCSS correctly
identified AD-H with 2-PrOH as the optimal screening
combination.

Overall, Library B exhibited few incorrect peak selec-
tions due to isobaric mass interference. In most cases, the
compounds exhibited sharp peak shapes with high signal-
to-noise ratios. Potential challenges would arise if, for
instance, MA was set too high. In this instance, smaller
peak areas would not be properly recognized due to their
relatively low intensity in the sample mixture. Additionally,
inaccurate % ee determinations would occur when nonsym-
metrical peaks (non-Gaussian) and/or two peaks of differ-
ing relative areas were observed in the chromatographic
separation. One way to correct this is to implement a modi-
fied Rs function, as shown by Cai and Wu.30

CONCLUSION

Software enhancements—addition of MA and MBP cri-
teria to IPOCSS—were implemented to our in-house auto-
mated SFC/MS-MUX screening system to rapidly assess
enantiomeric purities of two compound libraries exhibiting
a varying array of % ee values.

Fig. 7. Screening results of B-85. Minor enantiomer elution order re-
versal with the CSP-dependent difference in selectivity was observed; Rs

5 1.92 (75.42% ee) on OJ-H and an Rs 5 0.96 (76.06 % ee) was achieved
within 5 min using 40% MeOH. Optimal screening conditions are boxed.
Compound eluted past 5 min acquisition time on AD-H.
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An 11 compound library (Library A) was screened to
evaluate enantiomeric purity and enantiopurification feasi-
bility. A 90.9% success rate of resolving each enantiomer
pair at Rs � 0.70 within �25 min was achieved. The
screening process satisfactorily resolved 54.5% of the sam-
ples within 15 min using 2-PrOH. Most of the samples
(81.8%) exhibited the largest Rs on AS-H.

A 225 compound library (Library B) was evaluated to
quickly assess accurate enantiomeric purities over a broad
range of % ee values. Approximately half of the samples
(56.4%) exhibited purity values close to racemates (0–
20.0% ee), while the remainder of the samples displayed a
range of % ee values (between 20.0 and 100% ee). Several
compounds in the library displayed elution order reversal
across various modifiers and CSPs. Overall, the minor
enantiomers that eluted prior to the major exhibited much
smaller observed Rs values than those that eluted after the
major enantiomer; however, this decrease in selectivity
did not negatively affect the % ee accuracy as the values
were in agreement with values obtained from separations
where the minor enantiomer was baseline resolved after
the major enantiomer.

To address situations in which nonsymmetrical peak
shapes and/or differing relative peak abundances are
observed, future software enhancements should be consid-
ered: (a) fine-tune the integration methods IPOCSS uses
to calculate resolution values for peaks exhibiting large %
ee values and (b) enable IPOCSS to evaluate small peaks
with elution order reversal as an additional criterion for
selecting optimal separation conditions.

The new screening strategy to assess enantiomeric pu-
rity has resulted in the implementation of an internal rou-
tine, analytical service to support medicinal chemistry
drug discovery programs at Takeda San Diego, Inc.
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ABSTRACT Armodafinil, the (R)-enantiomer of modafinil, is a medication used to
treat the excessive sleepiness associated with narcolepsy, obstructive sleep apnea/hypo-
pnea syndrome, and shift work sleep disorder. We report here the chemical develop-
ment of armodafinil and the investigations that led to a commercial route to prepare this
pure enantiomer. Three synthetic approaches were used to provide the chiral sulfoxide.
Resolution via preferential crystallization was used for phase I clinical trials and was sub-
sequently replaced by chiral chromatography, enabling us to pursue a rapid filing and
registration of the API. Finally, the commercial route was developed and employed
asymmetric oxidation catalyzed by a titanium(IV) isopropoxide and diethyl tartrate
system. The advantages of choosing a chromatographic development pathway to expe-
dite registration while concurrently developing an economical chiral synthesis route
is discussed in the context of armodafinil development. Chirality 20:896–899,
2008. VVC 2008 Wiley-Liss, Inc.

KEY WORDS: continuous chromatography; chiral chromatography; asymmetric oxidation;
asymmetric synthesis; preferential crystallization; armodafinil; chiral sulf-
oxide; preparative HPLC; continuous processes

INTRODUCTION

Armodafinil (2-[(R)-(diphenylmethyl)sulfinyl]acetamide)
(Fig. 1) is a wakefulness-promoting agent used for the
treatment of excessive sleepiness associated with narco-
lepsy, obstructive sleep apnea, and shift work sleep disor-
der. Armodafinil is a second generation therapy and is a
single enantiomer formulation of modafinil that has been
approved for the same indications.

The challenge in this process development was to find a
viable and economic synthetic route while also shortening
development times to introduce the product more quickly
to the market. It was, therefore, interesting to choose a
continuous chiral chromatographic process, to file the mol-
ecule as soon as possible and concurrently work on the
asymmetric process development in the laboratory for the
long-term commercial supply. This strategy can be suc-
cessful and allows the pharmaceutical company to reduce
the time to market launch by up to 2 yr.

CHROMATOGRAPHY

HPLC is well known by analytical specialists as a power-
ful method for both optical and chemical purity measure-
ment. Unfortunately, chromatography is rarely considered
as a way of pure enantiomer production, even if it is a
good alternative to the other techniques.1

Some commercialized APIs such as sertraline
(Zoloft1),2 escitalopram (Cipralex1/Lexapro1), levitirace-

tam (Keppra1), radafaxine, and pagoclone3 are produced
via chromatography and demonstrate how powerful chiral
chromatography can be. Commercial production at tons
to 100s tons scale shows it can be the most cost-effective
production method for chiral manufacturing.

Preparative HPLC can be easily scaled-up for production
of pure enantiomers by transposing analytical conditions
to a larger column and increasing amounts of feed
injected. Continuous chromatography (SMB, VARICOL1)
is designed for binary separations and is very well adapted
for chiral resolution of a racemate. The optimization of
these processes is done after just a few laboratory meas-
urements and the application of modeling and simulation
software. The development and optimization of continuous
chromatography can take place in parallel with the first
production by HPLC in order to save time.

To prepare armodafinil by chiral chromatography, the
simplest route was to resolve readily available racemic mod-
afinil.4 The strategy that we developed was the following:

• To determine solubility of substrate in common eluent
solvents,

• To screen a large number of chiral stationary phases
(CSPs) and chiral intermediates,
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• To optimize the eluent system for use with the selected
CSP/intermediate,

• To demonstrate the selected conditions on analytical
and pilot scale, and

• To develop a process for large-scale separation.

During the development study, the aim was to select
the most productive and robust stationary phase and mo-
bile phase for the separation of modafinil enantiomers.
Our method development typically began with a screening
of different CSPs (from Daicel, Shiseido, Kromasil, Merck
KgaA or Regis) and a screening of different eluents
(ethanol, methanol, heptane, isopropanol, or a mix of
them). Based on the analyte solubility (greatest in MeOH
20 g/l at 208C), selectivity and productivity, Chiralpak AD
20 lm (Chiral Technologies) was selected as the CSP for
the process. Conditioning of the CSP with isopropanol
after column packing and prior to the VARICOL1 separation
in methanol was found to improve the efficiency and selec-
tivity of the separation and contributed to the robustness
of the final process.

A complementary study was performed to define the
appropriate conditions on a 30-cm I.D. column HPLC.
When 5 mg were injected onto the analytical column, ev-
ery 4 min, (R)-modafinil was recovered within specifica-
tions of yield (90%) and purity (99.0%). The corresponding
amount to be injected onto the 30-cm I.D. column is 21.27
g per injection.

With these studies in hand, the separation was carried
out using a 30-cm I.D. HPLC column installation. For the
early clinical studies, a total of 61.3 kg of (R)-modafinil
were produced with a yield of 93%. During three consecu-
tive batches of this first production campaign, the specific
productivity obtained was 0.3 kg (R)-modafinil/kg CSP/
day. The optical purity was between 99.2 and 99.7% and
the chemical purity was more than 99.9%. This amount of
(R)-modafinil was obtained over 3 mo.

In parallel with the HPLC production campaign and with
the perspective of large-scale production, a pilot study on a
VARICOL1 Lab system, equipped with six columns of 2.5-
cm I.D., was run to demonstrate the feasibility of the pro-
cess and to identify robust operating conditions for pro-
duction on the VARICOL1 6-200 (six columns of 20-cm
I.D.). The operating ranges were characterized by numeri-
cal simulations and the working conditions were found
through this process demonstration (specific productivity

5 0.48 kg (R)-modafinil/kg CSP/day). The VARICOL1

Lab was operated under these conditions for a period of
over 10 days in order to process 1 kg of feed material and
to assess the eluent recycling. The parameters imple-
mented in the VARICOL1 production were within the
range of the predicted parameters as defined in the simu-
lation study.

The numerical simulation showed that better perfor-
mances (purity, productivity, and yield) were obtained
with the VARICOL1 process when compared with the
SMB process, and also defined an upper limit for (S)- and
(R)-modafinil content in the recycled eluent. On the other
hand, maximum water content in the eluent was experi-
mentally set at 5000 ppm. Content of nondesired enan-
tiomer was set to a limit 60.007 g/l for the mobile phase
and 61 g/l when the eluent is used for feed preparation.

For phase III clinical supply, 540 kg of (R)-modafinil
(99% o.p.) was produced on a VARICOL1 unit composed
of six columns of 20-cm I.D. packed with Chiralpak AD
20 lm as stationary phase and using pure methanol as
mobile phase. The productivity obtained during the 8 mo
production campaign was 0.5 kg (R)-modafinil/kg CSP/
day, chromatographic yield was 93% and recovery yield
of (R)-modafinil, including subsequent drying process,
was 77.6%. The optical purity of the desired enantiomer
was greater than 99.2% and the chemical purity was
99.7%.

The next step of the study was to characterize the (R)-
modafinil separation robustness from a racemate feed
stock with a new impurity profile on a VARICOL1 Lab
pilot unit. This study provided the necessary information
to define critical parameters and their proven acceptable
ranges; to determine the maximum impurity levels needed
to reach chemical purity specifications; to evaluate the
new packing batches using the new feed stock (CSP stabil-
ity, protocol for IPA conditioning, residual content of IPA
in methanol); and to evaluate the stability of purified (R)-
modafinil in its solid form (at 40 and 658C for 8 days under
nitrogen atmosphere).

A rationale was developed to define the residence time
of rac-modafinil, (R)-modafinil, and methanolic solutions to
control the stability profile in the continuous chiral separa-
tion process including process validation batches and pro-
duction of commercial launch quantities. On an industrial
VARICOL1 unit (composed of six columns of 30-cm I.D.),
the stationary phase was stable after the processing of 10
metric tons of racemate.

Chiral chromatography quickly produced the required
amount of armodafinil for clinical trials and registration of
the molecule. The development of the method from the
feasibility study to the scale-up and process validation at
three different commercial production sites equipped with
two unit sizes (30- and 45- cm I.D. columns) took only
23 mo.

Eventually, chiral chromatography will not be selected
as the route for long-term commercial production. Racemi-
zation of the undesired enantiomer was not possible for
this molecule, and the starting material (modafinil) is
costly. We, therefore, had to develop a more cost-effective
route.

Fig. 1. Structure of Armodafinil (2-[(R)-(diphenylmethyl)sulfinyl]aceta-
mide).
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CRYSTALLIZATION

A classical method useful for the separation of enantiom-
ers is the preparation and fractional recrystallization of
their respective diasteromeric salts. This well-known
method is only possible when the racemate to be resolved
is capable of forming a diasteromeric salt and when the
purified enantiomer can be regenerated from the salt.
Another method for the separation of enantiomers involves
the preferential crystallization of a conglomerate, when a
racemate exists as a true eutectic mixture. This situation is
estimated to apply to about 5% of all organic compounds.

During the early stage of armodafinil development, it
was discovered that an intermediate in the synthesis of ra-
cemic modafinil could be easily converted to its carboxylic
acid derivative and that the derivative, modafinic acid,
exists as a true eutectic mixture or conglomerate. This
conglomerate could be separated into its corresponding
enantiomers by preferential crystallization, utilizing an
auto-seeded programmed polythermal preferential crystal-
lization (AS3PC) method5 (see Fig. 2).

The AS3PC method of preferential crystallization takes
advantage of the unique quality of conglomerates and a
protocol that involves seeding a solution of the racemate
with one of the pure enantiomers. This seeding process
results in the crystallization of the enantiomer that now is
present in excess. Filtration to collect the solid provides
the first enantiomer in high chiral purity, while the mother
liquor remaining is now highly enriched in the second
enantiomer. At this point in the process, additional race-
mate is added to the mother liquor. The resulting solution
is now enriched in the second enantiomer which crystalli-
zes again in high chiral purity. Upon collection of the sec-
ond enantiomer by filtration, the mother liquor that
remains is now highly enriched in the first isomer. By add-
ing additional racemate to the solution, the cycle is
extended and both of the enantiomers can be harvested in
alternating batches. In the case of modafinic acid, we have
processed enantiomers through over 35 cycles in a pilot
plant cGMP environment. A total of 85 kg of (R)-modafinic
acid was produced by this method over four batches. The
optically pure acid was subsequently converted to the API
in a two-step synthetic process.

Although the AS3PC method of preferential crystalliza-
tion allowed us to provide API for early preclinical and
clinical studies, we quickly realized that the process was
limiting and labor intensive. In the absence of a process
for the racemization of the undesired enantiomer, the

theoretical yield for any crystallization process is only 50%.
Since it seemed that this process would not prove to be
adequately robust on commercial scale, it was decided to
focus resources on an asymmetric synthesis.

ASYMMETRIC SYNTHESIS

A strategy for the asymmetric synthesis of armodafinil
was developed based upon the groundbreaking work of
Kagan and coworkers.6 This chemistry utilizes a chiral tita-
nium complex catalyzed cumene hydroperoxide oxidation
of a sulfide substrate to provide chiral sulfoxides with
good optical activity. We found the Kagan method to be
quite useful but also to be substrate dependant. Several
sulfide derivatives of modafinil were screened to deter-
mine a starting point for optimization. From this initial
screen, the sulfide amide substrate provided excellent op-

Fig. 2. Formation of Modafinic acid and conversion to Modafinil.

Fig. 3. Effect of substrate and solvent on the yield and enantiomeric
excess of the asymmetric oxidation. (LCAP Armod. Is the liquid chroma-
tography area percent of Armodafinil. It is a measure of the chemical
purity.) [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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tical purity and was identified as a starting point for further
optimization (see Fig. 3).

Once the sulfide amide was identified as the preferred
substrate, a group of several parameters were studied in
an effort to optimize the conditions for maximizing yield
and chiral purity. The parameters studied included were
the following: the choice of solvent, water stoichiometry,
Ti catalyst stoichiometry, (S,S)-DET (diethyl tartrate) stoi-
chiometry, cumene hydroperoxide stoichiometry, and cat-
alyst contact time. The final optimized conditions provided
an asymmetric oxidation process suitable for commercial
scale manufacturing yielding the API in 75% isolated yield
and >99.5% optical purity.7

The asymmetric oxidation offers several advantages
over the separation processes. The process begins with
relativity cheap achiral raw materials and overall is a true
catalytic process. The result is a process that is economi-
cally favorable as compared with separation methods. In
addition, the armodafinil isolated from the asymmetric
synthesis process is typically >99% chemical purity and
>99.5% optical purity and meets the specification in every
way for API armodafinil. The final commercial manufactur-
ing process is shown below (see Fig. 4).

CONCLUSION

Chiral chromatography enabled us to shorten the time
to regulatory submission and approval of Nuvigil1 (armo-
dafinil). The process also provides extremely pure API for
clinical use. This is a testament to the purity of modafinil,
the starting material for the process, and the value of
large-scale chiral chromatography as a purification tool.

The large-scale preparation of armodafinil was quickly
achieved, thanks to chromatography. Classical batch

HPLC was used to supply the API for early clinical trials,
while the optimization, validation, and multisite implemen-
tation of a commercial production was achieved using
VARICOL1 continuous chromatography.

For this particular program, the chiral separation was
the final process step, and the undesired enantiomer could
not be recycled by racemization. Consequently, the global
yield and cost of goods were not the most favorable. As
the chromatographic process guaranteed the scale-up and
the supply of Armodafinil, we could develop in parallel an
efficient asymmetric synthesis that further improved cost
of goods and could be introduced as a postapproval
change for long-term commercial production.

This example shows that chiral chromatography should
be systematically evaluated for large-scale API manufactur-
ing to shorten the time to market even, if the ultimate cost
of goods targets cannot be achieved with the technology.
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Cellulose tris(3,5-dimethylphenylcarbamate)-Based Chiral
Stationary Phases as Effective Tools for Enantioselective HPLC
Separation of Structurally Different Disubstituted Binaphthyls
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ABSTRACT Cellulose tris(3,5-dimethylphenylcarbamate)-based chiral stationary
phases (CSPs) were used for a study of the HPLC retention and enantioseparation
behavior of 2,20-disubstituted or 3,2,20-trisubstituted 1,10-binaphthyls and 8,30-disubsti-
tuted 1,20-binaphthyls. The effects of the mobile phase composition in normal- (NP) and
reversed-phase (RP) separation modes were investigated. The NP mobile phases con-
tained n-hexane and propane-2-ol at various volume ratios, the RP ones were obtained
by mixing acetonitrile with water or a 20 mM phosphate buffer of pH 6.0 or 3.0. The RP
separation mode has been found more suitable for enantioresolution of most of the ana-
lytes. The best enantioseparation of 2,20-diacetyl-1,10-binaphthyl, 2-hydroxy-20-(phenyla-
mino)-1,10-binaphthyl-3-carboxylic acid and 2-amino-20-hydroxy-1,10-binaphthyl-3-carbox-
ylic acid was obtained in the mobile phase of ACN/20 mM phosphate buffer, pH 3.0,
40/60 (v/v), whereas N-(20-hydroxy-1,10-binaphthyl-2-yl)acetamide, N-(30-methoxy-1,20-
binaphthyl-8-yl)acetamide, and N-(30-hydroxy-1,20-binaphthyl-8-yl)acetamide yielded bet-
ter results in ACN/water at the same v/v ratio. The analyte–CSP interaction mechanism
was found to be temperature independent but the enantioresolution improved at an ele-
vated temperature. The mechanism of the enantioselective discrimination is discussed
on the basis of the thermodynamic parameters obtained. Semi-preparative separation
conditions have been proposed for 2-amino-20-hydroxy-1,10-binaphthyl-3-carboxylic acid,
N-(30-methoxy-1,20-binaphthyl-8-yl)acetamide, and N-(30-hydroxy-1,20-binaphthyl-8-yl)ace-
tamide. Chirality 20:900–909, 2008. VVC 2008 Wiley-Liss, Inc.

KEY WORDS: liquid chromatography; chiral separation; cellulose-based chiral
stationary phase; atropisomers; substituted binaphthyls

INTRODUCTION

Over the last two decades, high-performance liquid
chromatography (HPLC) has become one of the most
common techniques in chiral separations. HPLC has also
been successfully employed for determination of the opti-
cal purity of newly synthesized organic compounds.

Two approaches can, in general, be used for the prepara-
tion of optically pure or enriched organic compounds. The
first approach is based on a synthesis of the racemate. A
disadvantage of this approach lies in the necessity of subse-
quent isolation of individual enantiomers. The racemate
can either be transformed into pairs of diastereoisomers
which can be resolved by achiral liquid chromatography,
or separated directly in a chiral environment. The other
approach, asymmetric synthesis, is a direct synthesis of
enantiomers, using suitable optically pure ligands acting as
catalysts. The chiral ligands in asymmetric reactions must
have stable configurations (they must be resistant toward
racemization) and a high optical purity is required.

Binaphthyl derivatives have been extensively used to
control many asymmetric processes and have demon-

strated outstanding chiral discrimination properties, due to
their unique properties derived from their rigidity, chiral-
ity and spatial arrangement. Most of 1,10-binaphthyl mole-
cules are C2 symmetric with two identical naphthyl units
often substituted in the 2,20-positions. Chirality of these
compounds is caused by restricted rotation of atoms or
groups of atoms around the single bond on the binaphthyl
skeleton (axial chirality, atropisomerism). Increased hin-
drance to rotation at the pivotal 1,10-bond makes these
molecules potential candidates for enantioseparation.1 The
best representatives of the binaphthyl group are 2,20-dihy-
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droxy-1,10-binaphthyl (1,10-bi-2,20-naphthol, BINOL,
OBIN),2–4 2,20-diamino-1,10-binaphthyl (BINAM) and 2,20-
bis(diphenylphosphino)-1,10-binaphthyl (BINAP)5,6 which
have been used to develop many related chiral auxiliaries.
Chiral stationary phases (CSPs) based on binaphthyl
derivatives have also been prepared.7 The recent develop-
ments in the field of new chiral binaphthyl catalysts are
focused on the preparation of derivatives with non-identi-
cal groups in various positions8 and to a shifting the classi-
cal 1,10- chiral axis to other positions.9 Efforts in the molec-
ular architecture of these ligands are oriented toward cre-
ating a stable chiral environment for asymmetric reactions
providing a high degree of enantiopurity.

Polysaccharides belong to biopolymers that are capable
of resolving a great variety of enantiomers. CSPs based on
derivatized cellulose are widely used for enantiosepara-
tions.10–16 Cellulose tris(3,5-dimethylphenylcarbamate)
CSPs (see Fig. 1) exhibit a very good resolution for a vari-
ety of stereochemically interesting organic molecules and
chiral drugs.14 These CSPs contain polymeric chains of
derivatized D-(1)-glucose residues in b-1,4 linkages which
create a well-defined chiral environment (chiral groove) of
a high rigidity. The polar carbamate groups are oriented
inward the groove and the hydrophobic aromatic groups
outward it. The former allow H-bonding and the latter p–p
interactions with the analytes. The chiral recognition is
based on stereogenically different fit of enantiomers
into the chiral cavities; the enantioselective interaction is
stabilized by other bonding types (H-bonding, p–p interac-
tions, dipole-dipole interaction, steric effect).16 Cellulose
tris(3,5-dimethylphenylcarbamate) CSPs are available in
two basically different designs - coated and recently also im-
mobilized ones. An advantage of the immobilized version17–19

lies in its compatibility with various mobile phases (MPs),
compared with the limited versatility of coated CSPs.

The type of CSP and the mobile phase composition
strongly affect the retention and enantioseparation behav-
ior of chiral compounds. Another important factor influenc-
ing the retention and chiral separation is the temperature.
The synthesized asymmetric catalysts should have stable
configurations and thus the temperature is a very impor-
tant optimizing parameter. The van’t Hoff plots20–22 (ln k
versus 1/T) permit a simple prediction whether the reten-
tion and enantioseparation mechanism is temperature de-
pendent or not.

Most papers on the binaphthyl-based ligands found in
the literature deal with their synthesis. Enantioselective

HPLC has been used in some cases to control the enantio-
meric purity or the yield of the final products. However,
the separation conditions, including characterization of the
separation systems, have not usually been adequately
described. Only a few articles pay attention to the enantio-
separation. Cellulose- or amylose-based columns in the
normal separation mode have mostly been used. The fol-
lowing systems have been used for the separation of some
atropisomers contained in the set studied by us. 2,20-Diace-
tyl-1,10-binaphthyl (1) has been separated on both amylose-
and cellulose-based CSPs in the MPs composed of 1–5% of
propane-2-ol (v) in n-hexane.23–25 O0,S-1,10-Binaphthyl-
2,20-diyl bis(dimethylcarbamothioate) (4) and O,O0-1,10-
binaphthyl-2,20-diyl bis(dimethylcarbamothioate) (5) have
been enantioseparated with n-hexane/ethanol 90/10 (v/v)
on cellulose-based and amylose-based CSPs, respec-
tively.26 2,20-Dihydroxy-1,10-binaphthyl (8) has been sepa-
rated into the enantiomers on an amylose-based CSP in a
mobile phase of pure methanol,13 on a cellulose-based
CSP using n-hexane/butanol 90/10 (v/v) as a mobile
phase,27 or on a cellulose tris(5-fluoro-2-methylphenylcar-
bamate)-based CSP with n-hexane/propane-2-ol 90/10 (v/
v) mobile phase.16

Recently, seven symmetrically 2,20-disubstituted 1,10-
binaphthyls (OBIN, its ether and ester derivatives and its
dibromo-substituted analog) have been studied on cellu-
lose tris(3,5-dimethylphenylcarbamate) CSP in normal sep-
aration mode.28 OBIN, 2,20-diamino-1,10-binaphthalene and
1,10-bi-2-naphthol bis(trifluoromethane sulfonate) have
been separated on newly developed synthetic polymeric
chiral stationary phases - P-CAP, P-CAP-DP, DEABV, and
DPEVB.29 However, to the best of our knowledge, no suit-
able method for direct chiral separation of a set of structur-
ally different binaphthylic enantiomers has so far been
published.

In view of these facts and the need of organic chemists
for chiral separations of the racemates of binaphthyl deriv-
atives, this work is aimed to study the retention and
enantioseparation of binaphthyl derivatives on two coated
cellulose tris(3,5-dimethylphenylcarbamate) CSPs, one
designed for the normal separation mode and the other
one for the reversed-phase mode, under various experi-
mental conditions, including the mobile phase composi-
tion, the buffer pH, and the temperature. A simple analyti-
cal method is proposed for chromatographic screening,
with a possibility for easy switching to a semipreparative
mode.

Fig. 1. The structure of cellulose tris(3,5-dimethyphenylcarbamate).
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EXPERIMENTAL
Chemicals

n-Hexane, propane-2-ol and acetonitrile (ACN) were pur-
chased from Sigma–Aldrich (St. Louis, MO), all of HPLC
grade; NaH2PO4�2H2O from Penta (Chrudim, Czech
Republic), acetic acid (HAc) and sodium hydroxide from
Lachner (Neratovice, Czech Republic); all of p.a. purity.
Deionized water was used (Milli-Q water purification sys-
tem Millipore, Milford, MA).

All the studied analytes (see Fig. 2) have been synthe-
sized as racemates at the Department of Organic Chemis-
try, Faculty of Science, Charles University in Prague. The
synthesis of analyte 1 has been described in Refs. 30 and
31. The synthesis of methylesters of analytes 2 and 7 has

been published in Ref. 8 and their transformation into ana-
lytes 2 and 7 in Ref. 32. The synthesis of analytes 3, 4, 5,
6, and 8 has been described in Ref. 26 (in the case of ana-
lyte 3, racemic 2-amino-20-hydroxy-1,10-binaphthyl has
been used as the precursor33). The synthesis of analytes
9 and 10 has been described in Ref. 9.

Instrumentation

The HPLC equipment (Dionex Softron, Germering, Ger-
many) involved a P 580A LPG pump, an UV–vis detector
type UVD 170S and a Rheodyne injection valve Model
7725i (Cotati, CA) with a 20-ll sample loop (if not indicated
otherwise). The samples were injected with Hamilton
syringes (Reno, Nevada). The data were handled using

Fig. 2. Structures of the studied binaphthyl derivatives; samples 1–8 belong to the group of 2,20 -disubstituted or 2, 3, 20 - trisubstituted 1,10 -binaphth-
yls. Samples 9 and 10 belong to the group of 8,30-disubstituted 1,20 -binaphthyls.
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the PC Chromeleon software (Dionex Corporation, Sunny-
vale, CA).

The temperature was controlled using a Mistral column
thermostat Model Spark (Mistral, Emmen, The Nether-
lands). An ultrasonic bath Ultrasonic LC30H (Elma,
Prague, Czech Republic) was used for degassing the MPs.
The buffer pH was adjusted with a pH-meter Model 3510
(Jenway, Felsted, England).

The two cellulose-based chiral stationary phases, Chiral-
cel OD-H (150 mm 3 4.6 mm I.D., cellulose tris(3,5-di-
methylphenylcarbamate) coated on silica gel, particle size
5 lm) designated for normal separation mode and Chiralcel
OD-RH (150 mm 3 4.6 mm I.D, cellulose tris(3,5-dimethyl-
phenylcarbamate) coated on silica gel, particle size 5 lm)
designated for reversed-phase separation mode, were pur-
chased from Daicel (Chiral Technologies Europe, Illkirch,
France).

Separation Conditions

Normal separation mode. The MPs consisted of n-hex-
ane (HEX) and propane-2-ol (IPA) at various volume
ratios.

Reversed-phase separation mode. The MPs contained
ACN as the organic modifier and water or a 20 mM phos-
phate buffer, pH 3.0 or 6.0. The pH of the buffer solution
was adjusted with phosphoric acid to the required value
prior to adding the organic modifier.

Racemates of individual 2,20-disubstituted or 3,2,20-tri-
substituted 1,10-binaphthyls and 8,30-disubstituted 1,20-
binaphthyls were dissolved in ACN; the concentrations of
the solutions injected were 0.5 mg/ml (if not indicated oth-
erwise). The samples were stored at 58C. The mobile
phase flow rate was 0.7 ml/min.

The UV detection was performed at a wavelength of 254
nm. The measurements were carried out at 228C and the
temperature effect was studied within the range, 5–408C.

RESULTS AND DISCUSSION

CSPs based on cellulose tris(3,5-dimethylphenylcarba-
mate) exhibit a particularly high chiral recognition for a vari-
ety of racemic compounds. Applicability of coated versions
of these CSPs to MPs of various polarities is limited.14

Therefore, two cellulose tris(3,5-dimethylphenylcarbamate)
bonded CSPs have been examined—one designed for

normal mode and the other for reversed-phase separations
of the synthesized atropisomers of differently substituted
binaphthyls.

Normal Separation Mode

Based on the structure of the substituted binaphthyls,16

the normal phase separation mode (with Chiralcel OD-H
column) was the first choice for the study of the retention
and enantioseparation behavior of the selected 1,10- and
1,20-binaphthyl derivatives. The MPs were prepared by mix-
ing n-hexane and propane-2-ol at various volume ratios,
ranging from 5 to 80 vol % of propane-2-ol. In general, higher
propane-2-ol contents resulted in a lower retention, how-
ever, analytes 2 and 7 did not elute in any mobile phase
tested. Table 1 summarizes the chromatographic data of the
analytes, showing at least partial enantioresolution within
reasonable retention times. The baseline enantioseparation
of analyte 4 was achieved in a very short separation time in
the mobile phase with 20 vol % propane-2-ol (see Fig. 3A). In
comparison with the retention of the 1,10-binaphthyls deriva-
tives listed in Table 1, it is obvious that both the disubsti-
tuted 1,20-binaphthyls exhibit longer retention times (partic-
ularly sample 9) with markedly higher values of enantio-
resolution (see Fig. 3B) which are just slightly affected by
changes in the mobile phase composition.

The increasing retention with decreasing propane-2-ol
content seems to have a stereoselective character for all
the derivatives, as it is accompanied by increased enantio-
resolution. The results given in Table 1 support the
assumption that propane-2-ol, as the polar constituent of
the mobile phase, competes with the analytes for the polar
interaction sites of the chiral selector (namely, carbamate
groups) 34 which play an important role in chiral discrimi-
nation.

Reversed-Phase Separation Mode

Considering the properties of the analytes studied, their
solubility and unknown pKa values, the reversed-phase
separation system has been developed, composed of a
Chiralcel OD-RH column and ACN with water or a 20 mM
phosphate buffer, pH 3.0 or 6.0, as the mobile phase con-
stituents. The influence of the ACN content in the ACN/
water MPs on the retention factors, enantioresolution and
the selectivity can be seen in Table 2. As expected, lower
ACN contents result in a higher retention of all the analy-

TABLE 1. Effect of the propane-2-ol content on the chromatographic data of the selected analytes

Sample

n-hexane/propane-2-ol (v/v)

95/5 90/10 80/20 70/30

k1 R a k1 R a k1 R a k1 R a

1 0.58 1.23 1.28 0.55 0.91 1.20 0.53 0.81 1.15 0.50 0.74 1.13
4 1.24 1.90 1.35 1.05 1.87 1.33 1.00 1.64 1.30 0.92 1.38 1.24
9 13.43 4.92 1.59 6.46 4.62 1.46 4.24 4.60 1.43 3.88 4.55 1.40

10 7.48 4.98 1.77 3.95 4.80 1.69 2.20 4.73 1.65 1.58 4.70 1.64

Experimental conditions: stationary phase, CHIRALCEL OD-H; mobile phase, n-hexane/propane-2-ol at various volume ratios, flow rate 0.7 ml/min, UV
detection, 254 nm; k1, retention factor of the first eluted enantiomer; a, selectivity; R, enantioresolution.
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tes. At the two lowest ACN contents (30 and 40% of ACN),
analytes 1, 4, 5, 6, 8, and 9 exhibit very long retention
times. In general, increased retention times result in an
improved enantioresolution of most of the analytes. No
partial enantioresolution has been observed for samples 2,
5, 6, and 8, all of them from the family of 2,20-disubsti-
tuted or 3,2,20-trisubstituted 1,10-binaphthyls. On the con-
trary, both the representatives of 8,30-disubstituted 1,20-
binaphthyls (analytes 9 and 10) provide high values of
enantioresolution, even in MPs with high ACN contents.
Compound 7 (possessing ��COOH, ��NH2 and ��OH
groups) has shown rather high sensitivity to the ACN/
water ratio. No other analyte studied offers such possibil-
ities for hydrogen bonding; both hydrogen donor and
acceptor groups are available in analyte 7.

The results obtained in the buffered medium, 20 mM
phosphate buffer, pH 3.0 or 6.0, with varying ACN content,
are summarized in Table 3. The ACN/buffer ratios have
been selected considering the results obtained in the
ACN/water MPs (Table 2). The influence of the ACN con-

Fig. 3. Enantioseparation of analyte 4 (A) and analyte 9 (B) n-hex-
ane/propane-2-ol, 80/20 (v/v), Chiralcel OD-H (150 mm 3 4.6 mm I.D.),
UV detection, 254 nm, mobile phase flow rate, 0.7 ml/min.
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tent in the buffered MPs on the retention is similar to that
observed in the unbuffered separation systems, i.e., a
decrease in the ACN content leads to a higher retention,
with better values of enantioresolution for most of the ana-
lytes. The effect of the phosphate buffer pH is illustrated
in Figure 4. The retention is increased and the resolution
substantially improved at lower pH values.

Comparing the results obtained in the unbuffered and
buffered MPs with the same ACN contents (Table 2 vs.
Table 3), differences in the retention and enantiosepara-
tion can mostly be found in the MPs with the lowest ACN
content (40 vol %) and at the lower buffer pH value (3.0).
These differences are most pronounced for samples 1
(2,20-diacetyl-1,10-binaphthyl), 2 (2-hydroxy-20-(phenyla-
mino)-1,10-binaphthyl-3-carboxylic acid) and 7 (2-amino-20-
hydroxy-1,10-binaphthyl-3-carboxylic acid). The enantio-
resolution of these three compounds has been improved in
the buffered mobile phase (pH 3.0) whereas the retention
factors have been affected in different ways. The reduced
retention of compound 1 in the mobile phase with the
phosphate buffer, pH 3.0, is still accompanied by an
increased resolution value. The samples 2 and 7 contain
in their structures functional groups capable of creating
hydrogen bonds. The H-bonding interactions are stereose-
lective and an increase in their strength results in a stron-
ger retention and improved enantioseparation in the sepa-
ration system with the cellulose tris(3,5-dimethylphenyl-
carbamate) chiral selector and the mobile phase buffered
to pH 3.0. As the strength of the hydrogen bonding is con-
siderably influenced by the organic modifier present in
the mobile phase, the differences are more pronounced in
the MPs with low ACN contents. Comparing the separa-
tion behavior of analytes 2 and 7 in identical MPs demon-
strates that the bulky aromatic substituent of the amino
group near the OH group in analyte 2 substantially
reduces the strength of the stereoselective H-bonding.
This result can be documented on higher retention versus
lower resolution values of analyte 2 against analyte 7 (viz.
Table 3). Similar behavior has already been observed by
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Fig. 4. A chromatogram of enantioseparation of sample 7, ACN/20
mM phosphate buffer, pH 3.0 or 6.0, 40/60 (v/v), Chiralcel OD-RH
(150 mm 3 4.6 mm I.D.), UV detection, 254 nm, mobile phase flow rate,
0.7 ml/min.
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other authors34 for 2,20-dihydroxy-1,10-binaphthyl versus
10,100-dihydroxy-9,90-biphenanthryl.

Unfortunately, no partial enantioresolution has been
observed for samples 5, 6, and 8. These analytes have
the most symmetrical structure of all the compounds stud-
ied, which is difficult to enantioresolve. Moreover, samples
5 and 6 (with identical bulky substituents in positions 2,20)
have no suitable ionizable groups for enantioselective
interactions. Analogously, analyte 4 has no suitable ioniz-
able groups but the substitution is less symmetrical. Com-
pound 8 also has a symmetrical substitution of the basic
skeleton and the substituents in the 2,20-positions can
readily form intramolecular H-bonds and thus block the
stereoselective interaction with the chiral selector and so
the separation becomes much more difficult. This conclu-
sion is supported by the fact that in methanol containing
MPs, in which MeOH plays the role of an H-donor, the
enantioseparation can easily be attained.13

The replacement of water with the buffer solution only
slightly affects the retention and enantioresolution of 8,30-
disubstituted 1,20-binaphthyls. The retention factor values
and the high values of enantioresolution remain almost
unchanged. The steric arrangement of this type of deriva-
tives probably improves their fitting to the chiral cavities
of cellulose tris(3,5-dimethylphenylcarbamate) and a sub-
stitution, especially in position 8, provides a supplementary
(suitable) stereoselective interaction.

To summarize, the interaction mechanism of the analy-
tes studied can be based on the steric fit of corresponding
parts of these compounds into the CS groove and to polar
interactions between polar substituents on the binaphthyl
with the carbamate residues of the cellulose derivatives.
The polar carbamate groups are believed to be the most
important sites for chiral discrimination.34 In addition, p–p
interactions between the phenyl ring of the CS and the
naphthyls of the analytes (or also CH–p interactions) con-
tribute to the chiral separation.

Based on the results attained in the reversed-phased
separation mode, the best mobile phase composition for 3
analytes from the set of 10 compounds (analytes 1, 2, and
7) has been ACN/20 mM phosphate buffer, pH 3.0, 40/60
(v/v). Compounds 3, 9, and 10 have yielded better
results in ACN/water at the same v/v ratio.

The resolution values obtained for analytes 9 and 10 in
the ACN/water mobile phase enable direct use of the
method developed in a semipreparative mode. As a com-
promise among the demands on the solubility, retention
times and resolution, the mobile phase composition ACN/
water 60/40 (v/v) has been selected for analytes 9 and
10. A slightly modified mobile phase composition [ACN/
0.1% acetic acid, pH 3.3 60/40 (v/v)] has been used for
analyte 7. Overload conditions have been attained by
using various injection volumes (10, 50, and 100 ll) at the
same concentration of analytes 7, 9, and 10, i.e., 5.0 mg/
ml. A sufficient enantioresolution has been preserved up
to the injection volume, 50 ll (see Fig. 5).

Temperature Study

The role of the temperature is very important in chiral
separations and thus it has been studied in detail for analy-

tes 1, 3, 7, 9, and 10. The solvation effect of the environ-
ment, the mobile phase in our case, affects the conforma-
tion of compounds and their interaction with chiral selec-
tors. We have studied it on the MPs of ACN/water and
ACN/20 mM phosphate buffer, pH 3.0, at a ratio of 40/60
(v/v). The ACN content in the MPs has been based on
our results given above (section Reversed-Phase Separa-
tion Mode). The temperature effect has been examined
within the range, 5–408C. (Regarding the stability of the
CSP, it was impossible to increase the temperature range
to higher values.) van’t Hoff dependences* have been plot-
ted. The slopes (2DH0/R) and regression coefficients of

Fig. 5. Chromatograms of enantioseparation of samples 7 (A) and 10
(B) under semipreparative conditions. Separation conditions: Chiralcel
OD-RH (150 mm 3 4.6 mm I.D.); mobile phase compositions: (A) ACN/
1%HAc, pH 3.3 60/40 (v/v) and (B) ACN/water 60/40 (v/v); UV detec-
tion, 254 nm, mobile phase flow rate, 0.7 ml/min. Injected sample amount,
250 lg (sample concentration, 5.0 mg/ml, sample volume, 50 ll). Insert:
The enantioseparations under analytical conditions—sample concentra-
tion, 0.5 mg/ml, sample volume, 10 ll.

*ln k ¼ ��
DH0

R

�
1
T þ �

DS0

R

�þ ln U, where k is the retention factor, DH0 and

DS0 represent the differences in the standard enthalpy and entropy,
respectively, when an enantiomer transfers from the mobile to the station-
ary phase, R is the universal gas constant, T is the temperature, and / the
phase ratio.
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the linear ln k versus 1/T plots obtained for each pair of
the atropisomers are summarized in Table 4. The reten-
tion decreases with increasing temperature. The highest
sensitivity to temperature changes (the highest slope
value) is exhibited by analyte 7, offering three functional
groups, ��COOH, ��NH2 and ��OH, for hydrogen bond-
ing (as discussed in section Reversed-Phase Separation
Mode). As the slopes represent the value, 2DH0/R, in
van’t Hoff plots, the positive values indicate that adsorption
of both the atropisomers of all the analytes is an exother-
mic process. Higher slopes (see Table 4) for both the
enantiomers in water than in the buffered mobile phase
have been observed for analytes 1, 3, 7, and 10, whereas
sample 9 has higher slopes in phosphate buffer MPs. Ana-
lyte 9 also exhibits exceptional behavior regarding the
comparison of the first and second eluting enantiomer. A
higher slope value has been obtained for the less retained
atropisomer of 9 (than for the more retained one) whereas
the opposite results have been observed for all the other
derivatives.

The regression coefficients obtained from the van’t
Hoff plots constructed for individual enantiomers
approach unity. This confirms the assumption that the
retention mechanism is independent of the temperature
in both the MPs. The linearity of the dependences also
indicates that the CS does not change (there is no change
in the conformation) within the studied temperature
range.

The dependence of enantioresolution on the tempera-
ture is not as straightforward as is the retention. Chiral
resolution is strongly affected by the chemical structure
(and spatial arrangement) of the analytes. The most pro-
nounced effect of the temperature on enantioresolution
has been observed for both the 1,20-binaphthyl derivatives
(samples 9, 10). The dependences of enantioresolution of
racemates 9 and 10 are not monotonous. Their R-values
increase with increasing temperature, attain a maximum
value at T 5 308C and then slightly decrease. This result
can be explained by a decrease in the rigidity of the ster-
eochemical arrangement of the atropisomers at a certain
temperature.

Enantioselectivity can better be described by the differ-
ences in the thermodynamic parameters.y The difference
clearly shows the impact of stereoselective interactions on
enantioresolution (compared to the non-enantioselective
ones, which only contribute to the retention but have no
positive effect on enantioseparation). The values of the dif-
ferences in the adsorption (interaction) enthalpy and en-
tropy for the individual atropisomers can be obtained if ln
a is plotted against 1/T. The results for the unbuffered
and buffered separation systems [Chiralcel OD-RH column
and MPs composed of ACN/water or ACN/20 mM phos-
phate buffer, pH 3.0, 40/60 (v/v)] are summarized in Ta-
ble 5. The D(DG0) values at the temperature, 228C, which
was used for most of the measurements are also given in
Table 5. In general, the enthalpy term has a higher impact
on the separation in the temperature range measured. The
negative D(DH0) values indicate that the adsorption of the
atropisomer with a higher affinity to the stationary phase
is exothermic, and thus is favored. Higher absolute values
of the differences in the enthalpy and entropy have
resulted from the separation system with the buffered mo-
bile phase. The highest absolute/D(DH0)/value has been
obtained for compound 7 with the best enantioselectivity
in both the MPs. The negative D(DS0) values indicate a
decrease in the degree of freedom if the analytes interact
with the CSP. The exceptional behavior of analyte 9,
which exhibits positive values for both D(DH0) and
D(DS0), indicates that the interaction is thermodynamically
favorable for the opposite atropisomer. The D(DG0) values
calculated for the experimental temperature, 228C, are
always negative. This result is in accordance with the fact
that all the pairs of atropisomers listed in Table 5 have
been successfully separated. The best selectivity and reso-
lution have been observed for analyte 7 in the buffered
mobile phase, in which the highest absolute/D(DG0)/

TABLE 4. Results calculated from van’t Hoff plots obtained for the individual atropisomers

Mobile phase ACN/water, 40/60 (v/v)
ACN/20 mM phosphate

buffer, pH 3.0, 40/60 (v/v)

Analyte Retention factor � DH0

R (103 K) Regression coefficient � DH0

R (103 K) Regression coefficient

1 k1 1.255 0.9982 1.062 0.9991
k2 1.275 0.9982 1.164 0.9992

3 k1 1.044 0.9991 0.831 0.9987
k2 1.091 0.9991 0.870 0.9988

7 k1 1.415 0.9883 1.335 0.9930
k2 1.621 0.9899 1.596 0.9933

9 k1 0.986 0.9917 1.053 0.9934
k2 0.940 0.9891 1.007 0.9925

10 k1 1.027 0.9973 0.895 0.9964
k2 1.158 0.9965 1.005 0.9976

DH0, difference in the standard enthalpy; R, universal gas constant.

yln a ¼ �D DG0ð Þ
RT ¼ �D DH0ð Þ

RT þ D DS0ð Þ
R , where a is enantioselectivity, D(DH0),

D(DS0), and D(DG0) represent the differences in DH0, DS0, and DG0 (DG0

is the difference in the standard Gibbs energy when an enantiomer trans-
fers from the mobile to the stationary phase) for a given pair of enantiom-
ers, respectively, R is the universal gas constant and T is the temperature.
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value has been obtained. The thermodynamic results are
in a good agreement with the chromatographic data given
in Tables 2 and 3.

CONCLUSIONS

Cellulose tris(3,5-dimethylphenylcarbamate)-based chi-
ral stationary phases have been found suitable for enantio-
separation of most (7 from 10) of the studied binaphthyl
derivatives. A slightly elevated temperature, 308C,
improves the enantioresolution. The separation system
has also been proposed for semipreparative application
(for analytes 7, 9, and 10), which can be used for the
preparation of these catalysts for asymmetric syntheses.
The representatives of 8,30-disubstituted 1,20-binaphthyls
(analytes 9 and 10) have been separated with the highest
values of enantioresolution in all the MPs tested. This
result can be attributed to the proper fit of these deriva-
tives into the helical structure of cellulose. In addition, p–p
interactions of the aromatic parts of the analytes with the
tris(3,5-dimethylphenylcarbamate) substituent on cellulose
and hydrogen bonding or dipole–dipole interactions con-
tribute to the enantiodiscrimination process. In the group
of the 1,10-binaphthyl derivatives, the best enantiosepara-
tion has been attained for analyte 7, which offers func-
tional groups required for H-bonding.

The comparison of the two separation modes studied
(normal- and reversed-phase) shows that only analyte 4
from the family of 1,10-binaphthyl derivatives and the two
8,30-disubstituted 1,20-binaphthyls can be baseline resolved
in the normal phase separation mode, whereas the re-
versed-phase mode provides a more universal application.

The temperature studies confirm the independence of
the retention mechanism on the temperature, whereas the
enantioresolution is temperature dependent. The differ-
ences in the thermodynamic parameters obtained in the
optimized separation systems confirm that the interaction
of atropisomers with the chiral stationary phase is a
favored process. The resultant thermodynamic data are in
good agreement with the chromatographic results.
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Chiral Recognition via Helical Sense and Phase in a Crystalline
Supramolecular Array of Intermeshed Triple-Helices

ROBERT GLASER*

Department of Chemistry, Ben-Gurion University of the Negev, Beer-Sheva 84105, Israel

ABSTRACT Hexatertiary butyl-substituted D3-symmetrical cage ligands composed
of octahedral bidentate complexes of Ni(II) or Cu(II) ligated on either side to triskelion
arrangements of three salicyl rings bound to a central nitrogen hub atom exhibit triple-
helical conformations. Maximization of intermolecular aromatic–aromatic interactions
between these complexes promote extended tongue and groove interleaving and affords
a supramolecular array of diastereomeric intermeshed C3-symmetrical triple-helices per-
petuating sideways throughout alternating enantiomeric layer stacks in the entire P-3
space group crystal lattice. Chiral recognition within these supramolecular ensembles is
based upon the principles of helical sense and phase. A discussion of the symmetry, me-
chanical and chemical factors, and constraints influencing the formation of these self-
assembled crystalline supramolecular ensembles will be presented. Chirality 20:910–
918, 2008. VVC 2008 Wiley-Liss, Inc.

KEY WORDS: helical stereochemistry; supramolecular ensembles; intermeshing
helixes; interleaving helixes; chiral recognition

INTRODUCTION

Triple-helical complexes of cage ligand 1 with four differ-
ent divalent metal ions [Ni(II), Cu(II), Fe(II), and
Mn(II)] have recently been reported by Lindoy and
coworkers.1,2 The cage ligand is composed of three o,o0-
bipyridinyl moieties whose para-positioned methylene

carbons are directly ligated to salicyl group oxygen
atoms. Each of the three strands is bound together via
ligation of the salicyl methylene carbons to a common
nitrogen cap affording a tripod-type moiety.1,2 Metal
binding to the three bipyridinyl units in 1 resulted in
three-bladed propeller chiral geometries of the type that
are well-known for tris-chelate complexes of metals.1,2

The single-crystal X-ray crystallographically determined
structures of the four hexatertiary butyl-substituted deriv-
atives have also been briefly discussed and coordinates
are to be found in the Cambridge Structural Database
(CSD).3 The CSD refcodes for these complexes are IRA-
CIN [Ni(II)], ECAKEZ [Cu(II)], ECAKAV [Fe(II)], and
ECAKID [Mn(II)]. Linkage of the chiral propeller to the
salicyl tripod entity causes the entire molecule to be
twisted into a triple-helical-like geometry.

The nitrogen lone pairs on the tripod-like caps may ex-
hibit different tropicities vis-à-vis the metal [e.g., exo–exo
or endo–endo arrangements (or perhaps in principle even
a mixture?)]. The authors reported that semiempirical
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(PM3) computational studies showed little difference in
the heats of formation for the exo–exo or endo–endo nitro-
gen lone pair arrangements in diastereomeric complexes
of 1.1 Crystalline complexes with Fe(II) and Mn(II) exhib-
ited endo–endo nitrogen lone-pairs, e.g., [P ]-2 for Fe(II),
while they were disposed in an exo–exo manner for the
analogous solid-state complexes with Ni(II) and Cu(II).2

The latter set of triple-helical complexes crystallized with
two crystallographically independent molecules of opposite
handedness, [P ]-3 and [M]-4.1,2 All the cage ligand 1/
divalent metal complexes occupy a special position of
threefold rotational symmetry in their respective P-3
[Ni(II), Cu(II)], and R-3c [Fe(II), Mn(II)] trigonal space
group crystals.1,2 The Ni(II)/Cu(II) complexes intermesh
in a ‘‘tongue and groove’’ manner reminiscent of two inter-
locking gear wheels.1,2 No intermeshing of triple helixes
was observed in crystalline complexes with Fe(II) and
Mn(II).2

One may envision two modes for the ‘‘tongue and
groove’’ intermeshing of helixes, see Figure 1. These
modes exist for intermeshing single helixes as well as for
multiplexes.4 The important ability of gears and screws to
intermesh are a well-known mechanical principle. Gear
intermeshing also provides a basis for chiral recognition.4

Consider two three-bladed helical gears (worm gears).
The axes of two intermeshed heterochiral helixes (ensem-
ble [M]-(5):[P]-(5)) are parallel while those of the two
intermeshed homochiral helixes (diastereomeric ensemble
[M]-(5):[M]-(5)) are skewed, see Figure 2.4 It is apparent
that the heterochiral schematic gear arrangement is analo-

Fig. 1. Pair of structures on the left: heterochiral tongue-in-groove intermeshing between [M]-5 and [P]-5 gears. Pair of structures on the right:
homochiral intermeshing between [M]-5 and [M]-5 gears.
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gous to that depicted for the above-mentioned crystalline-
state molecular ensemble of [P]-3:[M]-4 Ni(II) complexes.
An in-depth discussion of the symmetry, mechanical, and
chemical factors and constraints influencing the formation
of these ensembles within the crystal is warranted since
they actually represent examples of helical chiral recogni-
tion and supramolecular self-assembly based on the princi-
ples of helical sense and phase.

DISCUSSION

It was reported that the 1H NMR spectrum at 298 and
318 K of the free cage ligand 1 exhibited only two methyl-
ene-proton singlet resonances in the aliphatic region: d
3.80 (��CH2N��) and d 5.02 (��CH2O��).2 The singlet
multiplicity was attributed to conformational interconver-
sion.2 The NMR results are clearly indicative of either in-
herent or time-averaged D3h-symmetry in solution
whereby the methylene-protons in each geminal pair are
either inherently enantiotopic within an achiral entity and
hence isochronous, or they are dynamically enantiotopic
at the fast exchange limit for interconversion between
chiral D3-symmetry enantiomeric conformers. Ligation of
Fe(II) ions to either the dialdehyde precursor 6 or to the
cage ligand 1 was reported to give 1H NMR spectra with
nonequivalent methylene protons affording an AB spin-
system.2 The observed anisochrony was attributed to re-
stricted rotation about the Ar��CH2��O bonds residing in
the complex containing precursor 6, while it was ascribed
to a fixed conformation for the complex with 1.2 A suffi-
cient cause for the observation of anisochronous methyl-
ene protons in both cases is simply based on symmetry
considerations, while the degree of rotational restriction
is really a secondary matter. Metal octahedral complexa-
tion with the bipyridyl bidentate moieties within either
open (6) or cage ligands (1) affords D3-symmetry three-
bladed propeller chiral rigid geometries in both cases.
Perpendicular to the C3-axis axis are three coplanar C2-
axes transversing the metal, and not through the methyl-
ene carbon atoms. Thus, the methylene protons are now

diastereotopic and hence this is sufficient cause for aniso-
chronism. It remains to be proven whether or not there is
restricted rotation about the Ar��CH2��O bonds in the
case of the complex with 6, although it is highly likely
that this is true for the case of the complex with 1. The
methylene protons are diastereotopic in any event. What
is important is that the C2-rotation axes through the metal
in the propeller cause CH2O and CH2N methylene sub-
units in one half of the molecule to be homotopically iso-
chronous with each of their corresponding counterparts
within the other half of the molecule. Thus, the C3-axes of
the Fe(II) complexes with 1 or 6 are both palindromic in
solution. While 1H NMR data were only available for the
triple helical Fe(II) complex with 1,2 it is expected that
the solution-state complexes of Mn(II), Ni(II), and Cu(II)
with this same cage ligand will also show D3-symmetry in
solution.

Fig. 2. Pair of structures on the left: Chiral recognition of [M]-5:[P]-5 intermeshed gears oriented to depict the parallel screw axes. Pair of structures
on the right: diastereomeric [M]-5:[M]-5 gear ensemble with skewed axes.
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There are relatively small cell-axes differences for the
Ni(II) and Cu(II) {values in braces} crystals: a 5 b 5
15.9763(19) {15.9603(16)} Å, c 5 51.131(9) {51.157(7)} Å,
On the other hand, these cell-axes differences are larger
for the Mn(II) and Fe(II) {values in braces} crystals: a 5
b17.478(8) {17.638(19)} Å, c 5 91.68(6) {92.448(19)} Å. A
relatively small 0.051 Å RMS difference was found for the
superimposition of all corresponding nonhydrogen atoms
(with the exception of all methyl carbons and disordered t-
Bu quaternary carbons) within the [P]-3:[M]-4 inter-
meshed Ni(II) complexes upon corresponding atoms in
the isostructural Cu(II) analogue. A much larger 0.303 Å
RMS difference was measured for the analogous superim-
position of similar atoms in the nonintermeshed twisted
triple-strand conformers of the isostructural Mn(II) and
Fe(II) pair. The difference in magnitudes between these
RMS differences is correlated with the M–N mean bond
lengths in the complexes: similar 2.142(6) {2.104(7)} Å
Cu—N {Ni—N} values versus dissimilar 2.232(2)
{1.797(2)} Å Mn—N {Fe—N} values.

Describing the geometry of metal complexes such as
2-4 as ‘‘triple helixes’’ or ‘‘triplexes’’ is an approximation
since the molecules are obviously not oligomers of repeat
units, nor are they regular. Each triple helical molecule is
actually composed of two different structural regions, each
having local threefold rotational symmetry. With this ideal-
ization in mind, it is reasonable to refer to these com-
plexes as three intertwined homotopic [P]- or [M]- helixes
in the general sense. The two regions are a three-bladed
propeller with a metal atom at the hub directly linked to a
triskelion arrangement composed of three salicyl rings
ligated to a central nitrogen hub atom. The three salicyl
rings are each skewed (rather than ‘‘paddle’’-like) versus
the N-lone pair axis. The triskelion [P]-helicity [torsion
angle LP��N� � �Cipso��Cortho–9(3)8 for the Ni(II)/Cu(II)
complexes and –23(2)8 for the Fe(II)/Mn(II) complexes]
is correlated with [P]-metal-atom propeller helicity. Edge-
differentiation of the two ortho-positions of the salicyl rings
results in syn or anti arrangements for the O-atom relative
to the N-lone pair hub-axis. Thus, the Cortho carbon noted
in the aforementioned torsion angle is substituted with
either a proton (for the exo–exo Ni(II)/Cu(II) complexes)
or an oxygen (for the endo–endo Fe(II)/Mn(II) com-
plexes). Since triskelions are disk-like, they have tropicity
[clockwise or counterclockwise directionality] which is rela-
tive to the particular side from which it is viewed. In order
to compare the triskelion tropicities [directionalities] they
should be excised from their respective molecules and
superimposed so that they are both viewed from the same
side. When this is performed for complexes with the same
metal-atom propeller helicity, the triskelion tropicities are
identical when the isolated triskelion fragments are
removed from either an exo–exo complex (see 7) or from an
endo–endo diastereomeric complex (see 8). Since a triske-
lion salicyl oxygen always is linked to a methylene in the
p,p0-substituted bipyridyl propeller unit of the cage ligand,
it follows that the nitrogen lone-pair will have an exo disposi-
tion for the –9(3)8 torsion angle LP��N���Cipso-Cortho
triskelions while it will be endo for the –23(2)8 torsion
angle counterparts. It is readily apparent that the tert-butyl

groups are disposed differently in the two triskelion moi-
eties. The substituents point outwards in the endo–endo
case and are more parallel and closer to the helical axes in
the exo–exo arrangement. On the basis of these observa-
tions, one would expect the tert-butyl groups to engender
considerable steric hindrance for intermeshing in the case
of the Fe(II)/Mn(II) complexes.

The metal-propeller chirality is induced outward into the
t-butyl p-substituted salicyl-ring regions on either side.
The rings themselves are constrained to remain in close
proximity to the threefold axis by virtue of their ligation to
the nitrogen triskelion hub. Three H2C��O bonds connect
the metal propeller region with the triskelion propeller
region. For metal propeller [P]-helicity, exo–exo Ni(II)/
Cu(II) complexes of 1 have (pyridinyl)Cipso��H2C��
O��Cipso(salicyl) antiperiplanar-type torsion angles of
1155(9)8 while this angle has a 2122(2)8 (2)-anticlinal
value in the endo–endo Fe(II)/Mn(II) complexes of 1.
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Thus, propeller helicity induces a particular triskelion tro-
picity via the short H2C��O single-bond spacers between
the two types of structural unit. The result is a triple heli-
cal-like unit approximating a twisted three-bladed gear
whose diameter is �11–12 Å, and whose helical pitch is
about 47 Å/turn (based on the solid-state Ni(II) struc-
tures). The about 23 Å length of the triple-helical mole-
cules represents slightly more than one-third of a full turn.

The ligation of Ni(II)/Cu(II) to 1 affords a complex with
either right- and left-handed helicity in acetonitrile solu-
tion. In principle, both homochiral and heterochiral
ensembles of intermeshed triple helixes are possible upon
crystallization of the racemic mixture. It will be shown that
there are chemical, mechanical, and symmetry reasons for
the following solid-state stereochemical observations: (1)
the two intermeshing helixes have a heterochiral relation-
ship rather than a homochiral relationship; (2) one metal
atom is displaced by about 2.4 Å from its neighbor when
they intermesh; (3) the dimensions of the two helixes dif-
fer slightly from one another so that they do not represent
a true pair of enantiomers; and (4) each helix is nonpalin-
dromic in terms of its structural dimensions.

Although it was not commented upon in the original
reports,1,2 there appears to be an attractive force (a chemi-
cal constraint) between the two triple helices which plays
a dominant role in the formation of a very particular self-
assembled extended supramolecular array within the
entire crystal lattice. We suggest that this force is based
upon intermolecular aromatic–aromatic interactions which
have recently been reviewed.5 In particular, edge-to-face
arrangements of aromatic rings are known to be very
favorable.6 According to an analysis of side-chain interac-
tions in proteins, Burley and Petsko considered two aro-
matic residues to interact if the distance between phenyl
centroids was less than 7 Å.7 They noted that the most
favored distance was 5 Å, and the most favored dihedral
angle was 908.7 A typical phenyl–phenyl interaction was
reported to have an energy between 24 to 28 kJ mol21

based upon nonbonded potential energy calculations.7

From our inspection of the IRACIN and ECAKEZ crystal
structures it appears that phenyl–phenyl interactions influ-
ence the particular geometry of association between the
two triple-helical molecules. There are 11 aromatic rings
involved in intermolecular aromatic–aromatic interactions
between the [P ]-3 and [M]-4 triple-helical constituents of
the Ni(II) or Cu(II) ensembles. The distances between the
aromatic ring centroids involved in these interactions vary
from 4.58 to 6.60 Å with the mean distance being 5.6(7) Å,
see Figure 3. Aromatic–aromatic interactions are expected
be maximized within the entire space between two parallel
heterochiral axes, as opposed to existing within only a
smaller volume at the nexus between skewed homochiral
axes. The observation of self-assembled heterochiral inter-
meshing triple-helical molecules within the crystal lattice
appears to be the result of this chemical imperative. More-
over, the entire architecture of the crystal lattice appears
to be governed by this principle. The strength of these
attractive interactions is probably augmented by the fact
that the aromatic rings play a dual role of being both the
‘‘tongue’’ and the ‘‘groove.’’

It goes without question that the solid-state stereochem-
istry of the ensemble of two Ni(II) or of two Cu(II) com-
plexes is intimately related to their packing within the
crystal lattice. Therefore, a brief discussion of the particu-
lar space group symmetry is a logical place at which to
begin. For both metals, the ensemble of two intermeshing
triple-helices crystallizes in the trigonal space group P-3
and with the same packing motif.1,2 Since the crystalline
ensembles of the two metals are isostructural,1,2 bonding
parameters from now on will refer only to the Ni(II) crystal
for simplicity. The P-3 unit cell consists of side c perpen-
dicular to a rhombical parallelopiped base consisting of
two fused equilateral triangles generating the short diago-
nal so that a 1208 angle exists between the two equal
length sides a and b, see Figure 4.8 As a result, the unit
cell may be considered to be composed of two fused equi-
lateral triangular subunit prisms. The symmetry opera-
tions within the cell include a C3 rotation axis [dashed
line] whose length runs through the middle of each equi-
lateral triangular prism (i.e., parallel to the c side) and
exits at the midpoints of the top and bottom ends of the
subunit. The midpoint of each of the three rectangular
faces of the triangular prism is a point of inversion. Finally,
each c-axis itself is coincidental with a C3 rotation axis
passing through an inversion center (an inversion-triad).

The general positions of symmetry in a crystal are those
chirotopic positions whose local site symmetry exhibits
only the trivial symmetry operations of identity and transla-

Fig. 3. Arrangement of aromatic rings involved in the ‘‘tongue-in-
groove’’ intermeshing between the closer to viewer [P]-3 and more dis-
tant [M]-4 (shaded atoms) molecules vis-à-vis the plane containing the
two helical axes.
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tion. All molecules (achiral or chiral) are fully desymme-
trized to C1 upon occupancy of general positions of sym-
metry within the crystal lattice. Six complete asymmetric
general positioned molecules [three d,l-pairs] are needed
to exemplify all the symmetry operations in space group
P-3. The metal complexes with the cage ligand 1 will be
depicted in cartoon form as threefold gears as a heuristic
device in the stereochemical discussion of helical interac-
tions within the solid-state ensembles. The asymmetry of
the slightly distorted triplexes arises from the fact that the
C3-axis is between three triple helices rather than between
the three strands of a symmetrical single triple helix.
Thus, there is a diastereotopic symmetry relationship
between the three component strands within each triple
helix, and the two ends are nonpalindromic. The inversion
center at the midpoint of the common fused face of the
two equilateral triangular prism subunits generates a set
of three enantiomeric distorted [P]-triple helixes which are
homotopic about the second C3-axis. Note that because of
the threefold symmetry axes, one of equilateral triangular
prism subunits of the unit cell contains molecules of only
one handedness, while the other prism contains only mol-
ecules of the opposite handedness. There is no symmetry
requirement that the axes of generally positioned helixes
be parallel to each other nor to the C3-axes. Maximization
of aromatic–aromatic interactions are expected to be unat-
tainable under these conditions.

Packing considerations may be such that the C3-axes in
both [P]-3 and [M]-4 may coincide with those in the P-3
space group and thus enable the complexes to occupy spe-
cial positions of threefold rotational symmetry in the crys-
tal. The symmetry elements of both the object and special
site must be identical for the occupancy of a special posi-
tion to be allowed. However, this unaminity of symmetry
elements does not provide sufficient cause for the special
arrangement to occur. It is quite commonly observed that
symmetrical molecules occupy general positions of symme-
try upon entering a crystal lattice. This is usually attributed
to optimization of packing efficiency which appears to

triumph over the preservation of symmetry. As a result, the
geometries of these molecules are distorted somewhat
from ideality and are completely desymmetrized down to
C1-symmetry. However, the converse of the special position
symmetry argument is always true. A molecule may never
occupy a site of special symmetry if it itself does not pos-
sess the exact same symmetry element as that of the site.
Consider an arrangement whereby each triplex now occu-
pies a different crystallographic threefold axis of rotational
symmetry (see enantiomeric gear ensemble 9 in Fig. 5).
Now, only two specially positioned Ni(II)/Cu(II) triple heli-
cal molecules [a single d,l-pair] are required to exemplify
all of the symmetry operations of the P-3 space group, and
the unit-cell volume will accordingly shrink by two-thirds
compared to that for the general positioned case. All
strands of each triple helix are now internally homotopic so
the solution-state D3-symmetry molecule has only been
desymmetrized down to C3 [rather than complete desym-
metrization to C1 for general position occupancy].

David Avnir’s Continuous symmetry measure (CSM) of
a structure is a normalized root-mean-square distance
function from the closest structure which has the desired
symmetry, i.e., the nearest perfectly symmetric object with
the desired symmetry.9–11 In our case C2-symmetry will be
the desired ideal relationship between top and bottom
halves of the Ni(II)/Cu(II) complexes. A CSM SC2 5 inte-
ger ‘‘0’’ value would be measured if a C2-axis passed
through the metal and perpendicular to the threefold axis
in the crystal. All t-butyl groups were removed from the
CSM calculations since some of them were disordered.
The SC2-values measured for the top and bottom halves
within the excised Ni(II) propeller unit in the [P]-3 and
[M]-4 complexes are 0.0919 and 0.1392, respectively. Sim-
ilarly, CSM SC2 values comparing the relationship between
complete exo–exo salicyl triskelion units (minus the t-
butyl groups) on either side of the metal propeller are
0.0548 and 0.0670 for the [P]-3 and [M]-4 complexes,
respectively. Clearly, there is less solid-state distortion of
C2-rotational symmetry between selected corresponding
atoms in the two triskelion units than there is for the two
Ni(II) propeller unit halves. These CSM SC2 values quan-
titatively show that the geometries of the top and bottom
halves within each complex have been slightly distorted
from ideal identity, i.e., the complexes are nonpalindromic.
The finding of different CSM values for each of the two C3-
specially positioned [P]-3 and [M]-4 molecules in the
crystal provide further quantitative evidence that the struc-
ture of one is somewhat distorted from the other [i.e., they
are diastereomeric]. In the absence of internal C2-symme-
try and external i-symmetry constraints, all the bonding
parameters between corresponding entities above and
below the metal are different both in an internal and in an
external comparison. For example, smaller (pyridinyl)-
Cipso��H2C��O��Cipso (salicyl) dihedral angle values may
be correlated with smaller distances between the salicyl
ring centroids at either end of the two intermeshed Ni(II)
complexes, e.g., 145.08 (5.92 Å, bottom of [P]-3 complex);
150.38 (6.25 Å, bottom of [M]-4 complex); 160.08 (6.34 Å,
top of [P]-3 complex), and 166.78 (6.46 Å, top of [M]-4
complex).

Fig. 4. The P-3 unit cell with side c perpendicular to the a–b plane, and
1208 angle g between the a- and b-axes. The centers of inversion are
depicted as points, the C3 rotation axes are shown as dashed lines, and
the C3 rotation axes passing through inversion centers are the c-axes.
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The P-3 inversion center ensures that both copies of
oppositely handed special positioned units are enantio-
mers (see [M]-9 and [P]-9). Again, the enantiomer of the
triple helix resides in a different equilateral triangular pris-
matic subunit of the unit cell. Location of the heterochiral
triple-helix molecules on different enantiotopic parallel C3-
axes is a positive step towards achievement of the goal to
maximize aromatic–aromatic interactions. However, paral-
lel axes are not sufficient cause to give complete inter-
meshing over extended portions of the two triplexes in the
crystal. In addition to parallel helical axes, the two tri-
plexes must have a 608 phase relationship vis-à-vis the
interaxial line in order to intermesh. The phase relation-
ship between ‘‘tongue’’ and ‘‘groove’’ positions is measured
in a horizontal plane perpendicular to the enantiomeric C3-
axes, and is the summation of angles / and w defined in
drawing 11 which represent the angular displacement
from the interaxial line. Inspection of assembly [M]-9:[P]-
9 in Figure 5 clearly shows that the P-3 inversion center
relates the two enantiomeric three-bladed gears with a 08
interaxial line phase difference. Intermeshing is obviously
impossible since enantiotopic strands about each other. If
one of the gears is rotated by 608 (see [M]-9:[P]-10) then
the oppositely-handed strands are no longer in close juxta-
position and intermeshing may now proceed. However,
the inversion center will no longer exist and the oppositely
handed triplexes must hence be diastereomeric, i.e., aniso-
metric but having the same constitution (bonding connec-
tivity). Despite extensive intermeshing, this arrangement
does not account for the P-3 space group crystal’s inver-
sion center.

General combinations of / and w angles can produce /
1 w 5 608 phase relationships in the numerous horizontal
planes within the laterally intermeshed triple helices of as-
sembly 10 because of the regular nature of the two adja-
cent three-bladed gear wheels in the illustration. However,
the geometries of the metal complexes are far from being
so regular. Figure 3 shows three sets of aromatic–aromatic
interactions where a ring in one triplex points almost
directly inwards towards the opposing C3-axis so that it is

Fig. 5. Pair of structures on the left: interaxial line zero degree phase difference between inversion-center enantiomeric [M]-9 and [P]-9 three-
bladed gears residing on three-fold rotational axes of symmetry. Pair of structures on the right: interaxial line sixty degree phase difference between
diastereomeric [M]-9 and [P]-10 three-bladed gears residing on three-fold rotational axes of symmetry on the right.

Fig. 6. Vertical shifting of one of the two triplexes in ensemble [M]-
9:[P]-10 by a distance equal to one-sixth of a turn regenerates the inver-
sion center and aligns the gears with a 608 phase difference when meas-
ured in horizontal planes. The enantiomeric [M]-9:[P]-9 gears in the
resulting assembly may now intermesh in a region equal to one-half of
their height.
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located either quite close or within the plane defined by
the two helical axes. In this manner it is ‘‘hugged’’ by two
nearby aromatic rings resident in the other parallel triplex.
This arrangement is actually a special case where one of
the two angles is about 08 while the other one is about
608. It suggests that 608 phase relationships produced by
‘‘general’’ combinations of / and w angular relationships
[i.e., not the 08 or 608 special values] would most likely en-
gender less auspicious aromatic–aromatic interactions.

It is noted that shifting one of the abutting enantiomeric
triplexes in ensemble [M]-9:[P]-9 by a particular vertical
distance will enable both of them to now intermesh. All
the cartoon-like gears depict one-third of a turn of the tri-
plex. If one of them is shifted by a vertical height equal to
that obtained in one-sixth of a turn, then both a 608 phase
relationship and the inversion center are generated. How-
ever, the intermeshed region common to both gears is
only one-half of their vertical height (see Fig. 6). Such a
packing arrangement between the enantiomers is also
unfavorable in terms of wasteful void spaces in the crystal
lattice.

Attainment of extensive intermeshing, concomitant with
optimum aromatic–aromatic interactions, was achieved by

having [P]-4 stack on top of homochiral diastereomeric
[P]-3 on the same C3-axis to generate the asymmetric
unit of the P-3 cell. This is illustrated in cartoon form by
the analogous stacking of [P]-10 above [P]-9 on the left-
hand C3-axis in Figure 7. The two distal ends of the gear
stack have undergone a torsion of 608 by twisting one he-
lix about the C3-axis. On a molecular level, salicyl rings in
the distal ends of the stack point either directly or angu-
larly towards the enantiomeric C3-axis. One ring in the
[P]-3 end of the stack is disposed directly inwards and
resides close to the interaxial plane [it is seen almost
edge-on at the bottom of Fig. 3]. Two rings in the [P]-4
distal end of the stack straddle both sides of the same
plane in an angular fashion. [P]-4 ring centroids have
2628 and 588 torsion angles with that in the [P]-3 stack
terminus. Thus, the [P]-4 salicyls will be auspiciously jux-
tapositioned to hug their [P]-3 counterpart when enantio-
topically generated in [M]-4 by the P-3 inversion center.
Intermeshing can now proceed because of the 608 phase
difference between the [P]-3 and [M]-4 lateral partners.
The heterochiral [P]-3 and [M]-4 triplex diastereomers
have approximate radii of 6.0(8) Å and reside on parallel
C3-axis spaced about 9.2 Å apart. The c-axis distance
between Ni(II)-atoms in the two intermeshing molecules
is 2.405 Å which also results in a vertical shift of t-butyl
groups on one triplex from those in the adjacent unit, and
the common intermeshing region is about 90% of the
approximately one-third turn length. Close contacts

Fig. 7. Vertical pair of structures on the left: diastereomeric [P]-10
stacked above the homochiral [P]-9 triplex and twisted by 608 about the
left-hand C3-axes. Structure on the right: P-3 inversion center generates the
[M]-10 triplex with a 608 phase relationship to its lateral [P]-9 neighbor.

Fig. 8. One segment of the extended lateral arrangement depicting a
[P]-10 triplex intermeshed with three neighboring diastereomeric [M]-9
units.
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between t-butyl protons in the proximate [P]-3 and [P]-4
stacked internal region are about 2.39 Å. Superimposition
of all non-t-butyl group nonhydrogen atoms in [P]-3 with
corresponding atoms in diastereomer [P]-4 gave a fairly
large RMS 5 0.544 Å, testifying to their anisometric rela-
tionship. Phosphorus hexafluoride anions are located
both on general and on special positions of C3 rotational
symmetry (inversion triad axes) to neutralize the di-
cationic complexes.

Finally, one must bear in mind that the [P]-3 and [M]-
4 diastereomeric triplexes have tongue and groove inter-
actions and both molecules occupy special positions of
threefold rotational symmetry on adjacent C3-axes in the P-
3 crystal. The three strands in the [P]-3 triplex must be
homotopically symmetry equivalent, and the same rela-
tionship must exist for the three strands in the diastereo-
meric [M]-4 triplex. Therefore, intermeshing is the provi-
dence of each and every strand and groove. The result is a
supramolecular array of intermeshed triple-helices perpe-
tuated sideways throughout the entire crystal lattice. In
other words, each [P]-3 triplex is surrounded by three
intermeshed diastereomeric [M]-4 triplexes, while for
each [M]-4 triplex there are three intermeshed diastereo-
meric [P]-3 triplexes, see cartoon equivalent in Figure 8.
Thus, in one layer parallel to the a- and b-axes, there is a
supramolecular array of intermeshed [P]-3 and [M]-4 dia-
stereomers while the inversion centers generate the enan-
tiomeric [M]-3 and [P]-4 diastereomeric extended array
in the adjacent layers on either side. The symmetry unre-
lated pair of opposite handed Ni(II) triple-helices were
described as a dimeric unit in the original article,2 but it is
clear that the interactions between the molecules in this
crystal are considerably more elaborate and complex.
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Analysis of the Mechanism of Asymmetric Amplification by Chiral
Auxiliary trans-1,2-diaminocyclohexane bistriflamide
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ABSTRACT Asymmetric amplification is a phenomenon in which the enantiomeric
excess (ee) of a product is higher than that of a chiral auxiliary for a catalyst. We ana-
lyzed the mechanism of asymmetric amplification observed in the addition of diethylzinc
(Et2Zn) to benzaldehyde (PhCHO) to synthesize 1-phenyl-1-propanol in the presence of
trans-1,2-diaminocyclohexane bistriflamide (DCBF) and titanium tetraisopropoxide
(TIOP). In a manner similar to the reaction in which 1-piperidino-3,3-dimethyl-2-butanol
is a chiral auxiliary for the catalyst, when asymmetric amplification was observed, the
ee of the product varied as the reaction progressed. The mechanisms of variation in ee
in the two reactions, however, were different. No asymmetric amplification was
observed when TIOP and PhCHO were added to a mixture of DCBF and Et2Zn, while
the ee of the product was always higher than that of DCBF when PhCHO and Et2Zn
were added to a mixture of DCBF and TIOP. In the latter case, the product ee
decreased as the reaction progressed. The results indicate that DCBF forms inactive
heterochiral complex causing an increase in the ee of DCBF in the solution, which is
the chiral auxiliary for the catalyst. But the complex is not very stable and gradually dis-
sociates due to the reaction with Et2Zn. As a result, the asymmetric amplification
decreases as the reaction progresses. Chirality 20:919–923, 2008. VVC 2008 Wiley-Liss, Inc.

KEY WORDS: asymmetric amplification; reservoir model; titanium tetraisopropoxide;
trans-1,2-diaminocyclohexane bistriflamide; enantiomeric excess; diethyl-
zinc; benzaldehyde

INTRODUCTION

In some asymmetric syntheses, enantiomeric excess
(ee) of a product is higher than that of a chiral catalyst or
a chiral auxiliary for the catalyst.1,2 The phenomenon is
called asymmetric amplification, and was first noted by
Kagan et al. in 1986 in the Sharpless epoxidation of gera-
niol.3 This finding provoked systematic studies on the
analysis of the mechanism of asymmetric synthesis. Two
basic kinetic models, ‘‘Reservoir model’’ and ‘‘ML2 model,’’
were initially proposed.3,4 In both models, a chiral catalyst
forms inactive or weakly catalytic heterochiral dimer, so
that the ee of the catalyst that is active is higher than that
of the catalyst as a whole. In addition to the theoretical
approaches, many examples of chemical reactions in
which asymmetric amplification is observed have been
found in the last two decades.1,2 A great variety of chiral
species have been found to act as auxiliaries for the cata-
lyst for the asymmetric amplification in 1,2-addition of
diethyl zinc (Et2Zn) to benzaldehyde (PhCHO) to synthe-
size 1-phenyl-1-propanol.5–11 Among those, very strong
asymmetric amplification was found by Oguni et al. in the
reaction using 1-piperidino-3,3-dimethyl-2-butanol (PDB)
as a chiral auxiliary.5

Recently, we have analyzed the reaction and found that
ee of the product varies as the reaction progresses.12 The
value of ee of the product should be constant as the reac-
tion progresses if the mechanism of asymmetric amplifica-
tion follows the ‘‘Reservoir model’’ or ‘‘ML2 model,’’ since
the ee and concentration of the active catalyst is not a func-
tion of the concentration of reactants and the products. To
explain the time variation of ee of the product, we pro-
posed a modified Reservoir model by assuming the exis-
tence of the Michaelis–Menten type steady state. In this
model, ee of the product should vary during the reaction,
since the concentration of the Michaelis–Menten type in-
termediate is a function of reactant concentration. Noyori
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et al. proposed the kinetic model including a step of
Michaelis–Menten type intermediate formation,13 for their
asymmetric amplification which uses 3-exo-(dimethyla-
mino) isoborneol (DAIB) as a chiral auxiliary for the cata-
lyst.6 Their DAIB catalyzed asymmetric amplification, how-
ever, was little conversion-dependent.

We also have found that the reaction rate and the ee of
the product differed significantly when the order of rea-
gent addition was changed in PDB catalyzed asymmetric
amplification. The phenomenon was explained by the fur-
ther modification of Reservoir model that took into
account not only the Michaelis–Menten type intermediate
formation but also the dissociation of the reservoir.12 Our
findings showed the importance of monitoring the varia-
tion in the product ee during the reaction and systematic
studies for understanding the details of the mechanism of
asymmetric amplification.

There is another example of asymmetric amplification in
which the order of reagent addition influences the reaction
behavior.11 Addition of Et2Zn to PhCHO in the presence
of stoichiometric amount of titanium tetraisopropoxide
(TIOP) and catalytic amount of trans-1,2-diaminocyclo-
hexane bistriflamide (DCBF) was reported to show high
enantioselectivity.14–18 Takahashi et al. added Et2Zn and
PhCHO into the mixture of DCBF and TIOP,14,15 while
Walsh et al. added TIOP and PhCHO into the mixture of
DCBF and Et2Zn.

16–18 In both cases, enantioselectivity was
extremely high. However, the resulting ee of the product
by the two procedures were different when DCBF was not
enantiomerically pure. Kagan et al. found that asymmetric
amplification was observed when they followed Takahashi
et al.’s procedure, while no non-liner effect in asymmetric
catalysis was observed when they employed Walsh et al.’s
procedure.11 In addition, when they mixed DCBF of small
ee and TIOP in toluene, they found very low ee in the pre-
cipitated DCBF but the solution contained higher ee.19 This
interesting behavior of the reaction motivated us to apply
our analytical techniques to investigate the mechanism of
the asymmetric amplification in the reaction. Since one can-
not simply assume that the results of reaction with PDB as
auxiliary must apply to this reaction as well, such investiga-
tions are important to unambiguously ascertain the nature
of the mechanism that leads to enantiomeric amplification.

MATERIALS AND METHODS
Reagents and Solvents

Toluene was freshly distilled under argon atmosphere
over sodium. Hexane solution of Et2Zn (1.0 M) was pur-
chased from Aldrich Chemical and TIOP was purchased
from Tokyo Chemical Industry, Tokyo. Preparation of
each enantiomer of DCBF was done following Walsh
et al.’s method.16 (1R,2R)- or (1S,2S)-1,2-diaminocyclohex-
ane L-tartaric acid salt purchased from Tokyo Chemical
Industry, Tokyo. was dissolved in 9.0 N aqueous solution
of sodium hydroxide (5.0 mL) to liberate corresponding
free diamine, and it was extracted by diethyl ether (10.0
mL) twice. The solution was dried over magnesium sul-
fate, filtered, and concentrated to obtain (1R,2R)- or
(1S,2S)-1,2-diaminocyclohexane. To a dichloromethane

(30.0 mL) solution of (1R,2R)- or (1S,2S)-1,2-diaminocyclo-
hexane (1.09 g, 9.52 mmol) cooled at 08C was added
triethylamine (7.40 g, 42.8 mmol) and the solution was
stirred for 10 min at 08C. After cooling this mixture to
2408C, trifluoromethyl sulfonyl chloride (3.20 g, 19.0
mmol) was added and the reaction mixture was stirred for
2 h at room temperature. To the resulting solution was
added 1.0 N hydrochloric acid aqueous solution (70.0 mL)
to stop the reaction followed by the addition of sodium hy-
droxide (2.80 g, 70.0 mmol). The mixture was extracted
with diethyl ether twice (40.0 and 70.0 mL) and the extract
was dried over magnesium sulfate, filtered, and concen-
trated. The crude product was recrystallized from 1:1
hexane/chloroform to give white crystal of (1R,2R)- or
(1S,2S)-DCBF.

Reaction Procedures for the Asymmetric Amplification

Following four reaction procedures were employed for
1,2-addition of Et2Zn to PhCHO in the presence of DCBF
and TIOP. In all cases, DCBF (0.240 mmol) was dissolved
in 28.0 mL of dried toluene in a flame-dried Schlenk tube,
and the solution was covered with argon, then following
procedures were carried out.

Procedure 1: DCBF 1 TIOP then Et2Zn then
PhCHO. To DCBF solution was added TIOP (12.0
mmol) and the solution was stirred for 15 min at 608C.
Then the solution was cooled down to 2208C and stirred
for 10 min. To this was added 1.0 M hexane solution of
Et2Zn (12.0 mL, 12.0 mmol), and the solution was stirred
for 15 min at 2208C. To the resulting solution was added
PhCHO (12.0 mmol) to start the reaction.

Procedure 2: DCBF 1 TIOP then PhCHO then
Et2Zn. To the DCBF solution was added TIOP (12.0
mmol) and the solution was stirred for 15 min at 608C.
Then the solution was cooled down to 2208C and stirred
for 10 min. To this was added PhCHO (12.0 mmol), and
the solution was stirred for 15 min at 2208C. To the result-
ing solution,1.0 M hexane solution of Et2Zn (12.0 mL, 12.0
mmol) was added to start the reaction.

Procedure 3: DCBF 1 Et2Zn then TIOP then
PhCHO. To the solution of DCBF 1.0 M hexane solu-
tion of Et2Zn (12.0 mL, 12.0 mmol) was added, and the
mixture was stirred for 15 min at 258C. After cooling it to
2208C, the solution was stirred for 10 min at 2208C. To
this TIOP (12.0 mmol) was added and the solution was
stirred for 15 min at 2208C. To the resulting solution
PhCHO (12.0 mmol) was added to start the reaction.

Procedure 4: DCBF 1 Et2Zn then PhCHO then
TIOP. To the solution of DCBF 1.0 M hexane solution
of Et2Zn (12.0 mL, 12.0 mmol) was added, and the mixture
was stirred for 15 min at 258C. After cooling it to 2208C,
the solution was stirred for 10 min at 2208C. To this was
added PhCHO (12.0 mmol) and the solution was stirred
for 15 min at 2208C. To the resulting solution TIOP (12.0
mmol) was added to start the reaction.

In all of the above procedures, initial concentrations
were 6.00 3 1023 M for DCBF and 3.00 3 1021 M for
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TIOP, PhCHO, and Et2Zn. The temperature at which the
reaction progressed is constant at 2208C. The order of
reagent addition for Procedure 1 and 3 are the same as
Method A and B in Kagan et al’s report.11 Since the ee of
the product of the asymmetric amplification is extremely
sensitive to a small difference in ee of DCBF, DCBF hav-
ing a given ee was prepared at one time and used in each
of the procedures.

Determination of Concentration of Reactant
and Product in the Reaction System

In all cases, reaction was monitored by sampling a small
portion of solution (0.30 mL) from the reaction system
using a micro-syringe at prescribed times. The sample so-

lution was mixed with ethyl acetate (1.5 mL) and saturated
aqueous solution of ammonium chloride (1.5 mL) in a
capped bottle, and PhCHO and 1-phenyl-1-propanol
extracted in the organic layer was analyzed. Quantitative
analysis of PhCHO and 1-phenyl-1-propanol was done by
gas chromatography (Gasukuro Kogyo GC-380). A capil-
lary column (GL Science OV-1 NEUTRABOND-1, 0.25
mm 3 30 m) was used, and the injector, column, and de-
tector temperatures were 300, 90, and 3008C, respectively,
with carrier gas of N2 at 0.90 mL min21. The retention
time of PhCHO and 1-phenyl-1-propanol was 5.2 and 13.5
min, respectively. The ee of 1-phenyl-1-propanol was deter-
mined by high-performance liquid chromatography using
a chiral column (Daicel, Chiralcel OD-H, 0.46 cm 3 25
cm). The eluent was 100:1.2 hexane/2-propanol, and the
flow rate was 0.9 mL/min. The retention times of R- and S-
enantiomers of 1-phenyl-1-propanol were 19.2 and 22.0
min, respectively. The ee used in this article is scale from
0 to 1.

RESULTS AND DISCUSSION

The asymmetric amplification was observed only when
Procedure 1 and 2 were employed as shown in Figure 1.
In both cases, DCBF was mixed with TIOP before the
addition of Et2Zn. The results correspond well with the
results in the report of the Kagan et al.’s.11 Not only Proce-
dure 3 but also Procedure 4 produced no observable asym-
metric amplification. The time evolutions of the concentra-
tion of the product when DCBF having ee of 0.12 was
used are shown in Figure 2a. Reaction proceeded slower
by Procedure 1 and 2 than by Procedure 3 and 4, indicat-
ing that the inactive heterochiral reservoir was scarcely
formed when Procedure 3 and 4 are employed. In the
presence of the reservoir effect, the rate of reaction should
be a function of ee of catalyst and it should decrease with
decreasing ee of the catalyst. As shown in Figure 2b, the

Fig. 1. The relation between the ee of DCBF and the final ee of the
product by four procedures.

Fig. 2. Time evolution of the concentration of the product observed during the reaction. (a) Experiments were performed by four procedures setting
the ee of DCBF at 0.12. (b) Experiments were performed by Procedure 2 and 4 varying the ee of DCBF.
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rate of reaction was not influenced by ee of DCBF when
Procedure 4 was employed, while the reaction proceeded
slower as decreasing the ee of DCBF when Procedure 2
was employed.

From all our experimental observations, we propose the
mechanism for the asymmetric amplification shown in
Figure 3. In this model, both enantiomers of DCBF form
heterochiral oligomeric complex, (S-DCBF)n-(R-DCBF)n,
that does not possess catalytic activity, and the remaining
enantiomerically enriched monomeric DCBF and TIOP
forms complexes, S-DCBF-TIOP and R-DCBF-TIOP, to act
as chiral catalysts for the addition of Et2Zn to PhCHO
when Procedures 1 and 2 were employed. Kagan et al.
reported that almost racemic precipitate was generated
from the toluene and hexane solution of optically active
DCBF.19 The generation of precipitate by mixing DCBF
and TIOP was also observed in our experiments by Proce-
dure 1 and 2. The proposed formation of a reservoir of
inactive complex in the model is thus based on the phe-
nomena observed in the real chemical experiments. This
indicates that the formation of the heterochiral oligomeric
precipitate from the corresponding monomeric species
reduces the free energy. On the other hand, no precipita-
tion was observed when DCBF was mixed with Et2Zn by
Procedure 3 and 4. In these cases, no inactive heterochiral
oligomeric species are formed at the first step, and the
monomeric species, S-DCBF-Et2Zn and R-DCBF-Et2Zn,
react with PhCHO in the presence of TIOP. The formation
of heterochiral reservoir, (S-DCBF)n-(Et2Zn)2n-(R-DCBF)n,
from the corresponding monomeric species, S-DCBF-
Et2Zn and R-DCBF-Et2Zn, thus increases the free energy
of the system.

Although asymmetric amplification was observed by
both Procedure 1 and 2, the final ee of the product by the
two procedures were different. As shown in Figure 1, the
final ee was always higher in Procedure 2 than in Proce-

dure 1. For analyzing a complex behavior of reaction, mon-
itoring the time evolution of ee of the product often gives
us important information. As shown in Figure 4, ee of the
product was constant throughout the reaction when Pro-
cedure 3 and 4 were employed. On the other hand, slight
decrease in ee by Procedure 1 and relatively large de-
crease in ee by Procedure 2 were observed.

There are two stable states in isolated systems: a ther-
modynamically stable state and a kinetically stable state.
If the dissociation of heterochiral reservoir, (S-DCBF)n-
(TIOP)2n-(R-DCBF)n, by its reaction with Et2Zn to form
chiral catalysts, S-DCBF-Et2Zn-TIOP and R-DCBF-Et2Zn-
TIOP, reduces the free energy but has relatively large
energy of activation, the ee of the active catalyst is the
highest at the initial condition and decreases as the disso-
ciation of the heterochiral reservoir proceeds. In Proce-
dure 1, before the onset of the reaction by the addition of
PhCHO into the reaction mixture, Et2Zn was mixed for
15 min. Dissociation of heterochiral reservoir may proceed
during this 15 min to decrease the ee of the catalyst that is
active. On the other hand, the dissociation of heterochiral
reservoir and the reaction starts at the same time when
Procedure 2 was employed. The initial ee of the product is
thus the highest in Procedure 2 and decreases as the reac-
tion proceeded.

In order to verify this assumption, experiments extend-
ing the time before the addition of PhCHO after the addi-
tion of Et2Zn in Procedure 1 were performed. Results by
this modified Procedure 1, i.e., Procedure 10, shown in Fig-
ure 5 are clearly consistent with our assumption. In this
case, experiments were performed by extending the time
before the addition of PhCHO after the addition of Et2Zn
from 15 min to 12 h. The time evolution of ee of the pro-
duct by Procedure 10 was different from that seen in Proce-
dure 1, but was the same as the one seen in Procedure 3.
No asymmetric amplification and variation in ee during

Fig. 3. Mechanism of asymmetric amplification in the reaction cata-
lyzed by DCBF and TIOP. (a) Generation of asymmetric amplification by
Procedure 1 and 2. (b) Disappearance of asymmetric amplification by
Procedure 3 and 4.

Fig. 4. Time evolution of ee of the product observed during the reac-
tion in four different procedures when the ee of DCBF was set at 0.12.
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the reaction was observed by Procedure 10. In this case,
dissociation of heterochiral reservoir by Et2Zn was com-
pleted during 12 h of stirring.

CONCLUSION

The asymmetric amplification introduced in this report
was known to be influenced by the order of reagents addi-
tion.11,19 In our previous report, we have shown that the
PDB catalyzed asymmetric amplification was also influenced
by the order of reagents addition, and clarified the mecha-
nism by monitoring the variation in the product ee during
the reaction and the rate of the reaction.12 In this report, we
have succeeded in probing into the mechanism of the asym-
metric amplification catalyzed by DCBF and TIOP by the
same approach, though the mechanisms of the two asym-
metric amplifications were different from each other. Here,
we again would like to emphasize the importance of system-
atic studies for analyzing the mechanism of asymmetric
amplification, such as monitoring the variation in the pro-
duct ee during the reaction and rate of the reaction.
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1,3-Bis[N-sulfonyl-(1R,2S)-1,3-diphenyl-2-
aminopropanol]benzene: An Excellent Ligand for Titanium-
Catalyzed Asymmetric AlPh3(THF) Additions to Aldehydes

SHENG-HSIANG HSIEH, CHIEN-AN CHEN, DA-WEI CHUANG, MAO-CHIH YANG, HSU-TANG YANG, AND HAN-MOU GAU*

Department of Chemistry, National Chung Hsing University, Taichung 402, Taiwan, Republic of China

ABSTRACT Asymmetric AlPh3 (THF) additions to a wide variety of aldehydes cata-
lyzed by a titanium catalyst of 20 mol % 1,3-bis[N-sulfonyl-(1R,2S)-1,3-diphenyl-2-amino-
propanol]benzene (1) are reported. The catalytic system works excellently for aromatic
aldehydes bearing either an electron-donating or an electron-withdrawing substituent
on the aromatic ring to afford secondary diaryl alcohols in excellent isolated yields of
�95% and excellent enantioselectivities of �94% ee. The phenyl addition to cinnamalde-
hyde or 2-furylaldehyde gave corresponding secondary alcohols in 85% and 95% ee,
respectively. For aliphatic aldehydes, increasing enantioselectivities of the addition
products in terms of increasing steric sizes of aldehydes are observed, and this trend
goes from the linear 1-pentanal (87% ee), the secondary cyclohexylaldehyde (95% ee) or
the 2-methylpropanal (97% ee), to the tertiary 2,2-dimethylpropanal (99% ee). Chirality
20:924–929, 2008. VVC 2008 Wiley-Liss, Inc.

KEY WORDS: asymmetric catalysis; phenyl addition; N-sulfonylated amino alcohol;
triphenyl(tetrahydrofuran)aluminum; titanium tetraisopropoxide

INTRODUCTION

Organozinc compounds have been widely used as
reagents in asymmetric C��C bond formation reactions,
and numerous catalytic systems have been developed to
induce excellent stereoselectivities.1,2 In recent years, syn-
theses of enantiomerically pure diarylmethanols3,4 have
attracted considerable attentions because of great values
of diarylmethanols leading to bioactive compounds.5–9 The
catalytic synthesis of chiral diarylmethanols can be
achieved by asymmetric reductions of ketones employing
a catecholborane reagent,10 asymmetric hydrogenations of
ketones,11 or asymmetric aryl additions to aldehydes. The
first asymmetric phenyl addition reaction was reported by
Seebach and coworkers, employing the titanium catalyst
of TADDOLate ligand and the highly reactive PhTi(O-i-
Pr)3 reagent.

12 After the work of direct ZnPh2 additions by
Fu et al.,13 various zinc catalytic systems employing
ZnPh2,

14–17 phenylzinc reagents18–21 from reactions of
dialkylzinc compounds and ZnPh2, or arylzinc com-
pounds9,22–26 have been reported to afford diarylmethanols
in high enantioselectivities. Though arylzinc reagents are
not available commercially, they can be prepared in situ
from reactions of excess ZnEt2 with arylboronic acid at ele-
vated temperatures for 12 h22 or from reactions of aryl-
lithiums with ZnCl2 and n-butyllithium.26 In addition to the
aforementioned addition reagents, a few examples of
direct asymmetric additions of arylboronic reagents to
aldehydes catalyzed by nickel27 or rhodium28,29 catalytic
systems have also been established. Recently, we discov-
ered that triarylaluminum(tetrahydrofuran) compounds,
AlAr3(THF), are efficient reagents in asymmetric aryl addi-

tions to aldehydes30 or ketones.31 Furthermore, the
AlAr3(THF) compounds are also effective coupling
reagents with aryl bromides or chlorides catalyzed by the
economic Pd(OAc)2/PCy3 catalyst under relative mild
reaction conditions.32 Organoaluminum compounds are
more reactive than organozinc or organoboron reagents
and have been applied to diversified organic syntheses33–41

and to asymmetric catalytic reactions.42–46

To continue our effort to develop amino alcohol
ligands47–50 for asymmetric catalytic reactions and also to
demonstrate the application of AlAr3(THF) compounds,
we herein report asymmetric AlPh3(THF) additions to a
variety of aldehydes catalyzed by an in situ formed titani-
um(IV) catalyst of 1,3-bis[N-sulfonyl-(1R,2S)-1,3-diphenyl-
2-aminopropanol]benzene (1). Compound 1 has been
reported to be an excellent ligand in titanium-catalyzed
ZnEt2 additions to aldehydes.51 In this study, AlPh3(THF)
additions to diversified aldehydes, such as aromatic, a,b-
unsaturated, furyl, and aliphatic aldehydes, catalyzed by
20 mol % titanium(IV) catalyst of ligand 1 at 08C afford dia-
rylmethanols and other secondary alcohols in excellent
enantioselectivities up to 99% ee.
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Experimental Section

1,3-Bis[N-sulfonyl-(1R,2S)-1,3-diphenyl-2-aminopropanol]
benzene (1)51,52 and AlPh3(THF)30 were prepared accord-
ing to literature procedures. Ti(O-i-Pr)4 was freshly dis-
tilled prior to use. Aldehydes were purified by distillation
or recrystallization from appropriate solvents. THF was
dried by refluxing for at least 24 h over sodium/benzophe-
none and freshly distilled prior to use. All syntheses and
manipulations were carried out under a dry nitrogen
atmosphere. 1H NMR spectra at 400 MHz and 13C NMR
spectra at 100.70 MHz were recorded on a 400 MHz NMR
spectrometer. 1H and 13C chemical shifts were measured
relative to tetramethylsilane at 0.0 ppm as an internal refer-
ence. Enantiomeric excesses of secondary alcohol prod-
ucts were measured on HPLC systems using appropriate
chiral columns.

General Procedure for the Addition of
AlPh3(THF) to Aldehydes

A solution of 1 (65.6 mg, 0.100 mmol) and Ti(O-i-Pr)4
(0.345 ml, 1.15 mmol) in 2 ml THF was stirred for 1 h
under a nitrogen atmosphere at room temperature. The
solution was cooled to 08C and AlPh3(THF) (0.462 g,
1.40 mmol) in 3 ml THF was added. The mixture was
stirred at 08C for 0.5 h followed by an addition of an alde-
hyde (0.50 mmol). The solution was stirred at 08C for 3 h
and quenched by an addition of 1 M HCl (2 ml). The aque-
ous layer was extracted with AcOEt (2 3 20 ml). The com-

bined organic phase was washed with brine and dried
with anhydrous MgSO4. After filtration, the volatile mate-
rial was removed under reduced pressures to afford crude
products which were purified by column chromatography
(silica gel; eluent: hexane/AcOEt 5 4/1) to give second-
ary alcohols. The enantiomeric excesses of products were
determined by HPLC analysis.

RESULTS AND DISCUSSION

Chiral ligand 1 was prepared in high yield according to
procedures of our previous work,51 and in that study, the
titanium catalyst of ligand 1 catalyzed asymmetric ZnEt2
additions to aldehydes affording secondary alcohols in
excellent stereoselectivities. In this study, asymmetric phe-
nyl additions of AlPh3(THF) to aldehydes employing in
situ formed titanium catalytic systems of the same ligand
1 were examined (eq. 1) and results are summarized in
Table 1. Under a reaction condition of 10 mol % 1, 0.95
equiv Ti(O-i-Pr)4, 1.2 equiv AlPh3(THF) in THF, and a
reaction time of 12 h at 08C, the phenyl addition afforded
the desired diarylmethanol in 100% yield and 75% ee (entry
1). When AlPh3(THF) was keeping at 1.2 equiv but tuning
Ti(O-i-Pr)4 to 1.15 and 1.35 equiv (entries 2 and 3), the
reactions furnished the product in quantitative yields and
enantioselectivities of 77% and 66% ee, respectively. The
reactions were then examined on reaction conditions of
keeping Ti(O-i-Pr)4 at 1.15 equiv while tuning AlPh3(THF)
to 1.1, 1.3, 1.4, and 1.5 equiv (entries 4–7). It was found
that the catalytic reaction employing 1.4 equiv AlPh3(THF)
gave the product in the best 88% ee (entry 6). To further
improve the enantioselectivity, the reaction was conducted
under a reaction condition of doubling ligand loading to
20 mol % 1, Ti(O-i-Pr)4 to 2.3 equiv, and AlPh3(THF) to
2.8 equiv, affording the product in a quantitative yield and
an excellent 95% ee (entry 8). It had been established that
the arylaluminum compounds are highly efficient
reagents. Thus catalytic reactions at shorter reaction times
were then examined, and in reaction times of 6 and 3 h,
yields of the addition product remained 100% based on the

TABLE 1. Optimizations of asymmetric AlPh3(THF) additions to 4-methoxybenzaldehyde catalyzed by in situ
formed titanium catalysts of 1a

Entry 1 (mol %) Ti(O-i-Pr)4 (equiv) AlPh3(THF) (equiv) Time (h) Yieldb (%) eec (%)

1 10 0.95 1.2 12 100 75
2 10 1.15 1.2 12 100 77
3 10 1.35 1.2 12 100 66
4 10 1.15 1.1 12 97 75
5 10 1.15 1.3 12 98 81
6 10 1.15 1.4 12 100 88
7 10 1.15 1.5 12 100 81
8 20 2.3 2.8 12 100 95
9 20 2.3 2.8 6 100 95
10 20 2.3 2.8 3 100 95
11 20 2.3 2.8 1.5 90 90

a4-Methoxybenzaldehyde 5 0.50 mmol; THF, 5.0 ml.
bYields were determined by 1H NMR.
cee values were determined by HPLC analysis of the alcohol using a Chiralcel OJ column from Daicel.
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TABLE 2. Asymmetric AlPh3(THF) addition to aldehydes catalyzed by the best performing titanium catalyst of 1a

Entry Aldehyde Yieldb (%) eec (%)

1 95 96 (R)

2 98 95 (R)

3 97 94 (R)

4 97 98 (R)

5 97 98 (R)

6 95 95 (R)

7 97 97 (R)

8 96 96 (R)

9 97 96 (R)

10 97 95 (R)

11 96 95 (R)
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1H NMR spectra and enantioselectivities are the same 95%
ee (entries 9–10). If the reaction time was further reduced
to 1.5 h, the product in a lower 90% yield and a lower enan-
tioselectivity of 90% ee was obtained (entry 11). This study
demonstrates that the system of 20 mol % 1, 2.3 equiv Ti(O-
i-Pr)4, and 2.8 equiv AlPh3(THF) in THF is the best perform-
ing catalyst in asymmetric AlPh3(THF) addition to the 4-
methoxybenzaldehyde. In titanium-catalyzed asymmetric
dialkylzinc additions to aldehydes, additions through alkylti-
tanium compounds were suggested.53 Since the same tita-
nium catalyst of 1 catalyzes diethylzinc and triphenylalumi-
num additions to afford corresponding secondary alcohols
in excellent enantioselectivities, the AlPh3(THF) addition
reactions are proposed to proceed through addition of the
phenyltitanium compound to aldehydes.30

To demonstrate generalities of AlPh3(THF) additions to
aldehydes, asymmetric phenyl additions to a wide variety

of aldehydes, including aromatic aldehydes with an elec-
tron-donating or an electron-withdrawing substituent at 2-,
3-, or 4-position on the aromatic ring, were investigated. In
addition, phenyl additions to an a,b-unsaturated cinnamal-
dehyde, 2-furylaldehyde and aliphatic aldehydes were also
studied. Under the best performing catalytic reaction con-
dition (eq. 2), results of asymmetric phenyl additions are
listed in Table 2. Asymmetric phenyl additions to aromatic
aldehydes bearing an electron-donating group such as a
methoxy or a methyl substituent furnished diarylmetha-
nols in high isolated yields from 95% to 98% with excellent
enantioselectivities of 94% to 98% ee (entries 1–5). This cat-
alyst shows no steric effect in terms of the substituted
position at the aromatic ring. For examples, phenyl addi-
tions to 2- and 4-methoxybenzaldehydes afforded diaryl-
methanols in similar enantioselectivities of 96% and 95% ee
(entries 1–2). Similarly, phenyl additions to 2-, 3-, and 4-
methylbenzaldehydes gave corresponding diarylmetha-
nols in comparable enantioselectivities of 94%–98% ee
(entries 3–5). For aromatic aldehydes bearing a weak elec-
tron-withdrawing Cl substituent (entries 6–8) or a strong

TABLE 2. Continued

Entry Aldehyde Yieldb (%) eec (%)

12 97 96 (R)

13 93 85 (S)

14 97 95 (R)

15 90 87 (S)

16 90 97 (S)

17 95 99 (S)

18 85 95 (S)

aAldehyde/1/AlPh3(THF)/Ti(O-i-Pr)4 5 0.50/0.10/1.15/1.4 mmol; THF, 5.0 ml; reaction temperature, 08C; reaction time, 3 h.
bIsolated yield.
cee values were determined by HPLC analysis using chiral columns from Daicel.
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electron-withdrawing 4-CF3 group (entries 9), the catalytic
reactions also gave corresponding products in high yields
and excellent enantioselectivities of 95% to 97% ee, respec-
tively. The phenyl addition to the more steric hindered 2-
bromobenzaldehyde afforded the chiral diarylmethanol in
97% yield and 95% ee (entry 10). Phenyl additions to 1-,
and 2-naphthylaldehydes were also investigated and prod-
ucts in excellent 95% and 96% ee (entries 11 and 12) were
obtained. In addition to substrates of aromatic aldehydes,
the phenyl addition to the a,b-unsaturated trans-(E)-cinna-
maldehyde was studied to furnish the secondary alcohol
in 93% yield but in a lower enantioselectivity of 85% ee
(entry 13). In contrast, the phenyl addition to the heterocy-
clic 2-furylaldehyde gave the addition product in an excel-
lent 97% yield and 95% ee (entry 14). Finally, phenyl addi-
tions to aliphatic aldehydes were examined and it was
found that enantioselectivities of resulted chiral secondary
alcohols increase with increasing steric bulk of aliphatic
groups from n-butyl (87% ee, entry 15), i-propyl (97% ee,
entry 16), to t-butyl (99% ee, entry 17). For cyclohexylalde-
hyde, the chiral alcohol was obtained in 95% ee (entry 18).

CONCLUSION

In summary, this study demonstrates the second tita-
nium catalytic system employing AlPh3(THF) as the addi-
tion reagent to aldehydes in addition to our previously
reported Ti-H8-BINOLate system. The titanium catalyst of
1 is still efficient in asymmmetric phenyl additions to alde-
hydes in a reaction time of only 3 h compared with longer
reaction times required for catalytic systems using addi-
tion reagents other than the AlAr3(THF) compounds. In
this study, the catalytic system works excellently for both
aromatic and aliphatic aldehydes to afford chiral secondary
alcohols with enantioselectivities of �94% ee except sub-
strates of n-butanal (87% ee) and trans-(E)-cinnamaldehyde
(85% ee). The catalyst applies equally well to aromatic
aldehydes with an electron-donating substituent or an elec-
tron-withdrawing substituent on the aromatic ring. Fur-
thermore, the catalyst gave comparable enantioselectiv-
ities for additions to aromatic aldehydes with a substituent
at 2-, 3-, or 4-position on the ring. Based on the fact that
the same titanium systems30,42,51 catalyze both ZnR2 and
AlAr3(THF) additions to aldehydes to afford products in
excellent stereocontrol, it is strongly suggested that aryla-
luminum compounds would be efficient aryl addition
reagents to organic carbonyls employing the same tita-
nium catalysts used for dialkylzinc addition reactions. Fur-
ther mechanistic study employing arylaluminum reagents
is underway and will be published in the future.
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21. Bastero A, Font D, Pericàs MA. Assessing the suitability of 1,2,3-tria-
zole linkers for covalent immobilization of chiral ligands: application
to enantioselective phenylation of aldehydes. J Org Chem 2007;72:
2460–2468.

22. Bolm C, Rudolph J. Catalyzed asymmetric aryl transfer reactions to
aldehydes with boronic acids as aryl source. J Am Chem Soc 2002;
124:14850–14851.

23. Braga AL, Lüdtke DS, Vargas F, Paixão MW. Catalytic enantioselec-
tive arylation of aldehydes: boronic acids as a suitable source of trans-
ferable aryl groups. Chem Commun 2005;2512–2514.

24. Dahmen S, Lormann M. Triarylborane ammonia complexes as ideal
precursors for arylzinc reagents in asymmetric catalysis. Org Lett
2005;7:4597–4600.

25. Lu G, Kwong FY, Ruan JW, Li YM, Chan ASC. Highly enantioselective
addition of in situ prepared arylzinc to aldehydes catalyzed by a series

928 HSIEH ET AL.

Chirality DOI 10.1002/chir



of atropisomeric binaphthyl-derived amino alcohols. Chem Eur J
2006;12:4115–4120.

26. Kim JG, Walsh PJ. From aryl bromides to enantioenriched benzylic
alcohols in a single flask: catalytic asymmetric arylation of aldehydes.
Angew Chem Int Ed 2006;45:4175–4178.

27. Arao T, Kondo K, Aoyama T. Asymmetric Ni-catalyzed arylation of ar-
omatic aldehydes with arylboroxines. Tetrahedron 2007;63:5261–5264.

28. Sakai M, Ueda M, Miyaura N. Rhodium-catalyzed addition of organo-
boronic acids to aldehydes. Angew Chem Int Ed 1998;37:3279–3281.

29. Jagt RBC, Toullec PY, Schudde EP, de Vries JG, Feringa BL, Minnaard
AJ. Synthesis of solution-phase phosphoramidite and phosphite ligand
libraries and their in situ screening in the rhodium-catalyzed asymmet-
ric addition of arylboronic acids. J Comb Chem 2007;9:407–414.

30. Wu KH, Gau HM. Remarkably efficient enantioselective titanium(IV)-
(R)-H8-BINOLate catalyst for arylations to aldehydes by triaryl(tetra-
hydrofuran)aluminum reagents. J Am Chem Soc 2006;128:14808–
14809.

31. Chen CA, Wu KH, Gau HM. Highly enantioselective aryl additions of
[AlAr3(thf)] to ketones catalyzed by a titanium(IV) catalyst of (S)-
Binol. Angew Chem Int Ed 2007;46:5373–5376.

32. Ku SL, Hui XP, Chen CA, Kuo YY, Gau HM. AlAr3(THF): highly effi-
cient reagents for cross-couplings with aryl bromides and chlorides
catalyzed by the economic palladium complex of PCy3. Chem Com-
mun 2007;3847–3849.

33. Negishi EI, Kondakov DY. An odyssey from stoichiometric carbotita-
nation of alkynes to zirconium-catalysed enantioselective carboalumi-
nation of alkenes. Chem Soc Rev 1996;25:417–426.

34. Uchiyama M, Naka H, Matsumoto Y, Ohwada T. Regio- and chemose-
lective direct generation of functionalized aromatic aluminum com-
pounds using aluminum ate base. J Am Chem 126:10526–10527, Soc
2004.

35. Ooi T, Takahashi M, Maruoka K. Rate acceleration in nucleophilic al-
kylation of carbonyl compounds with a new template containing two
metallic centers. Angew Chem Int Ed 1998;37:835–837.

36. Ishikawa T, Ogawa A, Hirao T. A novel oxovanadium(V)-induced oxi-
dation of organoaluminum compounds. Highly selective coupling of
organic substituents on aluminum. J Am Chem 120:5124–5125, Soc
1998.

37. Spino C, Beaulieu C. A novel method to generate chiral quaternary
carbon centers of high enantiomeric purity using a highly stereoselec-
tive addition of vinylalanes to a chiral aldehyde. Angew Chem Int Ed
2000;39:1930–1932.

38. Rainier JD, Cox JM. Aluminum- and boron-mediated C-glycoside syn-
thesis from 1,2-anhydroglycosides. Org Lett 2000;2:2707–2709.

39. Haraguchi K, Kubota Y, Tanaka H. Ring opening of nucleoside 10,20 -
epoxides with organoaluminum reagents: stereoselective entry to ribo-
nucleosides branched at the anomeric position. J Org Chem 2004;69:
1831–1836.

40. Wang B, Bonin M, Micouin L. Palladium-catalyzed cross-coupling of
aryl electrophiles with dimethylalkynylaluminum reagents. Org Lett
2004;6:3481–3484.

41. Kojima K, Kimura M, Tamaru Y. Nickel-catalyzed four-component
connection of oraganoaluminium (organozinc), isoprene, aldehydes
and amines: stereo- and regioselective synthesis of trisubstituted (E)-
homoallylamines. Chem Commun 2005;4717–4719.

42. Chan ASC, Zhang FY, Yip CW. Novel asymmetric alkylation of aro-
matic aldehydes with triethylaluminum catalyzed by titanium (1,10 -bi-
2-naphthol) and titanium�(5,50,6,60,7,70,8,80-octahydro-1,10 -bi-2-naphthol)
complexes. J Am Chem Soc 1997;119:4080–4081.

43. Pagenkopf BL, Carreira EM. Titanium fluoride complexes as catalysts
for the enantioselective addition of Me3Al to aldehydes. Tetrahedron
Lett 1998;39:9593–9596.

44. Kwak YS, Corey EJ. Catalytic enantioselective conjugate addition of
trimethylsilylacetylene to 2-cyclohexen-1-one. Org Lett 2004;6:3385–
3388.

45. Biswas K, Prieto O, Goldsmith PJ, Woodward S. Remarkably stable
(Me3Al)2�DABCO and stereoselective nickel-catalyzed AlR3 (R5Me,
Et) additions to aldehydes. Angew Chem Int Ed 2005;44:2232–2234.

46. d’Augustin M, Palais L, Alexakis A. Enantioselective copper-catalyzed
conjugate addition to trisubstituted cyclohexenones: construction of
stereogenic quaternary centers. Angew Chem Int Ed 2005;44:1376–
1378.

47. Hui XP, Chen CA, Gau HM. Synthesis of new N-sulfonylated amino
alcohols and application to the enantioselective addition of diethylzinc
to aldehydes. Chirality 2005;17:51–56.

48. Hsieh SH, Gau HM. Asymmetric alkynyl additions to aldehydes cata-
lyzed by tunable oxovanadium(V) complexes of Schiff bases of b-
amino alcohols. Synlett 2006;1871–1874.

49. Hui XP, Chen CA, Wu KH, Gau HM. Polystyrene-supported N-sulfony-
lated amino alcohols and their applications to titanium(IV) complexes
catalyzed enantioselective diethylzinc additions to aldehydes. Chirality
2007;19:10–15.

50. Hsieh SH, Kuo YP, Gau HM. Synthesis, characterization, and struc-
tures of oxovanadium(V) complexes of Schiff bases of b-amino alco-
hols as tunable catalysts for the asymmetric oxidation of organic sul-
fides and asymmetric alkynylation of aldehydes. Dalton Trans 2007;
97–106.

51. Hsieh SH, Gau HM. Enantioselective addition of diethylzinc to alde-
hydes catalyzed by titanium(IV) complexes of N-sulfonylated b-amino
alcohols with four stereogenic centers. Chirality 2006;18:569–574.

52. Reetz MT, Drewes MW, Schmitz A. Stereoselective synthesis of b-
amino alcohols from optically active a-amino acids. Angew Chem Int
Ed 1987;26:1141–1143.

53. Balsells J, Davis TJ, Carroll P, Walsh PJ. Insight into the mechanism
of the asymmetric addition of alkyl groups to aldehydes catalyzed by
titanium-BINOLate species. J Am Chem Soc 2002;124:10336–10348.

929TITANIUM-CATALYZED ASYMMETRIC AlPh3(THF) ADDITIONS

Chirality DOI 10.1002/chir


	Chirality 2008 20(8) 871-877.pdf
	Chirality 2008 20(8) 878-884.pdf
	Chirality 2008 20(8) 885-895.pdf
	Chirality 2008 20(8) 896-899.pdf
	Chirality 2008 20(8) 900-909.pdf
	Chirality 2008 20(8) 910-918.pdf
	Chirality 2008 20(8) 919-923.pdf
	Chirality 2008 20(8) 924-929.pdf

