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ABSTRACT

The small column size (0.3 mm i.d. X 15 cm) used in microscale HPLC

contains only a small fraction (<1%) of the chromatographic packing material of a typical
analytical HPLC column. Consequently, chromatographic stationary phases that are pro-
hibitively expensive in conventional HPLC, owing either to synthetic complexity or
costly starting materials, may become commercially viable in the microscale format. To
illustrate this point, a previously described, synthetically complex, crown ether chiral
stationary phase was prepared and evaluated in the microscale format, showing excel-
lent separation of the enantiomers of underivatized amine analytes. Chirality 20:815-

819, 2008. © 2008 Wiley-Liss, Inc.
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INTRODUCTION

The acceptable selling price for an analytical HPLC col-
umn places limits on the production costs of any potential
new product offering in this area. The cost of the chro-
matographic stationary phase generally dominates HPLC
column production costs, owing to the large amount of
specialized organic selector needed for preparation of the
stationary phase (as much as 1 g for a typical 4.6 mm i.d.
X 25 cm analytical HPLC column).'™® As a result of these
limitations, HPLC stationary phases are typically prepared
from relatively inexpensive starting materials using only
a few synthetic steps. Seeming exceptions to this rule,
e.g. the Chirobitoic R chiral stationary phase (CSP)*° pre-
pared from the relatively expensive antibiotic, ristocetin
(~$1,600/g), and the Whelko CSP%® prepared in 10 syn-
thetic steps from relatively inexpensive starting materials,
serve to emphasize the point—the commercial viability of
both of these products only being possible following sub-
stantial efforts at process improvement. Not surprisingly,
stationary phases with even greater raw material costs or
synthetic complexity are often so expensive as to prohibit
commercialization, and consequently may remain little
more than laboratory curiosities. This situation is espe-
cially regrettable owing to the fact that in recent years it
has become clear that increased selectivity and perform-
ance can often be obtained by introducing significant com-
plexity into stationary phase design.’'? Clearly, the intro-
duction of complexity into stationary phase design does
not by itself assure improved performance, but greater se-
lectivity can often be afforded when the available palette of
design choices is expanded to include costly starting mate-
rials and multistep chemical synthesis. In this article we
explore the advantages and implications of using microcol-
umn HPLC, which requires less than 0.5% of the stationary
© 2008 Wiley-Liss, Inc.

phase of a conventional analytical HPLC column. This
greatly reduced stationary phase requirement can poten-
tially make HPLC columns based on more complex and
costly stationary phases commercially viable. We illustrate
this point with the preparation and evaluation of microcol-
umns (300 p i.d.) containing a previously described syn-
thetically complex crown ether CSP, and discuss the
potential generality and benefits of this approach.

EXPERIMENTAL SECTION

Acetonitrile, sulfuric acid, and ammonium acetate were
purchased from Sigma-Aldrich (Milwaukee, WI). Analytes
were available from previous studies. Chromatographic
studies were carried out Express 100 microflow HPLC
instrument (Eksigent Technologies, Dublin, CA). CSP 1
(see Fig. 1) was prepared using a previously described
method.™® Column packing was carried out using a home-
built device with a pneumatic amplifier pump (Haskel,
Burbank, CA). Slurries were made by mixing particles
(25-30 mg) into 0.5 ml methanol, which was then trans-
ferred to the packing reservoir. Nitrogen from a com-
pressed cylinder was used to drive the particle slurry into
the capillary column with methanol. The pressure was
increased quickly to 10,000 psi to maintain a constant
packing rate for around 60 min. The column was then left
to depressurize to ambient in 45 min. The columns were
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Fig. 1. Crown ether chiral stationary phases for chromatographic separation of amine enantiomers.

conditioned for 10-20 min using the working mobile phase
before use.

RESULTS AND DISCUSSION

Although microscale HPLC has been known for nearly
as long as HPLC itself, '*1° the technique has largely been
overshadowed by conventional HPLC using 4.6 mm i.d.
columns. We have recently become involved in the use of
multiparallel microflow HPLC, primarily as a consequence
of trying to fit eight independent HPLC devices within a
laboratory instrument of a reasonable size for the purpose
of high-throughput analysis'®!” or multiparallel method
development.’® With increased usage in the past few
years, we have become very impressed with the substan-
tial solvent savings and outstanding performance that can
be realized with this equipment and with microflow HPLC
in general.'®?° We now describe an additional significant
advantage of the technique—the ability to prepare a col-
umn using only a small fraction (~1% or less) of the sta-
tionary phase required in conventional HPLC, and the flex-
ibility that this affords in the utilization of stationary
phases that would be otherwise too expensive to produce
commercially.

The advantage of reduced stationary phase requirement
for microcolumn HPLC has been noted in the past.’> How-
ever, having been involved in the difficult process of com-
mercializing new chromatographic stationary phases, and
having seen a number of excellent HPLC phases fail
because of unacceptably high stationary phase costs, we
felt that a communication emphasizing this economic
advantage of microflow HPLC stationary phase require-
ments would be warranted.

To illustrate this principle we chose CSP 1, a previously
described,'® synthetically complex crown ether CSP (see
Fig. 1). The separation of the enantiomers of primary
amines using crown ether CSPs has a long and rich his-
tory. Cram and coworkers developed the first crown ether
CSP (CSP 2, Fig. 1) in the 1970s as an illustration of the
principles of molecular design and preorganization to
effect chiral recognition.?! Given the synthetic complexity
of this stationary phase, commercialization was never con-
sidered practical, although the performance of the CSP
was quite good, even by today’s standards. Later, a similar
stationary phase was commercialized by Chiral Technolo-
gies, Inc, as the Crownpak™ CSP (CSP 3, Fig. 1).22%
This stationary phase possesses the flanking phenyl sub-
stituents on the naphthyl rings shown by Cram to enhance
Chirality DOI 10.1002/chir

enantioselectivity, however, the selector possesses no
point of attachment, but is instead coated onto the chro-
matographic support to afford the CSP. Consequently, the
selector can be washed from the column by strong organic
solvents such as THF and dichloromethane, a significant
disadvantage.

The synthetic challenge of creating a covalent analog of
the Crownpack CSP is considerable, with introduction of a
tether on either the crown ether or the binaphthyl system
breaking the symmetry of the molecule and leading to sig-
nificant synthetic complexity. When we became aware of
the elegant approach for the modular synthesis of highly
functionalized enantioenriched 3,3'-disubstituted 1,1’-
binaphthol derivatives by Lipshutz et al.,* we recognized
the opportunity for a collaborative preparation of a teth-
ered crown ether CSP."® Preliminary evaluations of the
resulting CSP showed outstanding performance, far sur-
passing any other crown ether CSP on the market. How-
ever, at 20 synthetic steps (15 steps in the longest linear
sequence), the CSP was clearly too expensive for commer-
cialization (see Fig. 2).

With our recent interest in microscale HPLC, we set out
to investigate the performance of CSP 1 in microscale
HPLC format. CSP 1 was prepared from intermediate 13 as
previously described,'® and was packed into 0.3 mm X
150 mm columns for evaluation. The stationary phase thus
obtained was evaluated using microflow HPLC, with the
objective of determining if this CSP could possibly be useful
in carrying out high-throughput analysis in support of high-
throughput pharmaceutical process research investigations.

Initial evaluations reproduced the previously reported
performance of the column for a number of primary amine
racemates, as illustrated in Figure 3. The previously
reported preferred eluent of 15:85 10 mM H,SO4 (aq) and
1 mM CH3;COONH, (aq)/acetonitrile was used at a flow
rate of 2 pl/min, which corresponds to the 0.5 ml/min
used with the conventional 4.6 mm i.d. columns. The sepa-
rations were found to be generally comparable with our
previous work in this area, demonstrating the feasibility of
carrying out microcolumn separations with this CSP.
Some of the peak shapes appear a little unusual, with front-
ing being observed with some peaks, and tailing with
others. Some interesting effects of injection solvent on
peak shape were observed, with the best results being
seen when injection solvent closely matched eluent com-
position. While we were pleased with the quality of these
enantioseparations, the observed analysis times of 30-40
min are much longer than what is generally preferred for
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Fig. 2. Synthetic procedure used in the preparation of CSP 1. At 20 synthetic steps (15 steps in the longest linear sequence), the preparation of this

CSP was too expensive for commercialization.

fast chromatography to support high-throughput analysis,
leading us to investigate the potential for speeding up
enantioseparations on CSP 1.

We were initially somewhat skeptical about the possibil-
ity of carrying out separations with CSP 1 at faster flow
rates. Chiral HPLC with crown ether CSPs has historically
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Fig. 3. Initial evaluation of separation of enantiomers of various amine racemates using microscale HPLC containing CSP 1. Conditions: Column,
150 mm X 0.3 mm CSP 1; Mobile phase, 15:85 10 mM H,SO,4 (aq) and 1 mM CH3COONH, (aq)/Acetonitrile; Flow, 2 pl/min; Temperature, ambient;

Detection, UV at 215 nm.

Chirality DOI 10.1002/chir



818

600 NH.

500 a) “0
400 O Q 2uL / min 0
300 200
200 100
100 o

WELCH ET AL.

b) 400 C) 300 d)

4ul /min 300 12uL / min

8ul / min 200
100

) 0

%o 10 20 30 0
Time (min)

Time (rmn)1 ° 1 Time (min) Time (min)

Fig. 4. Influence of flow rate on the separation of enantiomers on CSP 1 (15:85 10 mM H,SO, (aq) and 1 mM CH3COONH, (aq)/Acetonitrile).

been characterized by poor peak shapes, with chromatog-
raphy often being carried out at slower flow rates or
higher temperatures to counteract poor mass transfer
characteristics. Interestingly, investigation of the influence
of flow rate showed that the excellent resolution observed
at 2 ul/min (Fig. 4a) could be maintained even at an ele-
vated flow rate of 12 pl/min (Fig. 4d), which corresponds
to 3 ml/min on a conventional 4.6 mm i.d. column. This
sixfold improvement in analysis speed to afford baseline
separation of underivatized amine enantiomers in fewer
than 5 min will be a valuable tool for high-throughput anal-
ysis studies.

Similarly, the influence of modifier concentration was
investigated to determine optimal conditions for fast base-
line separation of enantiomers. Interestingly, both reten-
tion and enantioseparation were found to be only weakly
dependant on water content of the eluent. Optimal fast
chromatography could generally be developed for a variety
of compounds using a simple eluent of 100% acetonitrile
containing 10 mM sulfuric acid and 1 mM ammonium ace-
tate (see Fig. 5). The fast chromatography and attractive
peak-shapes obtained with this standard approach clearly
illustrate the broad utility of CSP 1 for providing fast reso-
lution of enantiomers of chiral primary amines. For many
of these separations, further improvements in analysis

speed can be obtained either by increasing flow rate or by
shortening the length of the column.

With the proven ability of CSP 1 to resolve the enan-
tiomers of underivatized amines, we next turned to the
analysis of underivatized amino acids, this compound class
being the prototypical analytes studied by Cram and other
groups involved in research in this area. As shown in Fig-
ure 6, the selectivity afforded by CSP 1 for the resolution
of the enantiomers of these analytes is outstanding, with
separation factors ranging from 3.7 (tryptophan) to 4.5
(phenylalanine). These results compare favorably with pre-
vious approaches for resolving the enantiomers of underiv-
atized amino acids using crown ether stationary phases,
ligand exchange CSPs, or CSPs derived from macrocyclic
antibiotics.

While crown ether CSPs are well known to resolve the
enantiomers of analytes containing primary amine func-
tionality, we were curious to investigate the ability of CSP
1 to resolve the enantiomers of other types of compounds.
Accordingly, several dozen racemates representing a vari-
ety of structural classes were evaluated. Interestingly, only
those analytes containing underivatized primary amines
were found to be well resolved, suggesting that the practi-
cal utility of CSP 1 may indeed be limited to amine-contain-
ing analytes.
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Fig. 5. Separation of the enantiomers of primary amine analytes on CSP 1. Conditions: Column, 150 mm X 0.3 mm CSP 1; Mobile phase, 100% Aceto-
nitrile with 10 mM H,SO,4 and 1 mM CH3COONH,; Flow, 8 pl/min; Temperature, ambient; Detection, UV at 215 nm.
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CONCLUSION

In summary, the present evaluation demonstrates the
utility of CSP 1 for providing rapid separation of the enan-
tiomers of primary amines and amino acids. Furthermore,
the study illustrates how by adopting the microcolumn
HPLC format, a practically useful HPLC column can be
created using only a small fraction of the material required
for a conventional column, thereby potentially making a
synthetically complex CSP commercially viable.

LITERATURE CITED

. Welch CJ. The evolution of chiral stationary phase design in the Pirkle
laboratories. ] Chromatogr 1994;666:3-26.

. Okamoto Y, Yashima E, Yamamoto C. Optically active polymers with
chiral recognition ability. Top Stereochem 2003;24:157-208.

. Xiao TL, Armstrong DW. Enantiomeric separations by HPLC using
macrocyclic glycopeptide-based chiral stationary phases: an overview.
Methods Mol Biol 2003;243 (Chiral Separations):113-171.

. Ekborg-Ott K, Liu Y, Armstrong DW. Highly enantioselective HPLC
separations using the covalently bonded macrocyclic antibiotic, risto-
cetin A, chiral stationary phase. Chirality 1998;10:434-483.

. www.sigmaaldrich.com.

. Pirkle WH, Welch CJ, Lamm B. Design, synthesis, and evaluation of
an improved enantioselective naproxen selector. J Org Chem
1992;57:3854-3860.

. Pirkle WH, Welch CJ. An improved chiral stationary phase for the
chromatographic separation of underivatized naproxen enantiomers. J
Liq Chromatogr 1992;15:1947-1955.

. www.registech.com.

. Welch CJ, Protopopova MN, Bhat GA. Microscale synthesis and

screening of combinatorial libraries of new chromatographic station-

ary phases. In: Blitz J, Little CB, editors. Fundamental and applied
aspects of chemically modified surfaces. Cambridge: Royal Society of

Chemistry; 1999. p 129-138.

Li T. Peptide and peptidomimetic chiral selectors in liquid chromatog-

raphy. J Sep Sci 2005;28:1927-1931.

Lammerhofer M, Franco P, Lindner W. Quinine carbamate chiral sta-

tionary phases: systematic optimization of steric selector-select and

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

binding increments and enantioselectivity by quantitative struc-
ture-enantioselectivity relationship studies. J Sep Sci 2006;29:
1486-1496.

Brahmachary E, Ling FH, Svec F, Frechet JM. Chiral recognition:
design and preparation of chiral stationary phases using selectors
derived from Ugi multicomponent condensation reactions and a com-
binatorial approach. ] Comb Chem 2003;5:441-450.

Hyun MH, Han SC, Lipshutz BH, Shin Y], Welch C]J. Liquid chro-
matographic resolution of racemic amines, amino alcohols and related
compounds on a chiral crown ether stationary phase. ] Chromatogr A
2002;959:75-83.

Novotny M. Recent advances in microcolumn liquid chromatography.
Anal Chem 1988;60:500A-510A.

Hernandez-Borges J, Aturki Z, Rocco A, Fanali S. Recent applications
in nanoliquid chromatography. J Sep Sci 2007;30:1589-1610.

Welch CJ, Sajonz P, Biba M, Gouker ], Fairchild J. Comparison of
multiparallel mircofluidic hplc instruments for high throughput analy-
sis in support of pharmaceutical process research. J Liq Chromatogr
2006;29:2185-2220.

Sajonz P, Schafer W, Gong X, Schultz S, Rosner T, Welch C]J. Multi-
parallel microfluidic hplc for high throughput normal phase chiral
analysis. ] Chromatogr 2007;1147:149-154.

Sajonz P, Leonard WR, Biba M, Welch CJ. Multiparallel chiral method
development screening using an 8-channel microfluidic HPLC system.
Chirality 2006;18:803-813.

Schafer WA, Hobbs S, Rehm J, Rakestraw DA, Orella C, McLaughlin
M, Ge Z, Welch CJ. Mobile tool for HPLC reaction monitoring. Org
Process Res Dev 2007;11:870-876.

Welch CJ. Challenges and opportunities for the greening of separation
science in the pharmaceutical industry. Drug Discov World Fall
2007;71-77.

Sousa LR, Sogah GDY, Hoffman DH. Cram, Host-guest complexation.
12. Total optical resolution of amine and amino ester salts by chroma-
tography. J Am Chem Soc 1978;100:4569-4576.

Shinbo T, Yamaguchi T, Nishimura K, Sugiura M. Chromatographic
separation of racemic amino acids by use of chiral crown ether-coated
reversed-phase packings. ] Chromatogr 1987;405:145-153.
www.chiraltech.com.

Lipshutz BH, Kayser F, Liu ZP. A modular approach to nonracemic
cyclo-BINOLs. Preparation of symmetrically and unsymmetrically sub-
stituted ligands. Tetrahedron Lett 1998;39:7017-7020.

Chirality DOI 10.1002/chir



CHIRALITY 20:820-827 (2008)

Guest-Dependent Conformation of 18-Crown-6 Tetracarboxylic
Acid: Relation to Chiral Separation of Racemic Amino Acids

HIROOMI NAGATA,'* HIROYUKI NISHI,! MIYOKO KAMIGAUCHI,? AND TOSHIMASA ISHIDA?
! Mitsubishi Tanabe Pharma Corporation, Yodogawa-ku, Osaka 532-8505, Japan
2Kobe Pharmaceutical University, Higashinada-ku, Kobe 658-8558, Japan
30saka University of Pharmaceutical Sciences, Takatsuki, Osaka 569-11, Japan

ABSTRACT (+)-18-Crown-6 tetracarboxylic acid (18C6H,) has been used as a chiral
selector for various amines and amino acids. To further clarify the structural scaffold of
18C6H, for chiral separation, single crystal X-ray analysis of its glycine™ (1), HsO0" (2),
Hs;03 (3), NH; (4), and 2CH;NH: (5) complexes was performed and the guest
dependent conformation of 18C6H, was investigated. The crown ether ring of 18C6H,
in 3, 4, and 5 took a symmetrical C, or Co-like conformation, whereas that in 1 and 2
took an asymmetric C; conformation, which is commonly observed in complexes with
various optically active amino acids. The overall survey of the present and related com-
plexes suggests that the molecular conformation of 18C6Hy, is freely changeable within
an allowable range, depending on the molecular shape and interaction mode with the
cationic guest. On the basis of the present results, we propose the allowable conforma-
tional variation of 18C6H, and a possible transition pathway from its primary conforma-
tion to the conformation suitable for chiral separation of racemic amines and amino
acids. Chirality 20:820-827, 2008.  © 2008 Wiley-Liss, Inc.

KEY WORDS: crown ether; chiral resolution; molecular conformation; amino acid; X-ray

analysis; crystal structure

INTRODUCTION

The optical purity of a drug is very important in terms of
quality control, because one of the drug’s enantiomers
might show high toxicity in spite of another being effective
as medicine. Recently, high performance liquid chroma-
tography (HPLC) with chiral stationary phase (CSP) has
extensively been used to directly separate enantiomers in
optical purity test. Enantiomeric amines are usually sepa-
rated by chiral crown ether columns,'™® while various race-
mic amino acids can effectively be separated using CSP
chemically immobilized by (+)-18-crown-6 tetracarboxylic
acid [(+)-18C6H,; Fig. 1] on silica gel.”** In addition,
(+)-18C6H, is also used as a chiral selector for amine
compounds in capillary electrophoresis (CE)*™° or nu-
clear magnetic resonance (NMR).!68 To clarify the struc-
tural scaffold of (+)-18C6H, necessary for n/1-separation
of racemic amino acids, we recently determined the crystal
structures of (+)-18C6H, complexed with p- and r-isomers
of tyrosine (Tyr), isoleucine (Ile), methionine (Met), phe-
nylglycine (PheG), serine (Ser), and glutamic acid (Glu)
by X-ray diffraction method,'®?° and showed that all four
carboxyl groups of (+)-18C6H, are deprotonatable and
take the formula (+)-18C6H, x = 0-4, charge = —4-0,
depending on the interaction with the guest molecule.
Consequently, we proposed that the structural scaffold of
(+)-18C6H, necessary for chiral separation has mainly an
asymmetrical bowl-like shape and is dependent on specific
interactions between the amino and Ca—H groups of the
© 2008 Wiley-Liss, Inc.

optically active amino acid and the polar oxygen atoms of
(+)-18C6H,. The crown ether ring of (+)-18C6H, com-
plexed with an optically active amino acid commonly takes
a convex/asymmetric conformation, whereas the confor-
mation of (+)-18C6H, dihydrate®' is planar/symmetric.
This indicates that the transition of (+)-18C6H from pla-
nar/symmetric to convex/asymmetric conformation is
caused by clathration of the optical amino acid and is
essential for chiral separation. Therefore, to further investi-
gate the guest-dependent conformational change of (+)-
18C6H, in more detail, low-molecular weight and optically
inactive compounds were selected as guest molecule of
(+)-18C6H,, hoping that such complex structure provides
various intermediate structures that show transition from
planar/symmetric to convex/asymmetric conformation. In
this study, we report the crystal structures of (+)-18C6H,
complexed with cationic glycine (1), H;0" (2), H50%
(3), NH; (4), and 2CH5NH3 (5) and discuss the guest-
dependent conformational change of (+)-18C6H,. The
atomic numbering of (4+)-18C6H, used in this work is
shown in Figure 1.

*Correspondence to: Hiroomi Nagata, Analytical Chemistry Research
Department, CMC Research Laboratory, Mitsubishi Tanabe Pharma Cor-
poration, Ltd., 3-16-89 Kashima, Yodogawa-ku, Osaka 532-8505, Japan.
E-mail: nagata.hiroomi@md.mt-pharma.co.jp
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Fig. 1. Chemical structure and atomic numbering of (+)-18C6H, used
in this work.

EXPERIMENTAL
X-Ray Analysis

All complex crystals, in the form of colorless prisms,
were prepared from aqueous hydrochloric or perchloric
acid solution containing an equimolar amount of (+)-
18C6H, and Gly (1) or (+)-18C6H, alone (2 and 3), or
containing the proper amount of ammonia (4) or methyl
ammonia (5), by slow evaporation at 293 K. X-ray data
were collected with a Rigaku RINT RAPID/R diffractome-
ter using graphite-monochromated CuKa radiation (A =
1.5418 A) at 100 K. Details for cell parameter determina-
tion and data collection are summarized in Table 1. Inten-
sity data within 20 < 136.4° were measured using an imag-
ing plate area detector.

821

Each crystal structure was solved by the direct method
using SIR-92.?2 Positional parameters of non-H atoms were
refined by fullmatrix least squares with anisotropic tem-
perature parameters using SHELX1-97.2® The positions of
all H-atoms were determined by difference Fourier map.
They were treated as riding with fixed isotropic displace-
ment parameters and were not included as variables in the
refinement. In complex 2, two crystallographically inde-
pendent perchlorate ions were located on the C, symmetry
axis with occupancy of 1/2. Very complicated disorder
was observed in the perchlorate ion of Cl(400) with
0(401)-0(404) and the oxygen atom (O(27)) of the car-
boxyl group of (+)-18C6H,. The occupancies of CI1(400)
and O(27) were determined from refinement results and
refined with isotropic temperature parameter. The bond-
lengths and -angles of these atoms were not as accurate as
usual because of incomplete disorder model and fragile
crystal. However, this was not considered a problem in the
investigation of interaction mode of host and guest mole-
cules. In complex 3, the perchlorate ion located at a C,
symmetric position was disordered with occupancy of 1/2.
The positions of the three hydrogen atoms of the oxonium
ion were determined by difference Fourier map. One of
these hydrogen atoms was located at a C, position as 1/2-
occupancy atom. In complex 5, the occupancy of crystal
water O(700) was determined from its peak intensity as 1/
2. Crystallographic data for the structures reported in this
paper have been deposited with the Cambridge Crystallo-
graphic Data Centre [(1) CCDC 653874, (2) CCDC
653875, (3) CCDC 653876, (4) CCDC 653877, and (5)
CCDC 653878].

Molecular Orbital Calculation

Total energies of (+)-18C6H, in vacuo were calculated
by the molecular orbital PM3 method?* in MOPAC sys-

TABLE 1. Details of crystal data, intensity collection, and structure refinement

1 2 3 4 5
Formula C16H24014 Ci6H24014 1/2C16H24014 Ci6H23014 C16H2OO%;
C,HgNO3 H;0* 1/2H503 NH; 4CH5NH3
H,OCl™ H,OClOy 1/2C10; 2H,0 5/2H50
Molecular weight 569.90 576.85 288.42 493.42 609.62
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2 2 c2 P2 P2
Unit cell dimensions
a@® 9.874(1) 19.551(2) 14.399(1) 11.609(1) 8.3161(9)
b @A) 10.778(1) 10.275(1) 7.6453(7) 7.6277(8) 11.206(1)
c A 12.508(1) 15.982(2) 10.9339(9) 12.845(1) 16.030(1)
a (deg) 90 90 90 90 90
B (deg) 110.978(6) 126.416(5) 109.127(5) 98.314(6) 95.039(6)
v (deg) 90 90 90 90 90
Volume (A% 1242.9(3) 2583.7(5) 1137.2(2) 1125.5(2) 1488.1(2)
A 2 4 4 2 2
F(000) 600.0 1208.0 604.0 524.0 658.0
D, (gcm™) 1.523 1.483 1.684 1.456 1.360
1(CuKae) (cm™Y) 21.32 21.38 24.28 11.59 10.17
No. of reflections with I > 2c() 3979 4080 1897 3737 4786
R (I>2c(]) 0.034 0.082 0.030 0.042 0.040
R, (I>2c() 0.091 0.231 0.079 0.113 0.113

Chirality DOI 10.1002/chir



822

tem. Atomic coordinates determined by X-ray analysis
were used for molecular orbital calculations. The guest
molecules, crystal waters, and counter ions were not
included in the calculations. To compare energy stability
of the respective different conformers under the same mo-
lecular situation, the neutral state of (+)-18C6H, was used
for the calculation. Thus, H-atoms were added to the
deprotonated carboxyl groups of (+)-18C6H; and (+)-
18C6Hg ™. The conformers used for the calculations are as
follows: complexes 1-5, (+)-18C6H, dihydrate,?* (+)-
18C6H, hydrochloride,?® (+)-18C6H, complexes with p-/1-
Tyr, Ile, Met, PheG, Ser, and Glu.!%%

RESULTS AND DISCUSSION

The chemical formulas of (+)-18C6H, complexes pre-
pared in this study are given in Table 1. Although (+)-
18C6H, in 1, 2, and 3 took a neutral form of (+)-18C6Hy,
(+)-18C6H,, in 4 was in a monoanionic form with one of
the four carboxyl groups being deprotonated ((+)-
18C6H3 ). On the other hand, the four carboxyl groups in
5 were all deprotonated and existed in the tetra anionic
form of (+)-18C6H,*". The host molecule in 1-4 accepted
a monocationic guest molecule, on the other hand, the
host in 5 anchored two monocationic guests.

Conformation of Crown Ether Ring

The molecular conformations of (+)-18C6Hy in com-
plexes 1-5 are shown in Figure 2. In 1 and 2, the crown
ether ring of (+)-18C6H, takes a convex/asymmetric Cy
conformation [Fig. 2, (1) and (2)]. This conformation has
also been observed in complexes of (+)-18C6H, with vari-
ous optically active amino acids'®?° and R-1-(1-naphthyl)-
ethylamine.?® Previously, we reported that the C; confor-
mation of (+)-18C6Hy could be further classified into
three types, i.e. “conformers I, II, and III” (corresponding
to Figs. 5d-5f), respectively), according to the difference
of torsion angles around C10-011-C12-C13-014-C15-C16-
017 bond sequence of the crown ether ring (see Fig. 1).*°
(+)-18C6H, in 1 and 2 belongs to conformer III and I,
respectively. On the other hand, the conformations of (+)-
18C6Hy in 3, 4, and 5 [Fig. 2, (3)-(5)] are considerably
different from those in 1 and 2. The crown ether ring
takes a convex C, symmetric conformation in 3 where the
C, crystallographic symmetry axis is located at the center
of the crown ether ring. The crown ether rings in 4 and 5
are both planar and have all four carboxyl groups almost
vertical to them. Thus, their macrocycle’s conformations
could be pseudo-C, symmetric and pseudo-Cos symmetric,
respectively. Cos symmetry is defined as the conformation
in which a mirror C, symmetry crosses the C, symmetry
at nearly right angle, as shown in Figure 2 (5). Similar con-
formation has been observed in (+)-18C6H, dihydrate?!
and (+)-18C6H3 -ethylenediamine complex.?”

Host-Guest Interaction

Complex 1. The Gly in 1 had a monocationic form
with a protonated amino and a neutral carboxyl group in
HCI salts. Gly torsion angle y [N—Ca—C—0 = —4.9°] is
similar to that in its y-form crystal,?® and its amino group
Chirality DOI 10.1002/chir
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is almost located at the center of the circular crown ether
ring (radius = about 3.0 A) consisting of six oxygen atoms
[0(2), O(5), 0(8), O(11), O14), and O(17)] and forms
N—H---O hydrogen bonds and N---O electrostatic short
contacts with the carboxyl oxygen atoms of (+)-18C6H,
(Table 2). The short contacts®® were observed for the Ca—
H---0, as shown in Figure 2 (1) and Figure 4 [Ca---O(5)
=3.332(2) A, C—H---0 = 266 A, /C—H---0 = 122.5
Ca---0(11) = 3.208@Q) A, C—H---O = 267 A
Z/C—H:--0 = 117.5% Ca---0(26) = 3.294(2) A, C—H---O
= 2.36A, ZC—H---O = 174.9°]. These short contacts are
commonly observed in complexes of (+)-18C6H, with var-
ious optical amino acids, such as Tyr, Ile, Met, PheG, Ser,
and Glu,'%% and are considered to be a major force for
chiral separation of racemic amino acids.

Complex 2. The oxonium ion formed by the salt
bridge with perchloric acid is located at almost the same
position as the amino group of Gly in 1 [Fig. 2, (2)]. The
interactions of O—H---0/0- --O atomic pairs in 2 are sim-
ilar to those of N—H---O/N--.O in 1 (Table 2).

Complex 3. According to the symmetry requirement
of crystal packing, two C,related water molecules took
monocationic form by salt formation with one perchloric
acid, thus forming a C,-symmetric HsO5 , called “zundel
ion” (details of this structure are discussed later). As
shown in Figure 2 (3), H;O4 ion simultaneously formed
four hydrogen bonds with the Cysymmetric O(8) and
0(®) atoms of the crown ether ring (0(100)---O(8) =
2.867(@2), O0—H.---O = 1.88 A, ZO—H:--0 = 159.9°), and
the carboxyl O(24) and O(24’) atoms translated by one
unit-cell along baxis (0(100)---O(24) = 2.635(2),
O—H---0=182A, ZO—H---0 = 167.9°).

Complex 4. As shown in Figure 2 (4), the ammonium
ion is located at the center of the one-side face of the
crown ether ring and the opposite side is occupied with a
water molecule. The ammonium ion forms N—H---O
hydrogen bonds and N---O electrostatic short contacts
with the oxygen atoms of the crown ether ring and the car-
boxyl groups (Table 2), and the water molecule forms
hydrogen bonds with the oxygen atoms of two facing car-
boxyl groups, thus making the crown ether ring planar
and the four carboxyl groups vertical to the ring.

Complex 5. As shown in Figure 2 (6), the (+)-
18C6H,*™ molecule anchors two guest methylammonium
ions located in each center of both faces of the planar
crown ether ring and forms N—H---O hydrogen bonds
and N---O electrostatic short contacts with the oxygen
atoms of the crown ether ring and the carboxyl groups

(Table 2).

Structure of H;035 Ion

H505 ion, called as “zundel ion,” consists of a dimeric
structure of two water molecules and is described as
[H,0---H*...H,0]. Therefore, it is believed that HsO5
takes an intermediate structure between H,O and H;0™
(oxonium ion) and plays an important role as a proton
transporter in biological processes, such as enzymatic
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(1) Complex 1

(2) Complex 2

C, axis

(3) Complex 3

(4) Complex 4

(5) Complex 5

Fig. 2. Stereoscopic molecular conformations and interactions between host and guest molecules in complexes 1-5. (+)-18C6H, and each guest
molecule are depicted with filled and open bonds, respectively. The molecule depicted with thin lines in complex 3 (upper side) represents (+)-18C6H,
translated by one-unit cell along the b-axis. The dotted lines represent hydrogen bonds. The patterned circles represent O or N atom. The plain big and

small circles represent C and H atoms, respectively.
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_TABLE 2. Possible hydrogen bonds and short contacts
(A) between N atom of Gly (1)/oxonium ion (2)/ammonium
ion (4)/N atom of methyl ammonium (5) and O atoms
of (+)-18C6H,

1 2 4 5
X--0@  3024@  30096)  3.0130)

XH.--0

ZXH---0 _
X--06) 30212 2816)  3.146Q)°  3.0642)"
XH.--0 1.83 2.40 2.28
/XH: -0 160.6 146.0 1388
X-0@  3019Q) 30627  295(Q)* 2920
XH---0 230 2.27 2.20
/XH--0 13638 136.6 1321
X---0(1)  2867(2) 3.082(6)  3.074Q) 28762
XH. -0 2.03 2.24
/XH---0 176.5 1240
X--0(14)  29863)  (3467(4)  3111Q)°  2906@)°"
XH--0 202 2.30 2.09
ZXH.--0 1701 146.4 142.8
X---0(17)  3060@  3.0314)  2956(2)¢

XH.--0 2.01 2.30

/XH---0 174.1 127.7 _
X--0Q0)  28922) 2987®)  3.070Q) 27393
XH--0 201 2.17 1.89
/XH.--0  169.8 162.7 1483
X---0@3)  3331Q) 299805 2.9292)"
XH.--0 2.15
/XH:--0 1380
X---0(26) 29113)  2.962(2)'
X-H.--0 2.05 2.22

/XH. -0 174.1 1339
X---0(29) 2.743(2)"
XH.--0 1.89
/XH:--0 149.2

f‘deair of branched hydrogen bonds.
"Two methylammonium ions (i, ii) anchored independently by the crown
ether ring.

reactions.>**® The structure of HsO, has extensively
been studied by various physicochemical approaches, and
the O---O distance of Hs0, has been reported to be in
the range of 2.4-2.5 A. Using highly accurate X-ray analy-
sis, we report in this study that H;O4 ion, as shown in Fig-
ure 3, consists of C, symmetry-related two H,O molecules
with the central hydrogen atom, having an occupancy of
1/2, located on the C, symmetry axis. The O---O distance
in HsO5 was 2.425(2) A and the angle of O---H---O was
slightly nonlinear (172.0°). This structure agrees well with
that of Hs04 in its gas phase (O---O = 2431 A;
/0--H---0 =172°).%

Structural Scaffold of (+)-18C6H, in Chiral Interaction
with Guest Molecule

Previously, we proposed a possible structural scaffold of
(+)-18C6H, necessary for chiral separation of racemic
amino acids® ie., (i) the convex/asymmetrical C; confor-
mation of (+)-18C6H,, which forms a bowl-like shape hav-
Chirality DOI 10.1002/chir
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C; axis

H(1001)
4

f—»
31.5°

H(1002)

Fig. 3. Molecular structure, together with the bond lengths and
angles, of H;03, viewed from a- (left) and c-axis (right) directions in com-
plex 3. The atomic position of H(1003) is located at C, position with occu-
pancy of 1/2. The closed and open lines are related to each other by crys-
tallographic C, symmetry.

ing two hollows (one big and one small) on the rim (see
Fig. 4), is necessary to form different binding modes
between L- and p-enantiomers and (i) N—H---O and
Ca—H- - -O interactions between the amino acid and the
oxygen atoms of (+)-18C6H, afford a driving force for chi-
ral separation.

The structure of Gly can be considered as a common
structure of 1. and p-amino acids, because it provides the
minimum structural element of amino acid, though it is
achiral. Thus, the interaction mode between (+)-18C6H,
and Gly in 1 completely satisfies the theory (i) and (ii).

Guest-Dependent Conformational Change
of (+)-18C6H,

The conformational types of (+)-18C6H, could be di-
vided into four; the first is planar/C,stype observed in 5,

Fig. 4. Schematic interaction between Gly and (+)-18C6H, in complex
1. The broken lines represent hydrogen bonds or electrostatic interac-
tions. The conformation of (+)-18C6H, could be depicted as a bowl with
two concave and one convex rim.
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Fig. 5. Possible flow (in stereo) of transition of (+)-18C6Hy from its
planar/Cotype to convex/Citype conformation. (a) Planar/Cogstype
observed in (+)-18C6H, dihydrate®* and complex 5. (b) Planar/Cotype
observed in complex 4. (¢) Convex/Co-type observed in complex 3. (d)
Convex/Cy-type (conformer I) observed in complex 2 and complexes with
p-Tyr, p-lle, 1-Met, 1-PheG, p-PheG, 1-Ser and p-Ser.!*?° (e) Convex/C;-
type (conformer II) observed in complexes with 1-Ile, p-Met and p-PheG.
() Convex/Ci-type (conformer III) observed in complex 1 and complexes
with 1-Tyr, 1-Glu and D—GlLl.“’"20 (g) Convex/Cy-type (pseudo-conformer I)
observed in its hydrochloride.”

the second is planar/Co-type observed in 4, the third is
convex/Cotype observed in 3, and the last is convex/C;-
type observed in 1 and 2. Thus, it is obvious that the con-
formation of (+)-18C6H, is changeable, within an allowed
range, depending on the molecular shape, optical isomer,
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and number of cationic guests anchored to the crown
ether ring.

As stated above, (+)-18C6H, must take an asymmetrical
Ci-type conformation (conformer I-III), not a symmetrical
Co or Cotype conformation to achieve effective optical
recognition according to theories (i) and (ii). Therefore,
the present X-ray study provides a possible conformational
flow of (+)-18C6H, from its free form to the chiral-discrim-
inative form shown in Figure 5. This flow can be described
as follows:

Step 1. The planar/Coctype conformation of (+)-
18C6H,, dihydrate®' could be the form on the HPLC col-
umn before amino acid solution is added. This conforma-
tion is changed to planar/Co-type conformation (Fig. 5b)
by moving the C4 and C6 atomic positions as shown by
the arrows in Figure 5b.

Step 2. The planar/Cotype conformation is then
changed to convex/Cotype conformation (Fig. 5¢) by dis-
tortion of the crown ether ring, promoted by interaction
with a monocationic guest molecule.

Step 3. The convex/Cotype conformation is further
changed to convex/Ci-type conformation [conformer I
(Fig. 5d) via a pseudo-conformer I (Fig. 5g)] by successive
rotation around the C4-O5 bond as shown by the arrows in
Figures 5c¢ and 5d.

Step 4. Conformer I is then converted into an equilib-
rium state with conformers II and III by successive rota-
tion around the C13-O14 or 014-O15 bond as shown by
the arrows in Figures 5d-5f.

It is noteworthy in this conformational flow that successive
rotation around the C4-O5 bond in the macrocycle (Figs. 5¢
and 5d) plays a critical role in formation of the asymmetric
structure necessary for enantiomeric recognition and that
conformer III (Fig. 5f) may be more suitable for optical rec-
ognition than conformers I and II, because it reflects most
features of the asymmetric bowl-like shape (see Fig. 4).

On the other hand, to investigate the stability of the con-
formers corresponding to steps 1-4, total energy of each
conformer was calculated by the PM3 method (Table 3).
The maximum energy difference among same conformers
is 1.75 eV for conformer III, which corresponds to about
40 kecal mol™!. Because the energy difference among
same conformers is almost due to the slightly different
bonding parameters (bond lengths and angles) used for
the PM3 calculations, it would be reasonable to consider
that the maximum permissible range of the energy differ-
ence is about 1.75 eV. Thus, the results indicate that each
conformer, except pseudo-conformer I (Fig. 5g) observed
in (+)-18C6H, hydrochloride,? is energetically equivalent,
and the transition between the respective conformational
steps is permissible without any energy barrier. However,
the total energy of pseudo-conformer I was higher than
those of other conformers by 2.56-4.31 €V, and thus this
conformer could be set as an intermediate form between
the convex/Cxtype conformer (Fig. 5¢) and convex/Ci-
type one (Fig. 5d). This indicates that there is an energy
barrier for the conformational transition from the convex/

Chirality DOI 10.1002/chir
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TABLE 3. Total energy of various conformers

of (+)-18C6H,

Conformation Total energy (electron volt)
Planar/ Costype —6375.10 to —6375.71*
Planar/ Co-type —6374.73°
Convex/Co-type —6375.93¢
Convex/Cy-type
Conformer I —6374.75 to —6375.67¢
Conformer II —6374.55 to —6375.30°

Conformer III
Pseudo-conformer I

—6374.22 to —6375.97"
—6371.66%

X-ray analyses of the present complexes were performed at 100 K, and
others were done at room temperature,'*??® 253 K or 173 K*. The re-
spective total energies of planar/Costype, planar/Co-type, convex/Cotype,
and convex/Ci-type (conformers I and II) are all within the range of those
of convex/Ci-type conformer III: —6374.22 to —6375.97 eV (energy range
= 1.75¢eV).

aDihydrate®! and complex 5.

PComplex 4.

“Complex 3.

dComplex 2 and complexes with p-Tyr, p-lle, 1-Met, 1-PheG, p-PheG (Mol.
A), 1-Ser, and p-Ser.*?°

¢Complexes with 1-Ile, p-Met, and p-PheG (Mol. B).*

{Complex 1 and complexes with 1-Tyr, 1-Glu, and p-Glu.

19,20

8Hydrochloride.?®

Cotype to the convex/Ci-type, which corresponds to a
rate-limiting step in the guest-dependent conformational
change of (+)-18C6H,.

Chiral separation of racemic amides or amino acids by

HPLC and CE using (+)-18C6H, as chiral selector has usu-
ally been achieved in an acidic solution.”™® The present
results show that collaborative interaction between the
deprotonated carboxyl group (—COO ™) of (+)-18C6H,
and the protonated amino group (—NH3") of the guest mol-
ecule plays an major role in chiral separation. Interestingly,
the crystal structure of complex 2 indicates that the H;O™"-
anchored (+)-18C6H,, which can exist abundantly in acidic
aqueous solution, shifts from its original planar/C,g confor-
mation to an asymmetric C; form. This means that a pH-de-
pendent promotive effect toward the conformational change
of (+)-18C6H, is necessary for chiral recognition.

5.
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ABSTRACT

Three new chiral 3-substituted BINOL Schiff bases and their reductive

3-arylaminomethylBINOL products have been synthesized and used for the asymmetric
addition reaction of diethylzinc to aldehydes in the presence of titanium tetraisopropox-
ide. The reaction provided optically active secondary alcohols in high yield (86-100%)
and good enantioselectivity (up to 92% ee). Chirality 20:828-832, 2008.  © 2008 Wiley-Liss, Inc.

KEY WORDS: BINOL; titanium; Schiff base; asymmetric addition; aldehyde

INTRODUCTION

The catalytic enantioselective alkylation of aldehydes is
a potentially useful method for preparing chiral secondary
alcohols which are important synthetic intermediates for
many natural products or precursors.™ Most previous
studies have focused on using B-aminoalcohols,™®
diols,'**2 or diamines''* as chiral ligands in the asym-
metric addition of diethylzinc to aldehydes and these have
given moderate to excellent results. 1,1’-Bi-2-naphthol
(BINOL) and its derivatives are the most effective chiral
ligands in asymmetric catalysis.!>*® Since the chiral diol
ligands BINOL,'*?° H,-BINOL?! and HgBINOL??* have
been successfully applied for the asymmetric addition of
dialkylzinc to aldehydes, most studies have focused on the
3,3-disubstituted BINOL ligands. However, few 3-mono-
substituted BINOLs have been reported.?>?¢ Recently
Harada and Kanda reported that 3-substituted BINOLs
exhibited an enhanced catalytic activity compared to 3,3'-
disubstituted BINOLs in the reaction.?” Similar phenom-
ena also appeared in our previous research.?#?? On the ba-
sis of this research, a new kind of chiral ligands exhibiting
an enhanced asymmetric catalytic activity could possibly
be obtained by introducing amino and imino groups into
the 3-position of BINOL through the methylene bridge.

In this work, we have synthesized three new 3-substi-
tuted BINOL Schiff bases [(R)-1, (R)-2, (R)-3] and their 3-
arylaminomethylBINOL reductive products [(R)-4, (R)-5,
(R)-6] and used them in asymmetric addition of diethyl-
zinc to aldehydes in the presence of titanium tetraisoprop-
oxide (Scheme 1).

EXPERIMENTS
General Methods

The 'H and ¥C NMR spectra were recorded on a
Bruker AC-300 instrument in CDCl3 solution with TMS as
internal standard. Optical rotations were measured on a
Perkin-Elmer 241 polarimeter. Elemental analysis was per-
formed with a Yanaco CHN Corder MT-3 elemental ana-
© 2008 Wiley-Liss, Inc.

lyzer. High-resolution mass spectra (MALDI-HRMS) were
measured on an Ionspec FT MS 7.0T spectrometer. All
experiments which are sensitive to moisture or air were
carried out under an argon atmosphere using standard
Schlenk techniques. Diethylzinc (1.94 M in hexane) was
purchased from Aldrich. All anhydrous solvents were puri-
fied and dried by standard techniques just before use. (R)-
3-Formyl-1,1’-binaphthol was prepared according to the lit-
erature method.*°

The Preparation of New Chiral 3-Substituted
BINOL Ligands (R)-3-(4-Tolylimino)methyl-1,
1’-binaphthol (R)-1

To a solution of (R)-3-formyl-1,1"-binaphthol (1.40 g, 4.46
mmol) in 20 mL dry ethanol was added p-toluidine (0.49 g,
4.55 mmol). The reaction process was monitored by TLC.
After refluxing for 7 h, the reaction mixture was concen-
trated to dryness. The residue was purified by column
chromatography (hexane/ethyl acetate 5:1) to give (R)-1
(1.63 g, 91% yield) as a yellow solid. m.p. 116-118°C.
(5= +174.5 (¢ = 0.4, CH,Cly). 'H NMR (300 MHz,
CDCly) 5:13.56 (br, 1H), 8.94 (s, 1H), 8.17 (s, 1H), 7.92-
7.95 (m, 2H), 7.86-7.89 (d, J = 7.70, 1H), 7.27-7.41 (m,
8H), 7.15-7.20 (m, 3H), 5.11 (br, 1H), 2.39 (s, 3H). °C
NMR (75 MHz, CDCls) &: 162.34, 160.90, 155.57, 151.51,
137.69, 135.34, 130.13, 129.36, 129.30, 129.06, 128.26,
126.55, 124.83, 124.77, 124.12, 123.33, 121.54, 121.07,
117.71, 113.89, 21.08. Anal. Calc. for CogHsNO» (403.16):
C, 83.35; H, 5.25; N, 3.47. Found: C, 83.18; H, 5.30; N,
3.54%.
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(R)-1: R = 4-methylphenyl (R)-4: R = 4-methylphenyl
(R)-2: R = 2,4-dimethylphenyl (R)-5: R = 2,4-dimethylphenyl
(R)-3: R = 1-naphthyl (R)-6: R = 1-naphthyl

Scheme 1. 3-substituted BINOL Schiff bases and 3-arylaminomethyl-
BINOLs.

(R)-3-(2,4-Dimethylphenylimino)methyl-1,
1’-binaphthol (R)-2

(R)-3-(2,4-Dimethylphenylimino) methyl-1,1"-binaphthol
(R)-2: yellow solid. 93% yield, m.p. 112-114°C. [a] =
+152.0 (¢ = 0.4, CH,Cl,). '"H NMR (300 MHz, CDCl,) &:
13.43 (br, 1H), 8.56 (s, 1H), 8.17 (s, 1H), 7.92-7.94 (m,
2H), 7.86-7.88 (d, J = 7.66, 1H), 7.27-7.41 (m, 4H), 7.07-
7.24 (m, 6H), 5.16 (br, 1H), 2.35 (s, 3H), 2.31 (s, 3H).
13C NMR (75 MHz, CDCls) &: 160.98, 155.60, 151.55,
144.60, 137.40, 135.66, 133.63, 135.35, 132.85, 131.62,
130.10, 129.35, 129.24, 129.03, 128.26, 127.91, 127.57,
126.50, 124.91, 124.88, 124.10, 123.31, 121.71, 117.78,
117.30, 114.52, 113.85, 20.98, 18.22. Anal. Calcd. for
CyoHo3NO, (417.17): C, 83.43; H, 5.55; N, 3.35. Found:
C, 83.14; H, 5.69; N, 3.39%.

(R)-3-(Naphthalen-1-ylimino)methyl-1,
1’-binaphthol (R)-3

(R)-3-(Naphthalen-1-ylimino)methyl-1,1’-binaphthol  (R)-
3: yellow solid. 97% yield, m.p. 118-120°C. [a] = +207.0
(¢ = 0.4, CH,Cl,). 'TH NMR (300 MHz, CDCl;) &: 13.34
(br, 1H), 9.01 (s, 1H), 8.20 (s, 1H), 8.23 (s, 1H), 7.94-7.98
(m, 2H), 7.85-7.90 (t, / = 7.83, 2H), 7.80-7.83 (m, 1H),
7.30-7.55 (m, 10H), 7.20-7.22 (m, 1H), 5.18 (br, 1H). *C
NMR (75 MHz, CDCls) &: 163.11, 162.34, 155.50, 151.57,
145.78, 135.90, 134.03, 133.62, 130.21, 129.55, 129.40,
129.19, 128.32, 128.00, 127.85, 127.57, 126.82, 126.65,
126.60, 125.82, 124.92, 124.85, 124.28, 123.38, 121.70,
120.77, 117.78, 114.38, 114.15, 113.91, 28.16. HRMS Calc.
for C31Hy1NOy (M™): 439.1657; Found: 440.1645 M* + H).

(R)-3-(4-Toluidino)methyl-1, 1’-binaphthol (R)-4

(R)-3-(4-Tolylimino)methyl-1,1’-binaphthol (®)-1 (0.95 g,
2.36 mmol) was dissolved in 25 mL dry ethanol and 25 mL
CH,Cl, and cooled to 0°C. NaBH, (0.36 g, 9.43 mmol) was
added portionwise. The reaction mixture was stirred at
room temperature for 30 min and then quenched with sat-
urated aq NH,CI. The reaction mixture was concentrated
to dryness. The residue was extracted with ethyl acetate,
and the extract was washed with water and brine, and
dried over Na,SO,. After removal of solvent the residue
was purified by column chromatography (hexane/ethyl ac-
etate 5:1) to give (R)-4 (0.87 g, 91% yield) as a white solid.
m.p. 8892°C. [a] = +36.0 (¢ = 0.4, CHCl;).'"H NMR
300 MHz, CDCl3) &: 7.84-7.95 (m, 4H), 7.32-7.39 (m,
5H), 7.12-7.16 (t, /] = 10.20 Hz, 2H), 7.02 (d, J = 8.15 Hz,
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2H), 6.75 (d, J = 8.30 Hz, 2H), 4.65 (s, 2H), 2.25 (s, 3H).
13C NMR (75 MHz, CDCl;) &: 152.63, 152.14, 144.91,
133.52, 133.24, 132.62, 130.74, 129.85, 129.52, 129.40,
129.28, 129.15, 129.00, 128.33, 128.10, 127.10, 127.00,
126.76, 124.51, 124.35, 124.11, 123.67, 117.68, 115.27,
112.71, 112.37, 47.59, 20.45. HRMS Caled for CygHosNO,
(M™ 405.1707); found: 405.1723.

(R)-3-(2,4-Dimethylphenylamino)methyl-1,
1’-binaphthol (R)-5

(R)-3-(2,4-Dimethylphenylamino) methyl-1,1"-binaphthol
(R)-5: yellow solid. 83% yield, m.p. 90-92°C. [a] = +37.5
(¢ = 0.4, CHCl;) '"H NMR (300 MHz, CDCl,) &: 7.83-7.95
(m, 4H), 7.24-7.38 (m, 5H), 7.11-7.16 (t, J = 6.90 Hz, 2H),
6.93 (d, 2H), 6.75 (d, J = 8.7 Hz, 1H), 4.68 (s, 2H), 2.24 (s,
3H), 2.18 (s, 3H). 3C NMR (75 MHz, CDCly) &: 152.67,
152.15, 133.51, 133.20, 131.25, 130.75, 129.41, 129.28,
129.04, 128.67, 128.33, 128.11, 127.47, 127.10, 127.00,
126.85, 124.53, 124.34, 124.20, 124.11, 123.67, 122.32,
117.68, 112.79, 112.69, 112.34, 47.27, 20.38, 17.46. HRMS
Caled for Co9HosNO, (M ™ 419.1885); found: 419.1880.

(R)-3-(Naphthalen- 1-ylamino)methyl-1,
1’-binaphthol (R)-6

(R)-3-(Naphthalen-1-ylamino)methyl-1,1’-binaphthol (R)-
6: white solid. 87% yield. m.p. 210-211°C. [a] = +55.6 (¢
= 0.4, CHCl3). 'H NMR (300 MHz, CDCl;) &: 8.00 (s, 1H),
7.96 (d,J = 8.91 Hz, 1H), 7.80-7.90 (m, 4H), 7.44-7.48 (m,
2H), 7.28-7.41 (m, 6H), 7.15 (d, J = 8.30 Hz, 2H), 6.83-
6.88 (m, 1H), 6.65 (br, 1H), 4.84 (s, 2H). ¥C NMR
(75 MHz, CDCly) 5: 152.42, 152.06, 142.72, 134.35, 133.46,
133.05, 131.09, 129.48, 129.17, 128.75, 128.39, 128.22,
127.24, 127.20, 126.73, 126.40, 125.88, 125.16, 124.39,
124.24, 123.85, 119.99, 119.14, 117.74, 112.07, 111.92,
106.82, 40.17. HRMS Calcd for C51H2sNO, (M™ 441.1723);
found: 441.1723.

A Typical Procedure for the Asymmetric Addition of
Diethylzinc to Aldehydes

Titanium tetraisopropoxide (0.36 mL, 1.2 mmol) was
added to a solution of (R)-6 (0.044 g, 0.10 mmol) in 3 mL
dry CH,Cl, at room temperature and the reaction mixture
was stirred for 30 min followed by addition of diethylzinc
(1.94 M in hexane, 1.16 mL) with continuous stirring for
15 min. The solution was cooled to 0°C and benzaldehyde
(0.106 g, 1 mmol) was added. After 5 h the reaction was
quenched with 20 mL of saturated NH,CI solution. The
reaction mixture was filtered to remove the insoluble ma-
terial and the filtrate was extracted with 3 X 20 mL
CH,Cl,. The combined organic layers were dried over
MgSO, and concentrated to the solvent free. The residue
was purified by column chromatography on silica gel
affording 1-phenyl-1-propanol as a pale yellow liquid. The
enantiomeric excess of the products was determined by
GC on a chiral B-DEX 120 capillary column.

RESULTS AND DISCUSSION

3-Substituted BINOL Schiff bases were synthesized by
the reaction of (R)-3-formyl-1,1"-binaphthol with various ar-
Chirality DOI 10.1002/chir
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CHO
\N/R N/R
H
OH RNH, OH  NaBH, OH

Son

(R)-1: R = 4-methylphenyl
(R)-2: R = 2,4-dimethylphenyl
(R)-3: R = 1-naphthyl

Soh

(R)-4: R = 4-methylphenyl
(R)-5: R = 2,4-dimethylphenyl
(R)-6: R = 1-naphthyl

Scheme 2. Synthesis of 3-substituted BINOL Schiff bases and 3-arylaminomethylBINOLs.

omatic amines in 90-97% yield>! By the reduction of
BINOL Schiff bases using NaBH, 3-arylaminomethylBI-
NOLs were synthesized in 83-91% yield (Scheme 2).

The colorless crystals of (S)-6 were obtained from meth-
anol solution. The crystal structure of (S)-6 was deter-
mined by Xray diffraction (see Fig. 1). Crystallographic
data for ligand (S)-6: Cs2H27NOg, formula weight 473.55,
Monoclinic, P-1, @ = 12.328(3) A, b = 7.8825(16) A, ¢ =
13.896(3) (14) A a = 90°% B = 113. 82(3) vy =90, V=
1235.3(@) A3, Z = 2, Deaica = 1.273 g/cm®, T = 293(2) K,
n Mo Ka) = 0.081 mm™, RI wR2) = 0.0357 (0.0868),
crystal dimensions 0.20 X 0.18 X 0.12 mm." The dihedral
angles of C(20)-C(19)-C(21)-N(1) and C(21)-N(1)-C(22)-
C(@31) are 117.2 and 161.4°, respectively. The dihedral
angle between the two naphthalene systems is 77.5°.

We examined the reaction of benzaldehyde with diethyl-
zinc catalyzed by the six chiral ligands in the presence of
titanium tetraisopropoxide. The active catalyst was formed
in situ by mixing the ligand with titanium tetraisopropox-
ide.? The influence of solvent and chiral ligand loading as
well as the molar ratio of chiral ligand and titanium tetrai-
sopropoxide on the addition reaction was systematically

Yl
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Fig. 1. The molecular structure of (S)-6 including a methanol mole-
cule. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

fCCDC 632117 contains the supplementary crystallographlc data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax +44 1223
336033; or deposit@ccdc.com.ac.uk).
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investigated. The obtained results were summarized in Ta-
ble 1.

When the amount of (R)-3 was reduced from 20 to
10 mol %, there was a decrease in enantioselectivity
(entries 1, 2). However, the amount of the ligand from
10 to 5 mol % led to a slight increase while that from 5 to
3 mol % led to a large decrease in enantioselectivity
(entries 3, 4, 6). As a result the best amount of the ligand
was 5 mol %. The molar ratio of ligand to metal was exam-
ined from 1/12, 1/7, 1/3 to metal-free in the addition reac-
tion and it was found that the best molar ratio of ligand to
metal was set up to be 1 to 7 (entries 4, 5, 7). For the three
Schiff base ligands, (R)-3 showed improved catalytic prop-

TABLE 1. Catalytic asymmetric addition of diethylzinc
(1.94 M in hexane) to benzaldehyde

0 OH
S THA
H o+ Et,Zn L/ Ti(OPr), -
Solvent
) Yield* ee”
Entry L* L*@mol%) L*/Ti(O'Pr); Solvent (%) %)
1 R)-3 20 1/12 PhMe 86 77
2 (®-3 10 1/12 PhMe 94 52
3 ®3 10 1/7 PhMe 94 56
4 (B3 5 1/7 PhMe 96 65
5 (®-3 5 1/3 PhMe 89 58
6 {®-3 3 1/7 PhMe 89 34
7 ®-3 5 - PhMe 94 12
8 M®-1 5 1/7 PhMe 89 57
9 M®-2 5 1/7 PhMe 92 53
10 (-6 20 1/12 PhMe 90 83
11 (R)-6 10 1/12 PhMe 94 81
12  (R-6 10 1/7 PhMe 97 77
13  (R-6 5 1/7 PhMe 93 64
14 (R)-6 10 1/12 CH,Cl, 93 87
15 (R-6 10 1/7 CH,Cl, 96 84
16 {®4 10 1/12 CH,Cl, 87 85
17 (RS 10 1/12 CH,Cl, 82 85

“solated yield.
"Data were determined by GC analysis using a chiral column (Chiral beta-
DEX 120 capillary column).
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TABLE 2. Enantioselective addition of diethylzinc to

aldehydes with L*/Ti(O'Pr)
O ' OH
L*/Ti(O'Pr
)k v ElZn S I( t . )\/
R H olven R
Entry Chiral ligand R Yield® (%) ee” (%) Config.®
1 (R)-3 (6) CeHs 96 65 R
2 R)-3 (6) p-CIC¢H, 86 44 R
3 (R)-3 (6) p-BrCgHy 93 61 R
4 R)-3 (6) p-MeOCgHy 90 66 R
5 (R)-3 (6) 1-Naphthyl 99 67 R
6 R)-3 (6) PhCH=CH 86 63 R
7 R)-6 10) Cg¢Hs 93 87 R
8 (R)-6 (10) p-CIC¢H, 96 88 R
9 (R)-6 10) p-BrCgHy 99 89 R
10 ®)-6 10) p-MeOCgHy 95 80 R
11 (R)-6 10) o0-MeOCgH, 95 82 R
12 (R)-6 (10)  1-Naphthyl 100 92 R
13 (-6 10) PhCH=CH 99 87 R

“solated yield.

YData were determined by GC analysis using a chiral column (Chiral beta-
DEX 120 capillary column).

“Determined by comparison of the sign of specific rotation value with Ref. 32.

erties in this reaction (entries 4, 65% ee) while (R)-1 and
(R)-2 showed a slight decrease in enantioselectivity
(entries 8, 9; 57 and 53% ee respectively).

With chiral ligand (R)-6, its amount from 20 to 10 mol%
led to a slight decrease, but the amount from 10 to 5 mol%
led to a large decrease in enantioselectivity (entries 10—
13). By comparison of the parallel reactions carried out at
different molar ratio of the ligand to metal (entries 11, 12),
it was found that 1/12 was the optimal molar ratio for the
reaction, which gave the highest enantioselectivity. Solvent
evaluation revealed that dichloromethane was more favor-
able than toluene for this reaction in terms of enantioselec-
tivity. For the three chiral 3-arylaminomethylBINOL
ligands, (R)-6 showed improved catalytic properties in this
reaction (entry 14, 87% ee) while (R)-4 and (R)-5 showed a
slight decrease in enantioselectivity (entries 16, 17; 85% ee).

With the ligands (R)-3 and (R)-6, we also examined the
asymmetric addition of diethylzinc to a variety of alde-
hydes under the optimized reaction conditions. The exper-
imental results were summarized in Table 2.

In the addition reaction catalyzed by Schiff base ligand
(R)-3, it was found that the electron-withdrawing substitu-
ent of the substrate benzaldehyde (e.g., chloro or bromo)
decreased enantioselectivity (entries 2, 3) while electron-
donating groups such as methoxy increased enantiose-
lectivity (entry 4). However, the situation for 3-arylami-
nomethylBINOL ligand (R)-6 was just opposite. The
electron-withdrawing substituent was found to increase
the enantioselectivity (entries 8, 9) while electron-donat-
ing group to decrease the enantioselectivity (entries 10,
11). The sterically hindered 1-naphthaldehyde gave the
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best result (entry 12, 92% ee). In addition, o,B-unsatu-
rated cinnamaldehyde also gave 87% ee (entry 13).

In summary, we have prepared chiral BINOL Schiff
bases (R)-1, (R)-2, (R)-3 and their reductive products (R)-
4, (R)-5, (R)-6. It was found that the six chiral BINOL
ligands catalyze the asymmetric addition of diethylzinc to
aldehydes giving secondary alcohols in high yield and
good enantioselectivity. The (R)-6-Ti complex was found
to be an effective catalyst in the asymmetric addition of
diethylzinc to aldehydes.
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ABSTRACT

A cyclic a-aminophosphonate was found to be a novel organocatalyst

for Michael type addition reactions of carbonyl compounds to nitroolefins to afford the
corresponding adducts in high enantio- and diastereoselectivities. Chirality 20:833-838,

2008.  © 2008 Wiley-Liss, Inc.
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INTRODUCTION

Asymmetric Michael addition to nitroalkenes has been
developed as a powerful tool in organic synthesis, because
of carbon-carbon bond-formation. Optically active nitroal-
kane Michael adducts are versatile building blocks for ag-
ricultural and pharmaceutical compounds.? Organocata-
Iytic asymmetric Michael addition of ketones to nitroole-
fins, pioneered by List et al.® and Barbas and coworkers,*
has attracted great attention. Pyrrolidine-pyridine,® pyrroli-
dine-thiourea, derivatives,® and fluorouspyrrolidine sulfon-
amide’ and chiral diamine,® have also served as powerful
asymmetric catalysts for such Michael additions. Herein,
we wish to add a new example to these entries by reveal-
ing for the first time that readily available cyclic a-amino-
phosphonates® ™! can also serve as efficient catalysts for
Michael addition.

There are many methods available to synthesize amino-
phosphonates.!?™ These compounds are well studied as
diverse and useful biological active reagents, but applica-
tions as organocatalysts for asymmetric Michael addition
reactions have not been reported hitherto. Although they
have been synthesized, there is only one report of cyclic
a-aminophosphonates as catalysts for an aldol reaction.'®
Given the importance of organocatalytic reactions, we
believe the strategy described in this article may be useful
for other processes.

Since cyclic a-aminophosphonic acids are analogues of
proline, the cyclic a-aminophosphonates could be too.
These, in turn, are highly enantioselective catalysts for
direct asymmetric aldol reactions,'® asymmetric Michael
additions,'” and Mannich reactions.!® We envisaged that
cyclic a-aminophosphonates might be better than proline
as catalysts for these reactions. First we investigated Mi-
chael addition reactions. The catalyst II was synthesized
in three steps from (S)-phenylglycinol according to pub-
lished procedures® and catalyst I by a modification thereof
(Scheme 1).
© 2008 Wiley-Liss, Inc.

EXPERIMENTAL SECTION
General

Silica gel (300-400 mesh) from Yantai Silica Gel Factory
was used for chromatography. Optical rotation was mea-
sured on a Perkin-Elmer 341 automatic polarimeter. IR
spectra were recorded on a Nicolet Avatar 360-IR. 'H
NMR and ®C NMR spectra were recorded on a Bruker
400M instrument, and tetramethylsilane was used as inter-
nal standard. Data for 'H NMR are reported as follows:
chemical shift (ppm), and multiplicity (s singlet, d doublet,
m multiplet). Enantiomeric excesses were determined by
HPLC analysis using an Elite EC 2000 system with Chiral-
cel OD or Chiralpak AS-H columns.

Material

Commercial reagents were used as received, unless
otherwise stated. The trans-substituted nitroolefins were
prepared by known procedures.!*?°

Preparation of catalysts I and II. Catalyst II is
known. Data are in agreement with previously reported
results.® Catalyst I was prepared by a modification of I

(3S,5R,7aR)-5-(Benzotriazol-1-yl)-3-phenyl[2,1-b]oxazolo-
pyrrolidine (1): Prepared from (S)-2-amino-2-phenyletha-
nol according to the literature procedures.’

Diisopropyl (3S,5R,7aR)-3-phenylhexahydropyrrolo[2,1-
b]-[1,3]oxazol-5-y1 phosphonate (2): To a solutionof 1 (3.1 g,

This article contains supplementary material available via the Internet at
http://www.interscience.wiley.com/jpages/0899-0042/suppmat.
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Conditions: a. CH,Cl,, 24h.

b. P(OR); (2 eq.), ZnBr;, (0.3 eq.), CH,Cl,, 0°C, 20h. R = ethyl or isopropyl

= ethyl
¢. H,, Pd(OH),/C, HCI-EtOH, 24h.

11

2a: R =isopropyl, 2b: R

Scheme 1. Synthesis of catalysts I and II.

10 mmol) in dry CH»Cl, (200 ml) were added sequentially
triisopropylphosphite (4.5 ml, 20 mmol) and ZnBr,
(1 mmol). The reaction mixture was stirred at 0°C for 20 h.
The reaction was then quenched with 2 M NaOH, and the
product was extracted with CH,Cl,. The combined organic
extracts were washed with brine, dried with Na,SO,, and
evaporated in vacuo. Column chromatography on silica
gel, with hexane/EtOAc 2/1 as eluent, yielded 2.68 g
(75%) of 2a as a colorless oil. 'H NMR (400 MHz, CDCl,):
8 1.11 (d, / = 6.2 Hz, 3H), 1.18 (d, J = 6.2 Hz, 3H), 1.20
(d,J = 6.2 Hz, 3H), 1.25 (d, ] = 6.2 Hz, 3H), 1.95-2.13 (m,
2H), 2.21-2.26 (m, 2H), 3.17-3.22 (dt, ] = 2.7 Hz and 7.4
Hz, 1H), 3.64-3.67 (dd, / = 5.9 Hz and 8.4 Hz,1H), 4.30-
433 (dd, J = 7.1 Hz and 8.3 Hz, 1H), 4.43 (t, ] = 6.5 Hz,
1H), 4.56-4.66 (m, 2H), 5.00-5.02 (m, 1H), 7.20-7.42 (m,
5H) ppm. *C NMR (CDCl;, 100 MHz): & 23.7 (/ = 5.2
Hz), 24.0 (/ = 3.4 Hz and 8.0 Hz), 25.5, 30.3 (/ = 7.4 Hz),
61.2, 63.7, 69.2 ( = 4.6 Hz), 70.2 ( = 7.6 Hz), 70.7 (J =
6.9 Hz), 72.2, 77.2 ( = 32. 1 Hz), 99.0 (/ = 16.2 Hz),
126.6, 126.8, 128.1, 142.3 ppm. IR (film): 3453, 2972, 2936,
2874, 1389, 1236, 1104, 992 cm !. HRMS caled for

CysH2sNOLP = 354.1834 (M + H); found: 354.1932. [«]3°

= +58.44 (¢ = 0.9, EtOH).

Diisopropyl  (2R)-tetrahydro-1H-pyrrol-2-ylphosphonate
I: A solution of starting material (1 mmol) in ethanol (60
ml) with 10% Pd(OH),/C (50 mg) was charged with hydro-
gen at a pressure of 40 psi at rt for 24 h. After filtration of
the catalyst, the filtrate was treated with HCl in EtOAc (2
M) and stirred at rt for 30 min. The solvent was concen-
trated in vacuo, and then neutralized with NaOH (1 M),
and the aqueous suspension was extracted with CHyCls.
The combined organic extracts were washed with brine,
dried with Na,SO,, and evaporated in vacuo, and the resi-
due purified by column chromatography using CH,Cly/
MeOH 45/1 as eluent to give I in 85% yield as a yellow oil.
'H NMR (CDCl;, 400 MHz): & 1.33 (d, J = 6.2 Hz, 12H),
1.75-2.04 (m, 4H), 2.66 (br s, 1H), 2.90-2.96 (m, 1H),
3.05-3.10 (m, 1H), 3.26-3.31 (m, 1H), 4.71-4.80 (m, 2H)
Chirality DOI 10.1002/chir

ppm. *C NMR (CDCl;, 100 MHz): & 23.9 (/ = 4.2 Hz),
25.7 (] = 8.2 Hz), 26.7, 47.4 (J = 11.0 Hz), 53.5, 55.2, 70.3
(J = 8.2 Hz), 70.5 (/ = 7.0 Hz) ppm. IR (film): 3438, 2977,
2873, 1385, 1230, 1107, 984 cm . HRMS caled for
C1oH2NOsP = 236.1416 (M + H); found: 236.1419. [o]%)
= —6.19 (c = 1.1, EtOH).

General procedure for the Michael addition reaction

Cyclohexanone (196 mg, 2 mmol) and catalyst I (7.62
mg, 0.02 mmol) in 0.2 mL of CHCl; were stirred at rt for
20 min. Then trans-B-nitrostyrene (29.8 mg, 0.2 mmol) was
added and the resulting mixture was stirred at rt for 30 h.
The reaction mixture was evaporated under vacuum, and
then purified by column chromatography on silica gel,
eluted by hexane/EtOAc = 10:1 then 5:1 to give the
desired products 3a (46.3 mg, 94%).The desired products
as (S)-2-((R)-2-nitro-1-phenylethyl)cyclohexanone (3a),%’
(S)-2-((R)-1-(4-chlorophenyl)-2-nitroethyl) cyclohexanone
(3b),” (S)-2-((R)-1-(2-chlorophenyl)-2-nitroethyl) cyclohexa-
none (3¢),} (5)-2-((R)-1-(2,4-dichlorophenyl)-2-nitroethyl)-
cyclohexanone (3d),° (S)-2-((R)-1-(4-bromophenyl)-2-nitro-
ethyl)cyclohexanone(3e),®  (S)-2-((R)-1-(d-fluorophenyl)-2-
nitroethyl)cyclohexanone (3f),®  (S)-2-((R)-1-(2-methoxy-
phenyl)-2-nitroethyl) cyclohexanone  (3g)"%  (S)-2-((S)-1-
(furan-2-y)-2-nitroethyl)cyclohexanone (3h),° (S)-2,2-di-
methyl-4-nitro-3-phenylbutanal (4a)®’ (R)-2-ethyl-(S)-3-phe-
nyl-4-nitrobutanal (4b)?! are known.

(R)-2-((S)-1-(4-bromophenyl)-2-nitroethyl)buta-
nal 4¢c. Yellow oil, dr = 3:1 (syn:anti), ee 96%. 'H NMR
(CDCl3, 400 MHz): & 0.84 (t, /] = 7.5 Hz, 3H), 1.48-1.54
(m, 2H), 2.64-2.70 (m, 1H), 3.77 (dt, J/ = 4.8, 9.9 Hz, 3H),
4.57-4.74 (m, 2H), 7.08-7.08 (m, 2H), 7.47-7.49 (m, 2H),
971 d, /] = 23 Hz, 1H) ppm. HRMS calcd for
C12H14BrN03 = 322.0055 (M + Na); found: 322.0062.
[a]® = +10.20 (¢ = 1.2, CHCls). The ee of the product
was determined by HPLC analysis (Chiralcel OD, +-PrOH/
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TABLE 1. Effects of solvents and different catalysts on asymmetric Michael addition reaction of cyclohexanone
and frans-p-nitrostyrene?

e

I N02 z
catalyst 10 mol% ! NO,
* rt =
3a
Entry Catalyst Solvent Time (h) Yield® (%) Dr® (syn:anti) Ee® (syn) (%)
1 I CHCl; 30 94 50:1 79
2 I CHCl; 38 90 16:1 73
3 I CH,Cly 48 88 16:1 58
4 I benzene 50 90 17:1 64
5 I toluene 46 82 17:1 60
6 I DMSO 40 - - -
7 I H.0 40 - _ _

#Cyclohexanone (2 mmol) and catalyst (0.02 mmol) in 0.2 ml solvent was stirred, then #rans-B-nitrostyrene (0.2 mmol) was added. The product was puri-
fied by column chromatography on silica gel, and the absolute configuration was determined by the comparison of the specific rotation of the product

with literature data.
bIsolated yield after column chromatography.

“Determined by *H NMR.“Determined by chiral HPLC analysis (Chiralpak AS-H, i-PrOH/hexane = 10/90).°

hexane = 20/80, flow rate = 1.0 ml/min, Ay« = 254 nm):
tminor = 15.37 Il'liIl, tmajor = 14.05 min.

(R)-2-((S)-2-nitro-1-phenylethyl)octanal 4d. Pale
yellow oil, dr = 13:1 (syn:anti), ee 82%. '"H NMR (CDCl;,
400 MHz): 5 0.82 (t, / = 7.0 Hz, 3H), 1.11-1.40 (m, 10H),
2.66-2.73 (m, 1H), 3.77 (dt, J = 5.2, 9.7 Hz, 1H), 4.61-4.73
(m, 2H), 7.16-7.18 (m, 2H), 7.29-7.37 (m, 3H), 9.69 (d,
= 2.8 Hz, 1H) ppm. *C NMR (CDCls, 100 MHz): & 13.9,
224, 26.3, 27.3, 29.0, 29.1, 31.3, 31.7, 43.1, 53.9, 784,
128.0, 128.1, 129.1, 136.8, 203.2 ppm. HRMS calcd for
Ci6H2sNO5 = 300.1576 (M + Na); found: 300.1580. [a]2)
= +29.23 (¢ = 1.3, CHCl3). The ee of the product was
determined by HPLC analysis (Chiralcel OD, -PrOH/hex-
ane = 20/80, flow rate = 1.0 ml/min, Ay, = 254 nm):
Iminor = 10.08 min, #ya50r = 11.44 min.

(R)-2-((S)-1-(4-fluorophenyl)-2-nitroethyl)octanal
4e. Pale yellow oil, dr = >99:1 (syn:anti), ee 87%. 'H
NMR (CDCls, 400 MHz): § 0.83 (t, / = 7.1 Hz, 3H), 1.12—
1.39 (m, 10H), 2.65-2.70 (m, 1H), 3.77 (dt,J = 4.9, 9.9 Hz,
1H), 4.57-4.72 (m, 2H), 7.02-7.07 (m, 2H), 7.14-7.26 (m,
2H), 9.70 (d, J = 2.6 Hz, 1H) ppm. *C NMR (CDCl;, 100
MHz): 8 13.9, 224, 26.2, 27.3, 29.0, 31.3, 42.4, 53.8, 78.4,
116.0, 116.2, 129.6, 129.7, 132.5, 132.6, 202.9 ppm. HRMS
caled for CigHsFNO; = 318.1482 (M + Na); found:
318.1489. [a]® = +21.70 (¢ = 1.1, CHCl3). The ee of the
product was determined by HPLC analysis (Chiralcel OD,
-PrOH/hexane = 20/80, flow rate = 1.0 ml/min, Apax =
254 nm): tinor = 9.90 min, fmaior = 8.72 min.

(R)-2-((S)-1-(4-methoxyphenyl)-2-nitroethyl)octanal
4f. Yellow oil, dr = 17:1 (syn:anti), ee 80%. 'H NMR
(CDCl3, 400 MHz): & 0.82 (t, /] = 7.0 Hz, 3H), 1.12-1.36
(m, 10H), 2.61-2.68 (m, 1H), 3.72 (dt, ] = 5.1, 9.6 Hz, 1H),
3.79 (s, 3H), 4.56-4.70 (m, 2H), 6.86-6.88 (m, 2H), 7.07-

7.10 (m, 2H), 9.69 (d, J = 2.8 Hz, 1H) ppm. *C NMR
(CDCl;, 100 MHz): & 13.9, 22.4, 26.3, 27.3, 29.0, 31.3, 424,
54.0, 55.2, 78.7, 114.4, 128.5, 129.0, 159.2, 203.4 ppm.
HRMS calcd for Ci;Hy5NO4 = 330.1682 (M + Na); found:
330.1690. [a]?) = +19.31 (¢ = 1.3, CHCLy). The ee of the
product was determined by HPLC analysis (Chiralcel OD,
i-PrOH/hexane = 10/90, flow rate = 1.0 ml/min, Apax =
254 nm): tminor = 15.51 min, tyg0r = 17.05 min.

RESULTS AND DISCUSSION

Initially, using I and II (10 mol%) as catalysts for cyclo-
hexanone and trans-B-nitrostyrene, as shown in this article
(Table 1), catalyst I has better effects both in diastereo- and
enantioselectivity, so I was adopted by us. Various solvents
were examined at room temperature, in strong polar sol-
vents such as DMSO (entry 6) and water (entry 7), traces
of the desired products were detected after 40 h, but in less
polar solvents such as chloroform, the reactions gave high
yields, good stereoselectivity, and needed less time. How-
ever, in less polar solvents such as benzene, toluene and
dichloromethane, the stereoselectivities declined.

To test the catalytic activity of this cyclic «-amino-
phosphonate, Michael addition reactions were carried out
between cyclohexanone and a wide range of nitroolefins
as substrates (Table 2). The reaction conditions shown for
the reactions in Table 1 were used, with I as catalyst and
CHCI; as solvent. As shown here, these reactions pro-
ceeded efficiently (85-97% yields), with high enantio- and
diastereo-selectivities (up to 79% and >99:1, respectively).
trans-B-Nitroolefins having functionalities such as a halo-
gen atom (entries 2-6), or methoxy group (entry 7) on the
benzene ring and heterocyclic groups (entry 8), could be
used in this catalytic process.

Chirality DOI 10.1002/chir



TABLE 2. Cyclic a-aminophosphonate-catalyzed I Michael addition reaction of cyclohexanone to nitroolefins

Entry Product Time (h) Yield® (%) Dr® (syn:anti) Ee® (syn) (%)
1 © 30 94 50:1 79
. ; NQo
3a
2 T' 24 97 33:1 72
' ; NO,
3b
3 ©\ 32 86 >99:1 66
7
&_/:\/NO2
3c
4 T' 26 95 >99:1 72
Z o
' A NO2
3d
5 ?’ 30 88 17:1 71
_ ; NO2
3e
6 i 28 91 25:1 64
_ : NO2
3f
7 ©\ 30 90 >99:1 61
EESAN
y A NQOo
3g
8 - 28 85 10:1 44
S
! L NO;
3h

¥solated yield after column chromatography.
"Determined by ‘H NMR.
“Determined by chiral HPLC analysis (Chiralpak AS-H, i-PrOH/hexane = 10/90).58
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TABLE 3. Effects of donor structure cyclic a-aminophosphonate-catalyzed Michael addition reaction
of aldehydes and nitroolefins

L

0 0 O R
— NO; “N” g 10 mol% )K‘/'\/NO2
H% Y and H o°~< H I
Re rt CHClg 2
4
Entry Product Time (h) Yield® (%) Dr® (syn:anti) Ee€ (syn) (%)
1 h 30 78 - 914
NO
H 2
4a
2 /ﬁ\(t/ 24 80 6:1 87
NO»
H
4b
3 /ﬁ\ge\Hip'Br 26 78 31 96
NO»
H
4c
4 /ﬁ\l/’:hk/ 26 81 13:1 82
NO»
H
n-CgH13
4d
5 /ﬁ\‘/('36\H4/'P'F 28 78 >99:1 87
NO»
H
n-CegH13
4¢
6 /ﬁ\‘)Ce\Hzt/'P'o'V'e 28 75 17:1 80
NO,
H
n-CeHy3
4f

solated yield after column chromatography.
PDetermined by 'H NMR.

“Determined by chiral HPLC analysis (Chiralpak OD, i-PrOH/hexane = 15/85 or 20/80, flow rate = 1 ml/min, Ap. = 254 nm).
9Determined by chiral HPLC analysis (Chiralpak AS i-PrOH/hexane = 10/90).%

In addition to cyclohexanone, aldehydes could also be
used successfully as substrates in the above reaction
(Table 3),21724 to afford the corresponding adducts in high
yields with high stereoselectivities. Interestingly, we
noticed that the diastereoselectivity improved as the alkyl
chain becomes longer (entries 2 and 4). Good selectivities
were obtained with both halogen (entries 3 and 5) and
methoxy (entry 6) on the benzene ring.

To account for the present enantio- and diastereo-selec-
tive Michael addition reactions, there are two cases to con-

sider. With cyclohexanone, the si face of the enamine is
shielded, therefore the reaction takes place on the 7e face,
to give 2S stereochemistry in the product. According to
Seebach’s model,®3! the nitroolefin approaches the
enamine in a synclinal fashion, due to the favorable elec-
trostatic interactions between the partially positive nitro-
gen atom of the enamine in the transition state and the
partially positive nitro group. Thus the (R)-1-configuration
is obtained and the product therefore has syn stereochem-
istry. With aldehydes the less hindered face of the enam-

Chirality DOI 10.1002/chir
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ine is the si face, which is approached by the nitroolefin to
give the observed stereochemistry, the result is similar to
reports by Barbas and coworkers* and Hayashi et al.>

We have reported for the first time that versatile cyclic
a-aminophosphonates could be used as catalysts in the
asymmetric Michael addition of cyclohexanone to nitroole-
fins to give high yield of the corresponding adducts with
good diastereoselectivity, and aldehydes give excellent
enantioselectivity. Ongoing studies using other amino-
phosphinates as organocatalysts and applications to Man-
nich reactions are now in progress.
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ABSTRACT

A new class of chiral B-amino disulfides was synthesized from readily

available and inexpensive starting materials by a straightforward method and their
abilities as ligands were examined in the enantioselective addition of diethylzinc to
aldehydes. Enantiomeric excesses of up to 99% have been obtained using 0.5 mol %

of the chiral catalysts. Chirality 20:839-845, 2008.
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INTRODUCTION

Addition of organometallic reagents to carbonyl com-
pounds is one of the most common and fundamental reac-
tions for the formation of carbon—carbon bonds, and the
asymmetric version of this reaction is particularly useful
for generating optically active secondary alcohols.!™ The
importance of this structural feature arises mainly from
the fact that it is part of many natural products or precur-
sors as an important synthetic intermediate for various
other functionalities, e.g., amine, halide, ester, and ether.
Concerning this subject, several highly stereoselective
additions to prochiral aldehydes have been reported,*®
and among the various organometallic compounds,”*° di-
organozincs serve as excellent alkyl nucleophiles.'™17 The
development and functional understanding of chiral
ligands for catalytic asymmetric synthesis is of increasing
importance in modern synthetic chemistry; and in particu-
lar, the addition of diethylzinc to aldehydes has become a
classical test to design new ligands for asymmetric cataly-
sis.! Chiral B-amino alcohols are often used as ligands in
this reaction’®?* because of its easy access normally
direct from the respective amino acids. Rationalizations
about the stereoselectivity in asymmetric addition of di-
alkylzinc reagents to aldehydes using these ligands as
model were performed by various research groups, giving
an important tool to understand mechanistically the way
and to improve the development of new classes of chiral
catalysts.?®

In the last few years, a significant improvement in enan-
tioselectivity has been observed by the use of amino sulfur
or selenium moieties as catalysts for the enantioselective
addition of diethylzinc to aldehydes.?52 Sulfur containing
ligands®® like B-amino thiols and B-amino disulfides deriva-
tives from ephedrine,* 3¢ norephedrine,*° (S)-pro-
line,’°*2  (S)-phenylglycine,®® (S)-valine,***> (R)-cyste-
ine,>*65% (R)-cystine,”! and others®>™® have gained more
and more interest as catalysts in this stereoselective reac-
© 2008 Wiley-Liss, Inc.

tion. In a similar way, chiral amino diselenides have been
efficiently used as catalysts for this addition,?*>2 but due
to the most difficult accessibility of these compounds, only
a few number of reports can be found in literature.

As part of our broader program to explore the prepara-
tion and use of chiral organochalcogen compounds in
asymmetric catalysis,”® % especially ligands binding via
sulfur or selenium, we describe in this article the develop-
ment of a new class of [S, N]-ligands in a straightforward
synthetic route, using inexpensive and easily available
starting materials and their application as chiral ligands in
the enantioselective addition of diethylzinc to aldehydes.

EXPERIMENTAL SECTION
General Procedures

Melting Points are uncorrected. Optical rotations were
measured on a Perkin-Elmer 341 Polarimeter. 'H and *C
NMR spectra were recorded at 400 and 100 MHz, respec-
tively, with tetramethylsilane as internal standard. High-re-
solution mass spectra were recorded on a Bruker BioApex
70 eV spectrometer. Gas chromatography (GC) was per-
formed using a Varian 3800 gas chromatograph with
Hydrodex B-3P column. HPLC analyses were carried out
on a Shimadzu SCL-10 Avp chromatograph using a Diacel
Chiralcel OD columm; solvent, 99:1 hexane/isopropanol;
flow rate 0.5 mL/min; 254 nm detection. Column chroma-
tography was performed using Merck Silica Gel (230-400
mesh) following the methods described by Still et al.%
Thin layer chromatography (TLC) was performed using
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Merck Silica Gel GFos54, 0.25 mm thickness. For visualiza-
tion, TLC plates were either placed under ultraviolet light,
or stained with iodine vapor, or acidic vanillin. Most reac-
tions were monitored by TLC for disappearance of starting
material. The following solvents were dried and purified
by distillation from the reagents indicated: tetrahydrofuran
from sodium with a benzophenone Kketyl indicator;
dichloromethane from calcium hydride; acetonitrile from
phosphorus pentoxide. All other solvents were ACS or
HPLC grade unless otherwise noted. Air- and moisture-
sensitive reactions were conducted in flame-dried or oven
dried glassware equipped with tightly fitted rubber septa
and under a positive atmosphere of dry argon. Reagents
and solvents were handled using standard syringe techni-
ques. Temperatures above room temperature were main-
tained by use of a mineral oil bath with an electrically
heated coil connected to a Variac controller.

General procedure for the synthesis of amino disul-
fides 4. In a 50-mL round-bottomed flask with a reflux
condenser, under an argon atmosphere, lithium disulfide
was generated by reaction of elemental sulfur (0.0384 g,
1.2 mmol) with lithium triethylborohydride (1 M in THF,
1.2 ml, 1.2 mmol) in dry THF (5 ml). The suspension was
heated at reflux and stirred for at least 20 min, and a THF
(10 ml) solution of aziridine 2 (1.0 mmol) was added drop
wise within 20 min. The resulting solution was stirred for
12 h at room temperature. The mixture was quenched
with a saturated NH,Cl solution (20 ml), extracted with
CH.Cl, and the combined organic fractions were col-
lected, dried over MgSO, and filtered; the solvent was
then removed in vacuo yielding crude products 4a-d,
which were purified by flash chromatography (Hexa-
ne:ethyl acetate 90:10).

p-Amino disulfide 4a. Yield: 0.447 g (84%). White
solid. m.p. 144-146°C. [a]p?® = —11 (¢ = 1.0, CH,CL,). 'H
NMR (400 MHz, CDCl3): & = 7.30-7.18 (m, 10 H), 4.94-
4.92 (m, 2 H), 4.12-4.09 (m, 2 H), 2.91-2.81 (m, 8 H), 1.42
(s, 18 H) ppm. *C NMR (100 MHz, CDCly): & = 155.2,
137.5, 129.3, 128.4, 126.5, 79.4, 51.1, 43.4, 38.8, 28.3 ppm.
HRMS (ESD: caled for CssH4oNoNaO,S, [M + Na]®
555.232722; found 555.232721. The enantiomeric purity
was determined by HPLC analysis (column, Chiralcel-OD;
eluent, hexane/2-propanol 98:02; flow rate, 1 ml/min; R
isomer, fg = 16.3 min, S isomer, g = 17.2 min) and found
to be >99.9%.

p-Amino disulfide 4b. Yield: 0.345 g (79%). White
solid. m.p. 104-105°C. [a]p® = +69 (¢ = 1.0, CH,CL,). 'H
NMR (400 MHz, CDCly): & = 4.78-4.76 (m, 2 H), 3.69—
3.67 (m, 2 H), 2.90-2.89 (m, 4 H), 1.94-1.90 (m, 2 H), 1.44
(s, 18 H), 0.96 (d, / = 8.2 Hz, 6 H), 0.92 (d, / = 8.2 Hz, 6
H) ppm. *C NMR (100 MHz, CDCls): & = 155.8, 79.2,
55.4, 42.8, 32.5, 30.8, 19.5, 17.7 ppm. HRMS (ESI): caled
for CaoHsoN2NaO,S, [M + Na] ™ 459.232722; found 459.232721.

p-Amino disulfide 4c. Yield: 0.362 g (78%). White
solid. m.p. 67-69°C. [a]pZ® = —37 (¢ = 1.0, CH,CL). 'H
NMR (400 MHz, CDCl3): § = 4.95-4.91 (m, 2 H), 3.91-
3.87 (m, 2 H), 2.82-2.81 (m, 2 H), 2.79-2.78 (m, 2 H),
Chirality DOI 10.1002/chir
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1.70-1.67 (m, 2 H), 1.44 (s, 22 H), 0.94 (d, ] = 9.4 Hz, 12
H) ppm. *C NMR (100 MHz, CDCly): & = 155.4, 79.1,
48.3, 45.2, 42.9, 28.4, 25.0, 23.1, 22.0 ppm. HRMS (ESI):
calcd for C22H44N2N8.O482 [M + Na]+ 487264022, found
487.265880.

p-Amino disulfide 4d. Yield: 0.371 g (80%). White
solid. m.p. 70-72°C. [a]p?® = +10 (¢ = 1.0, CH,CL,). 'H
NMR (400 MHz, CDCly): & = 4.79-4.76 (m, 2 H), 3.75-
3.72 (m, 2 H), 2.99-2.89 (m, 4 H), 1.66-1.64 (m, 2 H), 1.45
(s, 18 H), 1.12-1.10 (m, 4 H), 0.93-0.89 (m, 12 H) ppm.
13C NMR (100 MHz, CDCls): & = 155.6, 79.1, 54.3, 42.3,
37.2, 284, 249, 15.4, 11.5 ppm. HRMS (ESI): calcd for
CooHuuNoNa0,S, [M + Na] ™ 487.264022; found 487.265879.

Procedure for the synthesis of thioether 6. In a 25
ml round-bottomed flask, under argon atmosphere, the
thiolate anion was generated by the reaction of diethyl
disulfide (0.0734 g, 0.6 mmol) with NaBH, (0.057 g, 1.5
mmol) in a mixture of THF (1.5 ml) and EtOH (0.5 ml).
The suspension was allowed to stir for at least 20 min, and
a THF (10 ml) solution of aziridine 2a (0.233 g, 1.0 mmol)
was added drop wise within 20 min. The resulting solution
was stirred for 12 h at room temperature. The mixture was
quenched with a saturated NH4CI solution (20 ml),
extracted with CH,Cl, and the combined organic fractions
were collected, dried over MgSO, and filtered; the solvent
was then removed in vacuo yielding crude thioether 6,
which was purified by flash chromatography (Hexane:
ethyl acetate, 90:10). Yield: 0.220 g (75%) Spectral data
consistent with those reported in the literature.

General procedure for the enantioselective addition
of diethylzinc to aldehydes. In a 25-ml round-bottomed
flask, a solution of toluene (7 ml), aldehyde (1.0 mmol),
and the ligand 4a-d (0.5 mol%, 12.5 pmol) was stirred for
30 min at room temperature. Diethylzinc (1 M in hexane,
2.5 ml, 2.5 mmol) was slowly injected and stirring was con-
tinued for 24 h at room temperature. Cooling (0°C) of the
reaction mixture was followed by the slow addition of HCI
(ag, 1 M, 5 ml). The organic layer was separated and
washed again with HCl (aq, 1 M, 3 ml). Drying with
MgSO,, filtration, and evaporation of the solvent in vacuo
yielded the crude secondary alcohols. Purification was per-
formed by bulb-to-bulb distillation under reduced pressure
(ca. 0.1 mbar).

(R)-1-phenyl-propan-1-ol. Yield: 0.122 g (90%). 'H
NMR (400 MHz, CDCly): & = 7.32-7.13 (m, 5 H), 4.54 (t,
J = 6.6Hz, 1H), 1.87-1.67 (m, 2 H), 0.85 (t, ] = 7.4 Hz, 3
H) ppm. ®*C NMR (100 MHz, CDCly): & = 144.5, 128.3,
127.3,125.9, 75.9, 31.8, 10.0 ppm.

(R)-1-(2-methoxyphenyl)propan-1-ol. Yield: 0.133 g
(80%). TH NMR (400 MHz, CDCly): & = 7.30-7.13 (m, 2
H), 6.69-6.67 (m, 2 H), 4.77 (t,J = 6.4 Hz, 1 H), 3.75 (s, 3
H), 2.94 (m, 1 H), 1.75 (q, / = 7 Hz, 2 H), 0.91 (t, ] = 7.4
Hz, 3 H) ppm. *C NMR (100 MHz, CDCly): & = 156.2,
132.3, 127.8, 126.7, 120.4, 110.2, 71.5, 30.0, 10.2 ppm.

(B)-1-(4methoxyphenyl)propan-1-ol. Yield: 0.125 g
(75%). "H NMR (400 MHz, CDCly): 8 = 7.29-7.01 (m, 4
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R
oH (i) (i) N7 (it R 9,
% e
2 | ~NH
Boc Boc
1 2 3

3a R=Bn 76%
3b R=iPr 73%
(iit) 3¢ R=iBu 71%
3d R=s-Bu72%

4a R=Bn 84%
4b R=i-Pr 79%
4c R=j-Bu 78%
4d R = 5-Bu 80%

Scheme 1. Synthesis of B-amino diselenides 3 and B-amino disulfides
4 reagents and conditions: (I) Boc,O, CH3CN, r.t.,, 3h; (II) KOH, TSCI,
THEF, reflux, 4 h; (II) Li,Se, or Li,S,, THF, r.t., 12 h.

H), 4.35 (t, J = 6.1 Hz, 1 H), 3.55 (s, 3 H), 1.85-1.63 (m, 2
H), 091 (t, J = 7.0 Hz, 3 H) ppm. *C NMR (100 MHz,
CDCly): & = 158.4, 137.9, 128.9, 113.4, 75.3, 55.1, 31.9, 10.0
ppm.

(R)-1-(pyridin-2-yl)propan-1-ol. Yield: 0.107 g (78%).
'H NMR (400 MHz, CDCLy): & = 8.47 (m, 1 H), 7.57-7.01
(m, 3H), 4.65 (t,] = 5.7 Hz, 1 H), 1.93-1.75 (m, 2 H), 1.12—
0.87 (m, 3 H) ppm. *C NMR (100 MHz, CDCl,): 8 = 162.1,
150.1, 137.0, 122.6, 122.1, 79.1, 31.6, 10.0 ppm.

(R)-dodecan-3-ol. Yield: 0.100 g (54%). 'H NMR (400
MHz, CDCly): & = 3.35-3.29 (m, 1 H), 1.48-1.19 (m, 19
H), 0.91-0.86 (m, 6 H) ppm. *C NMR (100 MHz, CDCl,):
5 = 70.5, 36.8, 31.9, 31.5, 30.1, 29.6, 29.5, 29.4, 25.2, 22.7,
14.2, 10.2 ppm.

(R)-octan-3-ol. Yield: 0.066 g (51%). 'H NMR (400
MHz, CDCLy): & = 3.65-3.51 (m, 1 H), 1.59-1.23 (m, 10 H)
1.09-0.86 (m, 6 H) ppm. *C NMR (100 MHz, CDCL,): § =
73.2, 36.8, 31.9, 30.0, 25.3, 22.6, 13.9, 9.8 ppm.

Conditions for the Analysis of Chiral Secondary Alcohols

Chiral capillary GC. Hydrodex B-3P column 25 m X
0.25 mm. Carrier gas, H, (5 ml/min); detector, FID,
280°C; injector, 220°C.

Chiral HPLC. Chiralcel OD columm; solvent, 99:1
hexane/isopropanol; flow rate 0.5 mL/min; 254 nm UV
detector.

The racemic alcohols products were obtained by addi-
tion of EtMgBr to aldehydes. The conditions of analysis
and retention times of the R and S isomers have been
reported elsewhere.?”%8

RESULTS AND DISCUSSION

We have previously reported that the use of only 0.5
mol % of the chiral amino diselenides 3a—-d as ligands in
the enantioselective addition of diethylzinc to aldehydes,
afforded the respective secondary alcohols in up to 99%
¢e.%° To the best of our knowledge, these ligands were the
first class of chiral amino diselenides with the selenium
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atom attached to an alkyl group. From now, we set out to
extend this study through the synthesis of other similar
ligands, possessing potentially stereogenic chalcogenide
donors. Scheme 1 depicts the synthesis of these two
classes of ligands: B-amino diselenides 3a-d, previously
reported, and the new B-amino disulfides 4. These com-
pounds would allow us to study electronically and structur-
ally the effects of these different catalysts and hopefully
provide insight into further ligand design.

The chiral amino chalcogenides 3a-d and 4a-d were
easily prepared from the corresponding commercially
available a-amino alcohols 1, which were further quantita-
tively converted into the N-Boc-protected derivatives by
reaction with di-fert-butyl dicarbonate in acetonitrile. Chiral
aziridines 2 were obtained in good yields by treatment of
N-Boc amino alcohols with p-toluenesulfonyl chloride and
potassium hydroxide in boiling THF. Finally, the sulfur or
selenium atom was efficiently introduced by regioselective
ring opening employing Li,Y»"" (Y = S, Se) as nucleo-
phile. The attack was selective in the less hindered car-
bon’’7? of aziridines ring 2a-d, furnishing the aliphatic
chiral amino diselenides 3a-d and disulfides 4a-d with-
out any loss of enantiomeric purity, as determined by
HPLC analysis using Daicel Chiralcel OD column. The
regiochemistry was determined by analysis of NMR data,
confirming the regioselective aziridine ring opening with-
out detection of a second regioisomer.

With this sterically and electronically varied set of
enantiopure dichalcogenides, we have examined their effi-
ciency as chiral ligands in the enantioselective addition of
diethylzinc to aldehydes. Aiming to determine the opti-
mum conditions, we performed studies about effects that
can influence this catalysis, such as load of catalyst and
temperature.

TABLE 1. Enantioselective addition of diethylzinc to
benzaldehyde varying the loading of ligand 4a

o) OH
@H Ligand 4a
+ EtyZn ————————
toluene, r.t., 20 h
Loading of
Entry 4a (mol %) Yield? (%) ee® (%)
1 10 92 95 (R)
2 5 92 95 (R)
3 2.5 91 95 (R)
4 1 91 95 (R)
5 0.5 90 95 (R)
6 0.25 43 62 (R)
7¢ 0.5 e 83 (R)
84 0.5 48 90 (R)

“Determined by GC analysis.

YDetermined by chiral GC analysis with use of a Hydrodex B-3P column;
the absolute configuration was determined by comparing the sign of the
optical rotation.

“Reation was carried out at 50°C for 20 h.

dReation was carried out at 0°C for 48 h.

Chirality DOI 10.1002/chir
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In a preliminary stage, ligand 4a was tested in the addi-
tion of diethylzinc to benzaldehyde to determine the opti-
mal loading of catalyst. Yields and enantioselectivities for
1-phenyl-1-propanol have been collected in Table 1.

Concentrations varying from 0.25 to 10 mol % were
tested and it could be observed that the ee of the alkylated
product remained very high in the most of the cases (Ta-
ble 1, entries 1-6). Even when 0.5 mol % of ligand 4a was
used, enantiomeric excess of 1-phenyl-1-propanol was 95%
and the conversion was still high (Table 1, entry 5). How-
ever, at lower catalyst concentration, yield and enantio-
meric excess of this secondary alcohol markedly
decreased (Table 1, entry 6). This result can be rational-
ized due to the high affinity of sulfur with zinc, forming a
highly effective catalytic cycle. At this point, it has to be
mentioned that the described ligand systems display a
high reactivity compared to most of the other ligand sys-
tems described in the literature.”>"

In addition, we investigated the temperature effect on
the enantiomeric excess of the product in the same (1,2)-
addition reaction. We also observed that this process is
sensible to this effect, in terms of yield and selectivity.
When the reaction was carried out at room temperature,
the conversion was of 90%, and the ee of 95% (Table 1,
entry 5). By increasing the temperature, a negative effect
in terms of ee was observed while the yields remained
practically constant (Table 1, entry 7). Probably, the incre-
ment of temperature supply to this reaction and additional
energy necessary to form a nonfavorable transition state,
decreasing the ee in this case. By lowering the tempera-
ture to 0°C, we observed a drastic decrease in the yield
(Table 1, entry 8), probably due to a decreasing in the effi-
ciency of complexation; while the ee remained practically
the same obtained at room temperature.

With these results in hand, the efficiency of the other
disulfides prepared was also examined. The reactions
were performed under standard conditions: 0.5 mol % of
ligand 4, benzaldehyde (1 mmol), diethylzinc (2.5 mmol)
in toluene, at room temperature. Aiming to perform a com-
parative study between ligands 3 and 4 to verify the influ-
ence of chalcogen atom as effective ligand, the enantiose-
lectivities observed with diselenides 3% to the respective
secondary alcohols are also given in the following Tables.

As shown in Table 2, all the ligands has presented high
levels of enantiocontrol, affording (R)-1-phenyl-1-propanol
in enantiomeric excesses ranging from 91 to 95%. The
steric hindrance from the different alkyl groups in the side
chains of aminoalcohols plays an important role in the se-
lectivity, and the ligands 3a and 4a (Table 2, Entries 1
and 6) shown better levels of enantioselection in compari-
son with the other less bulky R-substituents. Concerning
the influence of the chalcogen atom, selenium and sulfur
showed practically the same efficiency. This result can be
rationalized by the high tendency of both atoms coordi-
nate to a metal center (zinc) forming an efficient catalytic
complex. The steric effect on the amine moiety was also
studied using the modified catalyst 3e.%° Although this
ligand had shown good performance, the results obtained
with 3a are still higher in terms of conversion and enantio-
Chirality DOI 10.1002/chir
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TABLE 2. Screening of ligands 3a-e and 4a-d in the
catalytic enantioselective addition of diethylzinc
to benzaldehyde

0 Ligand 3 or 4 9H
H (0.5 mol%)
toluene, r.t.,, 20 h
Entry Ligand Yield® (%) e® (%)
1 B 91 95 (R)
Ph \/-\/se‘Se/\i/\Ph
3a HN‘Boc
2 hn-Bo° 71 91 (R
2 Se, /\/I\
W/\/ 'Sé :
3b HN\Boz:
3 JVHN;BOC 80 922 B
i _se
3¢ “Boc
4 B 72 91 (R)
_Se /V'v
/Yv 'Sé Y
3d HN‘Boc
5 O 82 90 (B
N
Ph \/\/SQSS/\;/\PP‘I
N
3e O
6 H;;rB“ 90 95 R
Ph\/'\/S\S/\i/\Ph
4a HN‘Boc
7 H-Bo° 70 92 (R)
SN A)\
YV S :
4b HN‘Boc
8 )\ﬁ/‘” 79 9 (R
i s,
S Z
c Boc
9 70 92 (R

HN,BOC
S /\/k/
ﬁ/\/ s <
4d HN.

Boc

“Determined by GC analysis.

"Determined by chiral GC analysis using a Hydrodex B-3P column; and
the absolute configuration was determined comparing the sign of optical
rotation.
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TABLE 3. Enantioselective addition of diethylzinc
to aldehydes using 3a or 4a

o Ligand 3a or 4a OH
J\ (0.5 mol%) B
R! H * EttZn —————————» R1/\/
toluene, r.t., 20 h

Entry  Ligand R! Yield® (%) ee (%)
1# 3a %% 93 95 (R)
o 4a @L 80 95 (B)

OMe
3P 3a ~ 93 >99 (R)
1 1a /©/ 75 >99 (R)
MeO
5¢ 3a - 85 91 (R)
6 4a | ~ 78 98 (R)
_N
7 3a - 56 45 (R)
8° 4a /H?}”“ 54 ~99 (R)
9 3a - 63 ~99 (R)
10¢ 4a /Hs\}” 51 70 (R)

“Conversion was determined by GC analysis.

"Determined by chiral GC analysis using a Hydrodex B-3P column; the
absolute configuration was determined by comparing the sign of optical
rotation.

‘Determined by chiral HPLC analysis using a Daicel Chiralcel OD
column.

meric excess, as well as the simplicity of the catalyst
(Table 2, compare entries 1 vs. 5).

To extend the scope of the optimal ligand 4a as chiral
catalyst in this reaction, several aromatic and aliphatic
aldehydes were screened. As shown in the Table 3, for
aromatic aldehydes, high yields and levels of enantio-
selection of the respective (R)-secondary alcohols were
observed by the use of both catalysts (entries 1-6) and in
the best cases, ees up to 99% were achieved (see entries 3
and 4). When the less reactive aliphatic aldehydes were
employed, the results had shown an unexpected way. By
using the diselenide 3a, the selectivity was excellent for
hexanal (minor chain), and very poor to decanal (Table 3,

Et,Zn
PhA‘/\sﬁ—2 — T > Ph/Y\SZnEt + Ph/Y\SEt
HN., HN. HN.
Boc Boc Boc
4a 5 6

Scheme 2. Formation of the catalytically active species.
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NaBH
PN EtS-SEt ——— Ph/ﬁASEt
N THF/EtOH (3:1) HN
Boc “Boc
2a 6

Scheme 3. Synthesis of thioether 6.

entries 7 and 9). Surprisingly, by using the disulfide 4a
the selectivity observed had an opposite way: (R)-dodecan-
3-0l was obtained in up to 99% ee while (R)-octan-3-ol was
achieved in only a moderated enantiomeric excess (Table
3, entries 8 vs. 10). Apparently, the size of the chalcogen
atom in the structure of the ligand plays an important
influence in terms of selectivity.

The stereochemistry of the products is in accordance
with the mechanistic rationalization described in Noyori’s
work 17576

To elucidate the mechanistic aspects, we assumed that
the disulfide linkage is cleaved by nucleophilic attack of
diethylzinc, resulting in the thiolate 5 and the thioether 6
(Scheme 2), according to the results reported by Kellogg®®
and Wirth.*°

Aiming to identify the catalytically active species, we
prepared the compound 6 via 2a ring-opening reaction by
attack of EtSSEt/NaBH,”” as shown in Scheme 3.

We believe that the active catalyst of the reaction is the
species 5, since in an additional experiment, the thioether
6 did not catalyze the alkylation reaction of benzaldehyde.

CONCLUSIONS

In summary, a new series of chiral B-amino disulfides
was synthesized in a straightforward synthetic route from
readily available and inexpensive starting materials. These
compounds have been evaluated in the enantioselective
addition of diethylzinc to aldehydes, furnishing the corre-
sponding optically actives secondary alcohols in high
yields and enantiomeric excesses by using a very small
amount of catalyst. Most importantly, by the use of these
compounds it was possible to perform a comparative study
with the analog diselenides 3 reported by our group. As a
result of this study, a larger class of complementary dichal-
cogenide ligands 3 and 4 for the addition of diethylzinc to
aldehydes, especially to aliphatic aldehydes, is now avail-
able. Studies dealing with the mechanism of the reaction
and application of this catalyst system in other asymmetric
catalytic reactions’® and as building blocks for peptides
synthesis™ are currently in progress in our laboratory.
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ABSTRACT

Four dendrimers were synthesized on aminopropyl-modified silica gel

using methyl acrylate and ethylene diamine as building blocks by divergent method.
Four generations of chiral stationary phases (CSPs) were prepared by coupling of L-2-(p-
toluenesulfonamido)-3-phenylpropionyl chloride to corresponding dendrimers. The
derivatives prepared on silica gel were characterized by FT-IR, 'H NMR, and elemental
analysis. The selector loadings of these four generations of CSPs generally showed a
decrease tendency with the increase of generation numbers of dendrimers. The enantio-
separation properties of these CSPs were preliminarily investigated by high-perform-
ance liquid chromatography. The CSP derived from the three-generation dendrimer
exhibited the best enantioseparation capability. Effects of the mobile phase composition
and molecular structures of racemic mixtures on enantioseparation were further stud-
ied. Chirality 20:846-855, 2008.  © 2008 Wiley-Liss, Inc.

KEY WORDS: dendrimer; chiral stationary phase; enantioseparation; high-performance

liquid chromatography

INTRODUCTION

Chiral separation of racemic mixtures remains an area
of interest, due to its importance in the development and
manufacture of single enantiomer drugs.’* High-perform-
ance liquid chromatograph (HPLC) based on the applica-
tion of chiral CSPs is an effective way to separate a race-
meric mixture into its enantiomers.>> Up to date, many
works focus on the preparation of various CSPs to meet
the requirements of determination and bulk preparation of
chiral compounds.®™

Dendrimers are monodisperse polymers that represent
a class of highly ordered oligomeric or polymeric struc-
tures with a specific number of functional groups in pre-
cisely defined locations.'®*® Although dendrimers have
been known to be prepared as carriers of drugs or bioac-
tive molecules for controlled release,'* or as carriers of
metal ions for clinic diagnosis or for catalysis,'”!® the
immobilization of dendrimers onto chromatographic sup-
ports to be used as HPLC stationary phase selectors has
not been reported until the publication of Fréchet and cow-
orkers’ work on preparation of dendritic CSPs containing
I-proline indananilide chiral selectors through two differ-
ent approaches, ie. the convergent, and the divergent
ways.! In these CSPs, macroporous poly (2-hydroxyethyl
methacrylate-co-ethylene dimethacrylate) beads were used
as the supports. The CSP prepared in the convergent man-
ner had relatively low loading, whereas the CSP prepared
by divergent manner had comparatively higher loading.
These CSPs had excellent enantioseparation capabilities in
separating racemic mixture of N-(3,5-dinitrobenzoyl)-R-
© 2008 Wiley-Liss, Inc.

amino acid alkyl amides. Mitchell et al. reported a den-
drimer-based CSP by immobilizing a dendrimer derived
from L-glutamic acid derivatives onto silica gel, but no
enantioseparation evaluation was given.?’ In our recent
work, we have also synthesized three generations of CSPs
based on silica gel using (1R,2R)-(+)-1,2-diphenylethylene-
diamine and tricarbonylbenzene trichloride as building
blocks by divergent approach.?! The one-generation den-
dritic CSP exhibited the best enantioseparation ability,
while the three-generation dendritic CSP showed the
worst separation capability, which is probably caused by
the congestion of chiral selectors. It is essential for chiral
recognition that analytes access the chiral centers of the
selectors immobilized on support.

Continuing our investigation on enantioseparation abil-
ity of dendrimer-type CSPs based on silica gel, we used
ethylene diamine (EDA) and methyl acrylate (MA) as
building blocks to construct dendrimers of different gener-
ations on aminated silica gel. And 1-phenylalanine deriva-
tive was immobilized on the dendrimers to afford dendritic
CSPs. Different from the CSPs reported in our previous
work, where dendrimers were constructed through chiral
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molecules directly,?! 1-phenylalanine derivative as the se-
lector was located on the surface of the newly constructed
dendrimers. This work aims at finding out the difference
in chiral separation of these two types of CSPs. The
enantioseparation of these newly synthesized CSPs was
evaluated.

MATERIALS AND METHODS
Materials and Chemicals

Silica gel (LiChrosorb Sil00) was purchased from
Merck (Darmstadt, Germany) with a particle size of 5 pm,
a pore size of 100 A, and a surface area of 300 m? g~ L. 1-
phenylalanine was purchased from Hongyuan Co. Ltd. of
Wuhan University (China). Trichloroacetic acid (TCA)
was purchased from Aldrich (St. Louis, MO). All other
reagents were obtained from commercial suppliers and
used as received. MA and SOCIl, were freshly distilled
before used. Triethylamine (TEA) was dried over phos-
phorous pentoxide and redistilled. Solvents were distilled
with appropriate drying agents (solvents/drying agents):
CHCl;/CaCl,, toluene/Na, tetrahydrogenfuran/Na-benzo-
phenone, pyridine/CaH,. All mobile phases were freshly
prepared, filtered, and degassed.

Instruments and Measurements

IR spectra were recorded on a Nicolet FT-IR instrument
with KBr pellets. Elemental analysis (EA) was carried out
on an Elemental VarioEL III CHNOS apparatus (Ger-
many). 'H NMR spectra were obtained from a Varian
INOVA 500 spectrometer (USA), operating at 500 MHz.
Chemical shifts were reported relative to residual protons
of the deuterated solvents. Solid-state 'H NMR spectra
were recorded on a Varian Infinity Plus 300 spectrometer
(USA), operating at 300 MHz. The CSPs were packed into
stainless steel columns (250 X 4.6 mm) with a model 1666
Alltech slurry packer. Enantioseparation was performed
on an Agilent 1100 chromatographic apparatus consisted
of an Agilent G1365B DAD, an Agilent G1311A Quat
Pump, an Agilent G1379A degasser, and an Agilent
G1313A ALS autosampler.

Preparation of Chiral Selector

L-2-(p-toluenesulfonamido)-3-phenylpropionic acid
(2). To a solution of r-phenylalanine 1 (16.50 g, 0.10
mol) dissolved in 1 mol/1 NaOH (200 ml), p-toluenesul-
fonyl chloride (19.00 g, 0.10 mol) in CHCl; (100 ml) was
added dropwise. The reaction mixture was stirred at room
temperature for 2 h and then warmed to 40°C for 0.5 h. Af-
ter cooled to room temperature, the organic phase was
separated. The aqueous phase was neutralized with con-
centrated hydrochloride acid to result in a white precipi-
tate. The solid was collected by filtration and then recrys-
tallized in EtOH/H,0 (2:1) to give 2 (27.10 g, 85%) as a
white powder. Mp: 159-161°C. [a]5: —2.6° (C 4.5, ace-
tone). FT-IR (KBr, cm '): 3536, 3370 (—CO,H), 1374
(—S0O,—NH—). EA found C 59.45, H 5.66, N 4.50, S
10.15, C;6H17NO,4S requires C 60.18, H 5.33, N 4.39, S
10.03. '"H NMR (CDCls) &: 2.14 (1H, s, ArSO,—NH), 2.40
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(3H, s, Ar—CHj), 3.01 (1H, m, Ar—CHy), 3.12 (1H, m,
Ar—CH,), 4.22 (1H, m, ArCH,—CH), 7.09-7.61 (9H, m,
Ar—H).

L-2-(p-toluenesulfonamido)-3-phenylpropionyl chlo-
ride (3). SOCI, (10 ml, 0.15 mol) was added dropwise to
a solution of 2 (21.21 g, 0.07 mol) in CHCI3 (100 ml). The
reaction mixture was stirred at room temperature for 1 h,
followed by continuously stirring for 3 h at 65°C. Upon re-
moval of the solvent under vacuum, the residue was
recrystallized in toluene/cyclohexane (2:1) yielding chiral
selector 3 (19.40 g, 82%) as a pale yellow solid. Mp: 124-
126°C. [a]®: —7.5° (C 4.5, CHCly). FTIR (KB, cm™ Y
1801 (—COCl), 1372 (—SO,—NH—). EA found C 56.45,
H 4.95, N 4.39, S 9.50, C;5H;sCINO;S requires C 56.89, H
474, N 4.15, S 9.48. 'H NMR (CDCly) &: 2.15 (1H, s,
ArSO,—NH), 2.40 (3H, s, Ar—CHs), 3.03 (1H, m,
Ar—CH,), 3.17 (1H, m, Ar—CH,), 4.22 (1H, m,
ArCH,—CH), 7.08-7.61 (9H, m, Ar—H).

Preparation of Dendritic Stationary Phases

Aminopropylsilica 4 was prepared by the well-known
method refluxing the mixture of 3-aminopropyltriethoxysi-
lane and dried silica gel in toluene.?? The capacity of
amine was estimated as 1.38 mmol/g, calculated from the
nitrogen content of Aminopropylsilica which was available
from EA. FT:IR (KBr, cm™Y): 3444 (N—H, st), 1635
(N—H, m), 1113 (Si—O, st). EA: C5.39, N 1.94, H 1.56.

Above obtained 4 (20.84 g) was dispersed in toluene
(60 ml) and MA (55 ml, 0.61 mol) was added. After being
vibrated at a rate of 120 times per minute in a tempera-
ture-constant environment of 37°C for 24 h, the mixture
was filtered. The collected solid was extracted with THF
and dried under vacuum to give G1la as a yellow powder
(22.45 g). FTIR (KBr, cm™Y): 1735 (—CO,—, m), 1103
(Si—O, st). EA: C11.95, H 2.48, N 1.64.

To a suspension of above obtained G1la (22.28 g) in tol-
uene (75 ml) was added EDA (90 ml, 1.35 mol). After
vibrated in a temperature-constant environment of 37°C
for 24 h at a rate of 120 times per min, the mixture was fil-
tered. The collected solid was extracted with THF and
dried under vacuum to give G1b (22.32 g). FT-IR (KBr,
cm Y): 3444 (N—H, st), 1650 (—NH—CO—, m), 1100
(Si—0O, st). EA: C 13.55, H 2.95, N 4.60.

The preparation of G2a, G2b, G3a, G3b, G4a, and
G4b was carried out by recursively repeating the above
two procedures, and the same reagents were used in the
similar proportions, respectively. For G2a: FT-IR (KBr,
cm Y): 1739 (—CO,—, m), 1697 (—NH—CO—, m), 1104
(Si—0, st). EA: C 16. 98, H 3.39, N 3.80. For G2b: FT-IR
(KBr, cm ™ '): 3444 (N—H, st), 1653 (—NH—CO—, m),
1101 (Si—O, st). EA: C 18.19, H 3.94, N 6.97. For G3a:
FTIR (KBr, cm): 1736 (—CO,—, m), 1653
(—NH—CO—, st), 1101 (Si—O, st). EA: C 23.10, H 4.17,
N 5.93. For G3b: FT-IR (KBr, cm™!): 3444 (N—H, st),
1643 (—NH—CO—, m), 1101 (Si—O, st). EA: C 23.16, H
4.72, N 8.54. For G4a: FTIR (KBr, cm™%): 1737 (—CO,—,
m), 1655 (—NH—CO—, st), 1101 (Si—O, st). EA: C
25.99, H 4.31, N 7.65. For G4b: FT:IR (KBr, cm ™ !): 3444

Chirality DOI 10.1002/chir
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a: p-toluenesulfonyl chloride, 1 mol/L NaOH; b: SOCl,, CHClI3

Scheme 1. Synthesis of chiral selector.

(N—H, st), 1653 (—NH—CO—, m), 1101 (Si—O, st). EA:
C 26.63, H 5.06, N 10.86.

Preparation of Dendritic Chiral Stationary Phases

To a suspension of G1b (3.70 g) in pyridine (16 ml) was
added 3 (3.0 g, 8.90 mmol) and TEA (3 ml). After stirred
at 60°C for 24 h, the mixture was filtered. The collected
solid was extracted with THF and dried under vacuum to
afford CSP 1 as a yellow powder (4.62 g). FT-IR (KBr,

(Si—O0, st). EA: C 20.56, H 3.96, N 4.63, S 1.02. Solid-state
H NMR (25°C) &: 0.9 (s, Si—CH,), 1.4 (s, SICH,—CH,),
2.1 (s, ArSO,—NH), 2.3 (s, Ar—CHy), 2.7 (m, N—CH,),
32 (m, Ar—CH,), 3.9 (m, CONH—CH,), 4.9 (m,
ArCH,—CH), 6.5 (s, CO—NH), 6.9-7.6 (m, Ar—H).
Identical coupling procedures were applied to G2b,
G3b, and G4b to prepare CSP 2, 3, and 4, respectively.
For CSP 2: FTIIR (KBr, cm™%): 1650 (—NH—CO—),
1400 (—SO,—NH—), 1101 (Si—O, st). EA: C 21.33, H

cm ™ ): 1649 (—CO—NH—), 1398 (—SO,—NH—), 1102 4.42, N 6.05, S 0.96. Solid-state 'H NMR (25°C) &: 0.9 (s,

¢-okt ey o= NHR
o H H
o—sl.i/\/\‘mmi- Core=N b, core-N —£ o Core-N
| 2
H 1
E_OE[ BN~ N, E_N‘“/‘NHH
4 Gla Glb CS5P 1
a
9 i MH 1 NHR
C-0E! C H"”“‘—f’ ? —:-H"“‘V'
S i N e N
f‘ﬁ‘\..f—' ‘-\.’-"“"c —0OEt C_HAV v"“‘ﬁ-N‘_‘_‘/\"—'NHj C-NA"’ HH/\‘EI N__‘_/H"NHR
ﬁ — — o
Core—N ) ——= Core=N ) o —Ew core-N 0 -
= P ML ] i P
\_\ /"\--._/é: i \_\C—H /“-‘—-L/!: u L\G—H /"'--._/D H
e L“"f"'rd i~y i~ N
S N H % H
e G~ n TN~ nHr
0 o Z o
Gla G2b CSP2
a
G3a Do G3b—S- CSP3
/
Gda Do Gab_S. CSP4
o 9 NHSO:OCHS
Core = QTi—[CHE}g— R= —C
o
a: MA, Toluene, 37°C, 24h; b: EDA, Toluene, 37°C, 24h; ¢: 3, pyridine, TEA, 60°C, 24h

Scheme 2. Synthesis of CSPs with dendritic linkers.
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Fig. 1. The FT-IR spectra of 4 (a), G1a (b), G1b (c), G2a (d), G2b (e), G3a (), G3b (g), G4a (h), G4b ().

Si—CHy), 14 (s, SiCH,—CHy), 2.1 (s, ArSO,—NH), 2.3
(s, Ar—CHjy), 2.7 (m, N—CH,), 3.2 (m, Ar—CHy), 3.9 (m,
CONH—CHy), 49 (m, ArCH,—CH), 6.8 (s, CO—NH),

TABLE 1. Elemental analysis data of the
generation-various dendrimers

Elemental analysis

Dendrimer C %) H %) N %)
Gla 11.95 2.48 1.64
Gl1b 13.55 2.95 4.60
G2a 16.98 3.39 3.80
G2b 18.19 3.94 6.97
G3a 23.10 4.17 5.93
G3b 23.16 4.72 8.54
G4a 25.99 4.31 7.65
G4b 26.63 5.06 10.86

7.2-7.6 (m, Ar—H). For CSP 3: FT-IR (KBr, cm™}): 1651
(—=NH—CO—), 1400 (—SO,—NH—), 1100 (Si—O, st).
EA: C 25.01, H 4.99, N 9.27, S 0.38. Solid-state 'H NMR
25°C) &: 0.9 (s, Si—CHy), 1.4 (s, SiCH,—CH,), 2.1 (s,
ArSO,—NH), 2.3 (s, Ar—CHj3), 2.7 (m, N—CH,), 3.1 (m,
Ar—CH,), 3.9 (m, CONH—CH,), 4.3 (m, ArCH,—CH),

TABLE 2. Elemental analysis data and chiral selector

loadings for CSPs
Elemental analysis CSP1 CSP2 C(CSP3 CSr4
C% 20.56 21.33 25.01 2748
H% 3.96 4.42 4.99 4.94
N% 4.63 6.05 9.27 1047
S% 1.02 0.96 0.38 0.20
Selector Loading, umol/g 318 300 118 62
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Fig. 2. Chiral compounds chromatographed on CSP 1-4.
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TABLE 3. Chromatographic resolution of racemates on CSP 1?

Chromatographic results

Compounds Mobile phase composition (v/v) k1 o Ry
5 n-Hexane/ethanol (60/40) 1.09 1.48 1.41
7 n-Hexane/ethanol (60/40) 0.29 1.47 0.86
8 n-Hexane/ethanol (60/40) 0.05 1.47 3.67

10 ACN /buffer (70/30, pH5.94) 0.17 1.06 0.76
11 n-Hexane/iso-propanol (70/30) 0.06 1.92 0.44
15 n-Hexane/ethanol (60/40) 0.73 1.62 1.64
18 ACN/water (75/25) 0.36 1.18 0.53
19 Methanol/ACN (65/35) 0.15 1.45 2.48
23 ACN/water/TCA (60/40) 0.10 1.89 0.61
24 ACN/water (70/30) 0.37 1.05 0.48
26 Methanol/water/TCA (60/40)" 1.45 1.26 1.60
30 n-Hexane/iso-propanol (70/30) 0.34 2.02 1.10

“Retention factor (ky): (t1-to)/to, where t; is the retention time of the first-eluted enantiomer, and ¢, is determined by measuring the retention time of the
solvent, which is used to prepare samples. Separation factor (a): k1/ks. retention (Ry): 2(t>—t1)/ (w1 + w2), where w; is the bandwidth of the first-eluted
enantiomer, and #, and w, are the retention time and bandwidth of the second-eluted enantiomer, respectively. The same parameter definitions are for
other cases hereafter. Chromatographic conditions: column temperature: 25°C; UV detection: 225 nm (compounds 5 and 8), 245 nm (compounds 7,
19, and 30), 265 nm (compounds 10, 11, 18, 23, and 26), 285 nm (compounds 15 and 24); flow-rate: 1.0 ml/min.

>TCA/water: 1 g/100 ml.

6.0 (s, CO—NH), 7.2-7.8 (m, Ar—H). For CSP 4: FT-IR
(KBr, cm™Y): 1652 (—NH—CO—), 1399 (—SO,—NH—),
1103 (Si—O, st). EA: C 27.48, H 4.94, N 10.47, S 0.20.
Solid-state 'H NMR (25°C) &: 0.9 (s, Si—CH,), 1.4 (s,
SiCH,—CH,), 2.1 (s, ArSO,—NH), 2.3 (s, Ar—CHs), 2.6
(m, N—CH,), 32 (m, Ar—CH,), 4.0-43 (m,
CONH—CH,, ArCH,—CH), 6.1 (s, CO—NH), 7.1-7.6 (m,
Ar—H).

Column Packing and Enantioseparation Conditions

CSP 1, 2, 3 and 4 were, respectively, packed into four
columns through a slurry method with chloroform as sol-
vent to form the slurries and hexane as the packing sol-
vent. And their column efficiencies were 26,680, 27,300,
27,792, and 24,116 plates/m, respectively, which were
determined using biphenyl as the probe, and »-hexane/
IPA (90/10) as the mobile phase. The enantioseparation of
chiral compounds on these four CSPs was conducted in
various mobile phase conditions at 25°C. The sample solu-
tions were prepared by dissolving the chiral solutes in ace-
tonitrile (ACN) and were filtered before injection. Triethy-
lammonium acetate buffer was prepared by adjusting the
pH value of 1% aqueous glacial acetic acid to desired value
with addition of triethylamine.

RESULTS AND DISCUSSION
Preparation of Chiral Selector

According to Scheme 1, chiral selector 3 was prepared
by the reaction between 1-phenylalanine and p-toluenesul-
fonyl chloride in NaOH solution, followed by reacting the
resultant with SOCl,. Because of highly reactive functional
group of acyl chloride, chiral selector 3 is readily coupled
with amine in the dendrimers in comparison with 2, in
which carboxyl is coupling group. In addition, there are

two phenyls in the molecular structure of 3, which show
n-basic and might be helpful for enantioseparation of race-
mates on CSPs.

Preparation of Dendritic Stationary Phases
by Divergent Approach

As shown in Scheme 2, the preparation of the one-gen-
eration stationary phase was carried out in two-step proce-
dure: (i) bonding MA onto the surface of aminated silica
gel via Michael addition to give G1a, followed by (ii) ami-
dation of the resulting ester of Gla with EDA to afford the
one-generation dendrimer containing bifunctional linkers
(G1b). In the first step reaction, an excess of MA was
added and G1la was obtained with a weight increment of
7.7% in comparison with that of aminated silica gel 4. To
ensure that only one of the two amino groups of EDA was
acylated and another one was remained as the linking
group for the further reaction, a large excess of EDA was
adopted to react with G1a to form the one-generation den-
drimer G1b. The weight of G1b increased by 0.18% when
compared with that of Gla. The preparation of two-, three-
, and four-generation dendrimers was carried out by
repeating this two-step procedure, i.e. Michael addition
and amidation. Figure 1 shows the FT-IR spectra of the
products of all reactions involving the preparation of four
dendrimers. The typical ester bands of Gla, G2a, G3a,
and G4a appear approximately at 1735 cm™'. The amide
bands of dendrimers appear approximately at 1650 cm !
except for that of G2a at 1697 cm™'. The amidation of
Gla, G2a, G3a, and G4a is accompanied by disappear-
ance of the ester bands. EA data of the dendimers are
shown in Table 1. The carbon and nitrogen contents do
not increase proportionally in comparison with the
increase of generation numbers of dendrimers, meaning
that the formation of dendrimers has not been controlled

Chirality DOI 10.1002/chir
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TABLE 4. Effect of mobile phase composition on the
enantioseparation of compound 19 separated by CSP 1

Mobile phase (v/v) k; o R
Methanol/water No separation
ACN/water (65/35) 0.08 1.07 0.61
THEF/water (50/50) 0.19 1.28 1.41
Methanol/ACN (50/50) 0.32 1.45 2.50

Chromatographic condition: column temperature: 25°C; UV detection:
225 nm; flow-rate: 0.5 ml/min.

precisely in architecture. It is probably due to a combina-
tion of the factors that include the intra-molecular amida-
tion, as well as the bulkiness of dendritic linker to small
molecules, such as EDA and MA.

Preparation of Dendritic Chiral Stationary Phases

Finally, CSP 1, 2, 3, and 4 were prepared by coupling
selector 3 to the surface of corresponding dendrimers
through amidation (Scheme 2). The typical sulfonamide
bands appear approximately at 1399 cm ™! from the FT:IR
spectra of the four generations of CSPs. And the solid-state
'H NMR spectra of these four CSPs show the chemical
shifts of the aromatic protons at the range from & 6.9 to
7.8, and sulfonamide proton at & 2.1. Table 2 shows the EA
data and the selector loadings of CSP 1-4, which are cal-
culated from the increase of sulfur content. The selector
loadings of CSPs generally show a decrease tendency with
the increase of the generation number of CSPs from 318
to 62 umol/g, although each increase in generation num-
ber of dendritic linker, theoretically, should result in
doubled loading. Noteworthily, the selector loadings of
CSP 1 and 2 are almost equal, and the selector loading of
CSP 4 is one fifth of those of CSP 1 and 2.

Enantioseparation Evaluation of CSP 1

The enantioseparation evaluation of CSP 1 was prelimi-
narily performed with a variety of racemates or drugs
shown in Figure 2, and the related enantioseparation data
of 12 compounds are tabulated in Table 3. It was noticed
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that several compounds, such as compounds 11 and 23,
were separated with rather small resolution factors but
high separation factors. In these cases, the retention time
of the first-eluted enantiomer (#;) is close to that of the sol-
vent (fy), and two peaks of enantiomers are tailed. When #,
is close to fy, the value of t;—f, will be very small. As de-
nominator, the small value of #;—f, should lead to a high
separation factor (o = (s — t5)/(t; — to)). And the broad
tailed peaks always have rather big bandwidths, which
lead to a small resolution factor (Ry = 2@, — t1)/(w; +
wy)).

As one of the factors that influence the enantiosepara-
tion of racemates, the effect of mobile phase composition
on the enantioseparation of compound 19 on CSP 1 was
investigated (Table 4). Compound 19 was not separated
in the mobile phase of methanol/water, but was discrimi-
nated when the mobile phase consisted of ACN/water,
THF /water and ACN/methanol, respectively. Especially in
the mobile phase of ACN/methanol 50/50, compound 19
was separated with optimum resolution (R, = 2.50). It is
obvious that the increase of the content of aprotic solvent
in mobile phase results in better separation of compound
19. In the molecular structure of compound 19, there are
a hydroxyl group and an ester group. The diastereomer is
easier formed through intermolecular hydrogen bond
among 19, protonic solvent and chiral selector. Therefore,
the composition of mobile phase should be adjusted so
that the retention factor and resolution of 19 fall into the
reasonable range.

Enantioseparation Evaluation of CSP 2

Table 5 shows that nine compounds shown in Figure 2
were separated on CSP 2. In view of the number of the
racemates separated, the enantioseparation ability of CSP
2 was not as good as that of CSP 1. Table 6 shows the
effect of the methanol contents in mobile phase of metha-
nol/water on the enantioseparation of compounds 6 and
16 resolved by CSP 2. Obviously, the methanol contents
differently affect the enantioseparation of compounds 6
and 16. Compound 6 cannot be separated when the con-
tent of methanol was less than 25%, but is separated as the

TABLE 5. Chromatographic resolution of racemates on CSP 2

Chromatographic results

Compounds Mobile phase composition (v/v) k; ® R,
5 ACN/water (33/67) 0.66 3.62 1.50

6 ACN/water (33/67) 0.17 1.47 0.73

7 Methanol/water (80/20) 0.18 1.41 0.56

8 Methanol/water (70/30) 0.86 1.16 1.03

9 Methanol/water (65/35) 0.16 1.77 1.22

15 Methanol/water (65/35) 1.65 1.45 1.53

16 Methanol/water (40/60) 0.23 1.49 0.64

25 n-Hexane/iso-propanol (60/40) 0.15 1.39 0.55

26 n-Hexane/iso-propanol (70/30) 0.17 2.40 1.97

Chromatographic conditions: column temperature: 25°C; UV detection: 225 nm (compounds 5, 6, 8, 9, and 25), 245 nm (compounds 7, 15, and 26),

265 nm (compound 16); flow-rate: 1.0 ml/min.
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TABLE 6. Effect of the methanol content in eluent
on the enantioseparation of compounds 6 and 16
resolved by CSP 2

Compound 6 Compound 16

Methanol/water (v/v) k; ® R, k; o R,

15/85 No separation 017 116 0.82
25/75 No separation 012 112 0.71
30/70 022 125 110 0.10 1.09 0.64
35/65 024 123 090 0.08 1.07 0.60
40/60 016 115 076 0.08 1.08 0.69

Chromatographic condition: column temperature: 25°C; UV detection: 245
nm (compound 6), 265 nm (compound 16); flow-rate: 0.5 ml/min.

methanol content increased. Compound 16 can be sepa-
rated in various proportions of methanol/water, and its
enantioseparation is hardly affected by the methanol con-
tent. This difference may be caused by the different ability
of these two compounds to form hydrogen bond with mo-
bile phase. Compound 6 weakly interacts with methanol
to form hydrogen bond, while compound 16 strongly
interacts with methanol due to one hydroxyl and one sec-
ondary amine contained in its structure.

Enantioseparation Evaluation of CSP 3

As shown in Table 7, seventeen compounds shown in
Figure 2 were separated on CSP 3. Comparing the se-
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lector loadings and enantioseparation abilities of CSP 1-
3, it is apparent that the CSP with higher selector load-
ing does not definitely have higher enantioseparation
ability. Despite the lowest content of selector moieties,
CSP 3 shows the better enantioseparation ability in
comparison with CSP 1 or 2. This feature is possibly
contributed to the imprecision in architecture of the den-
drimers. When coupling with dendrimer, not all selec-
tors of CSP 1 and 2 are located on the surface of the
dendrimer and some of them are enveloped inside the
dendrimer, which results in hindrance for analyte to
access the chiral center of the selector to form diaster-
eomers. For CSP 3, it seems that fewer selectors are
enveloped inside the dendrimer, and the most selectors
expose to analytes.

In this work, the incorporation of TCA or TEA as addi-
tive in mobile phase was needed for efficient enantiosepa-
ration of acidic compounds. Acidic compounds 12, 13,
21, 22, and 25 were not separated on CSP 3 in the ab-
sence of TEA or TCA, but were separated in the presence
of TEA or TCA, where the mobile phase consisted of
methanol and water (Table 7). It is well known that acidic
compounds will react with residual free amine on CSPs to
form adducts, which reduce the enantioseparation. The
role of added TEA or TCA in mobile phase is believed to
suppress the deleterious effect of the formation of the
adducts, making the acidic compounds eluted in a reason-
able range with improved peak symmetry, resolution, and
selectivity.?

TABLE 7. Chromatographic resolution of racemates on CSP 3?

Chromatographic results

Compounds Mobile phase composition (v/v) Ry o Rs
5 Methanol/water (70/30) 0.33 1.53 0.70
7 ACN/water (50/50) 0.43 1.09 0.27
8 Methanol/water (70/30) 0.37 1.48 0.66

10 Methanol/water/TEA (60/40)" 0.95 1.46 0.67
12 Methanol/water/TEA (70/30)" 0.76 1.45 1.13
13 Methanol/water/TEA (70/30)" 1.12 1.39 0.97
14 ACN /water (60/40)¢ 2.75 1.22 0.53
15 Methanol/water (70/30) 0.11 1.07 0.59

Methanol/water/TEA (70/30)" 0.23 1.10 0.81

Methanol/water/TEA (60/40)" 0.55 1.43 1.20
16 ACN /water/TEA (60/40) 0.12 1.98 0.64
17 Methanol/water (70/30)¢ 0.10 5.78 2.33
18 Methanol/water (70/30) 0.35 1.57 1.07
21 Methanol/water/TCA (70/30) 0.29 1.77 0.72
22 Methanol/water/TEA (70/30)° 0.09 1.16 0.60
25 Methanol/water/TEA (50/50) 0.08 1.22 0.96
27 Methanol/water/TEA (70/30)" 2.02 1.37 0.89
28 ACN /water (50/50) 1.31 1.15 0.67
29 Methanol/water (70/30) 0.43 1.22 0.60

4Chromatographic conditions: column temperature: 25°C; UV detection: 225 nm (compounds 7, 8, 13, 18, 21, and 29), 245 nm (compounds 5, 10,
14, 15, 25, 27 and 28), 265 nm (compounds 12, 16, 17 and 22); flow-rate: 0.5 ml/min; amount of additive: TEA/water: 1 ml/100 ml, TCA/water:

1 g/100 ml.

Pflow-rate: 0.2 ml/min.
“flow-rate: 0.7 ml/min.
Yflow-rate: 0.4 ml/min.
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Fig. 3. Chromatograms of the enatioseparation of compound 15 by
CSP 3. Chromatographic conditions: mobile phase: (a) methanol/water
(70/30, v/v); (b) methanol/water (70/30, v/v) + TEA; (c) methanol/
water (60/40, v/v) + TEA.

In addition to protonic acidic compounds, the enantiose-
paration of strong m-acidic compounds, such as compound
15, can also be improved in the presence of TEA (Table
7). It is supposed that TEA decreases the interaction
between nitro group and amine on the surface of CSP 3.
Figure 3 shows the typical enantioseparation difference of
compound 15 on CSP 3 in the absence and presence of
TEA. It is obvious that the resolution of compound 15 was
further improved when the content of methanol in mobile
phase was changed from 70 to 60% (v/v).

The influence of molecular structure on enantiosepara-
tion was assessed. In the mobile phase of methanol/water,
compound 20 was not separated, whereas compounds 21
and 22 were separated in the presence of TCA and TEA,
respectively. In this case, the dominant enantioselectivity
is most likely through r-r interaction of the phenyls in the
analytes and the chiral selectors. These three compounds
are similar in structural backbones with different substitu-
ents, hydroxyl, acetoxyl, and acetyl, on the individual
para-position of benzene rings (see Fig. 2). Electron-with-
drawing acetyl group and electron-donating hydroxyl
group lead to m-acidity and strong w-basicity of the aro-
matic moiety, respectively. And weak electron-donating
group acetoxyl leads to weak n-basicity of aromatic moiety.
Therefore, compound 20 can not be discriminated due to
lack of m-m interaction with m-basic aromatic moiety on
CSP 3. The similar feature on the enantioseparation of
these three compounds on polymertype CSPs was
reported in our precious work.2* Furthermore, because of
the n-basicity of the aromatic moiety on CSP 3, the com-
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pounds bearing stronger r-basic aromatic moiety, such as
compounds 11 and 23, were not separated on CSP 3. On
the contrary, the compounds with stronger m-acidic aro-
matic moiety, such as compounds 5, 15, and 28, were
better separated.

Enantioseparation Evaluation of CSP 4

The enantioseparation ability of CSP 4 was evaluated
with the same racemic mixtures, but only seven com-
pounds were separated under various conditions even at
lower flow rates (Table 8). It is obvious that the chiral rec-
ognition of CSP 4 is the poorest among these four CSPs.
The possible reasons include: first, there is much less
selectors loaded on CSP 4, and second, as the generation
number of the dendrimer increases, the terminal groups
became crowded, resulting in more steric hindrance of the
interaction between the analytes and the chiral selectors.

Generally, the resolution values of most analytes sepa-
rated by these four CSPs are comparatively low. This is
probably resulted from lots of amides in dendritic linkers
produced when constructing dendrimers. Interactions,
such as the formation of hydrogen bonds in different sites
of dendritic linkers, occur between analytes and den-
drimers, leading small retention time difference of enan-
tiomers when eluted by mobile phases. This can be
exampled that some peaks of enantiomers broaden or tail.

CONCLUSIONS

Four generations of dendrimer-like CSPs were prepared
by divergent approach; while their formation was not con-
trolled precisely in architecture. In view of the number of
racemic mixtures separated by these four CSPs, the three-
generation-dendrimer selector demonstrates best separa-
tion ability, and the four-generation-dendrimer selector
shows the poorest separation ability. The enantiosepara-
tion capability of these dendritic CSPs seems to be influ-
enced by a combination of factors that include the bulki-
ness of dendritic linkers, amides contained in dendritic
linkers and selectors loading on the surface of CSPs. In
chiral recognition, the resolution of racemates is affected
by the composition of mobile phase and the proportion of
solvents in mobile phase. Especially, the analytes that

TABLE 8. Chromatographic resolution of racemates on CSP 4*

Chromatographic results

Compound Mobile phase composition (v/v) ky ® R,

5 n-hexane/iso-propanol (70/30) 0.46 2.27 0.33
15 Methanol/water/TEA (70/30)" 0.50 1.35 0.89
16 Methanol/water (70/30) 0.10 2.20 0.69
26 Methanol/water (60/40) 0.49 1.65 1.76
28 ACN/water (60/40) 0.14 1.43 0.54
29 Methanol/water/TEA (70/30)" 0.41 1.13 0.36
31 Methanol/water (70/30) 0.71 1.20 0.67

#Chromatographic conditions: column temperature: 25°C; UV detection: 225 nm (compounds 5 and 16), 245 nm (compounds 26 and 29), 265 nm

(compounds 15 and 31), 285 nm (compound 28); flow-rate: 0.5 ml/min.
flow-rate: 0.2 ml/min.
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form stronger hydrogen bonds with selectors were sepa-
rated better in the mobile phase of ACN/water than that
in methanol/water. The n-basicity or n-acidity of aromatic
moiety of analytes remarkably affects their chiral discrimi-
nation. The analytes bearing stronger m-basic aromatic
moiety cannot be separated, whereas the compounds bear-
ing m-acidic aromatic moiety can be separated due to the
formation of comparative stable complexes with m-basic
chiral selectors on the surface of CSPs through n-n interac-
tion. In addition, the additive of TEA or TCA in the mobile
phase is helpful for the separation of racemic mixtures,
especially acidic mixtures.
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ABSTRACT

The present article describes the asymmetric synthesis of (R)-bambu-

terol hydrochloride based on 1-(3,5-dihydroxyphenyl)ethanone as starting material,
which was esterified by dimethylcarbamic chloride, and brominated by copper (II) bro-
mide. Then the carbonyl group was reduced efficiently using (—)-B-chlorodiisopinocam-
phenylborane [(—)-DIP-chloride™] as an asymmetrical reducing agent. Followed by
epoxide ring closure with NaOH and ring expansion with fert-butylamine led to the
desired product (R)-bambuterol with e.e. up to 99%. The optical properties and absolute
configuration of (R)-bambuterol hydrochloride were further investigated using circular
dichroism spectroscopy and X-ray single crystal analysis. Chirality 20:856-862, 2008.

© 2008 Wiley-Liss, Inc.

KEY WORDS: (R)-bambuterol; asymmetric synthesis; DIP-chloride; circular dichroism;

X-ray crystallography

INTRODUCTION

Bambuterol hydrochloride is an oral long-acting B.-adre-
noceptor agonist for once-daily treatment of the symptoms
of asthma, bronchospasm, emphysema, and chronic ob-
structive pulmonary disease.'™ Bambuterol also has liquid
lowering effects in certain patients.® It is a bis-dimethylcar-
bamate prodrug of terbutaline with a considerable presys-
temic and metabolic stability. The drug itself is inactive,
but it is metabolized enzymatically in vivo by Butyryl Cho-
linesterase (BuChE) into the active compound terbutaline
(Chart 1).° On the other hand, bambuterol with two carba-
mate groups in the molecule also inhibits the activity of
BuChE. Hence, the metabolism of bambuterol by BuChE
is slow and the duration of action of bambuterol is pro-
longed.”8

It has been sufficiently demonstrated that (R)-bambu-
terol was the biological active enantiomer which was at
least two times more potent than (S)-bambuterol in the
treatment of asthma.® Furthermore, (S)-bambuterol was
inactive in anti-asthma but has more adverse cardiac toxic
effects than (R)-bambuterol. It is also reported that (R)-
enantiomer of bambuterol was about five times more
potent for the inhibition of BuChE than (S)-enantiomer.’
Furthermore, in recent years, a suspicion has been raised
that the (S)-enantiomer of Bs-adrenoceptor agonists may
cause airway hyper-reactivity and even contribute to an
increase in asthma death.™

The present study investigated the asymmetric synthe-
sis of (R)-bambuterol or (S)-bambuterol that was achieved
by the reagent-controlled reduction of the corresponding
aralkyl ketone with (—)-DIP-chloride™ or (+)-DIP-chlo-
ride™. Moreover, we are able to produce single crystals
© 2008 Wiley-Liss, Inc.

of (R)-bambuterol hydrochloride and elucidate the abso-
lute configuration of (R)-bambuterol hydrochloride by X-
ray crystal analysis. The optical properties of (R)-bambu-
terol hydrochloride were investigated further via optical
rotation and circular dichroism (CD) spectroscopy for the
first time.

EXPERIMENTAL SECTION
Instrumentation, General Methods

All melting points were measured on an X-4 electrother-
mal digital melting point apparatus and were uncorrected;
'H NMR spectra were recorded on a Bruker advance in-
strument with TMS as internal standard, at 300 or 500 MHz,
chemical shifts (§) are expressed in ppm.; Specific rota-
tions were measured on a JASCO P-1010 polarimeter; The
IR spectra were recorded at room temperature using Bio-
Rad FTS40 Fourier transform infrared spectrometer and
analyzed with Bio-Rad Win-IR software; ESI-MS were
recorded on a Finngan LCQ LC-MS spectrometer; TLC
was performed on E-Merck pre-coated 60 F254 plates and
the spots were rendered visible by exposing to UV light or
iodine. The ITUPAC names were obtained using the soft-
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SYNTHESIS OF (R)-BAMBUTEROL HYDROCHLORIDE
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Prodrug: bambuterol Parent drug: terbutaline

Chart 1. Chemical structure of bambuterol and terbutaline. * Marks
the chiral center.

ware ChemDraw Ultra®™, version 9.0. Every starting mate-
rial was obtained from commercial suppliers and was puri-
fied according to the literature procedures. Racemic bam-
buterol was prepared by the procedure as described in the
literature.'? (S)-Bambuterol hydrochloride was obtained
via the same synthetic sequence by using (+)-DIP-chlo-
ride™ in the reduction step.

Experimental Procedure for the Preparation of (R)-
Bambuterol Hydrochloride

5-Acetyl-1,3-phenylene bis(dimethylcarbamate) (2). A
mixture of 1-(3,5-dihydroxy phenyl)ethanone (24 g, 0.16
mol), dimethylcarbamyl chloride (50 g, 0.46 mol), potas-
sium carbonate 1.5 H,O (41 g, 0.25 mol), anhydrous potas-
sium carbonate (9.4 g, 0.07 mol) and pyridine (1 g) in
ethyl acetate (150 mL) was stirred at 70°C for 2 h. Water
(120 mL) was added to the mixture, and the resulting mix-
ture was stirred for further 1.5 h at 70°C. After cooling to
room temperature, the reaction mixture was separated and
the lower water phase was discarded. The organic phase
was washed with diluted sulfuric acid (2%), dried over
MgSO,, filtered, and the filtrate was concentrated in vacuo
to give the product: 40 g, yield 86%. Mp: 58-60°C. 'H
NMR (CDCl;, 300 MHz) §: 2.58 (s, 3H, COCHj), 2.90,
3.10 (s, 12H, 2XxXN(CHs)), 7.20 (s, 1H, benzene ring 4-H),
7.55 (s, 2H, benzene ring 2,6-H).

5-(2-Bromoacetyl)-1,3-phenylene bis(dimethylcar-
bamate) (3). 5-Acetyl-1,3-phenylene bis(dimethyl-carba-
mate) (38 g, 0.13 mol) was dissolved in ethyl acetate (100
mL) and chloroform (100 mL), and the mixture was stirred
and heated to reflux. Copper (II) bromide (57.7 g, 0.26
mol) was added to the reaction mixture in batches and the
course of the reaction was followed by TLC analysis. After
the reaction finished (about 5 h), the mixture was filtered
to remove the white solid CuBr, and the filtrate was
washed with 10% hydrochloric acid, and then washed with
water till neutral, dried over MgSO,, and filtered. The
filtrate was concentrated and the crystals were collected
on a filter: 44.1 g, yield 91%. Mp: 103-105°C. ‘H NMR
(CDCl;, 300 MHz) 8: 3.04, 3.12 (s, 12H, 2XN(CHs),), 4.40
(s, 2H, CH,), 7.25 (s, 1H, benzene ring 4-H), 7.58 (s, 2H,
benzene ring 2,6-H).

(R)-5-(2-Bromo-1-hydroxyethyl)-1,3-phenylene bis
(dimethylcarbamate) (4). A solution of 5-(2-bromoace-
tyl)-1,3-phenylene bis(dimethylcarbamate) (11 g, 30
mmol) in anhydrous tetrahydrofuran (100 mL) (distilled
from sodium benzophenone ketyl) was added to a solution
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of (—)-DIP-chloride™ (10.6 g, 33 mmol) in anhydrous tet-
rahydrofuran (60 mL) at —25°C under nitrogen. The
resulting solution was stirred at —25°C for 60 h, and then
warmed to 0°C, and diethanolamine (7 g, 66 mmol) was
added dropwise. The mixture was warmed to room tem-
perature and stirred for further 2 h, whereupon the bor-
anes precipitated as a complex which was filtered and
washed with pentane. The combined solvents were
removed by distillation, and the residue was purified by
silicagel column chromatography to give the product as an
oil: 8.4 g, yield 75%.

(R)-5-(Oxiran-2-yl)-1,3-phenylene bis(dimethylcar-
bamate) (5). A 15% solution of NaOH in water (100 mL)
was added to a solution of (R)-5-(2-bromo-1-hydroxyethyl)-
1,3-phenylene bis(dimethylcarbamate) (7.0 g, 18.7 mmol)
in ethanol (100 mL). The mixture was stirred at room tem-
perature for 2 h. The reaction mixture was concentrated,
treated with water, and extracted with ethyl acetate. The
organic layer was washed with brine and water, and dried
over MgSO,. The filtrate was evaporated and the residue
dried under vacuum to give the product: 5.5 g, yield 100%.
The product was used in the next step without further pu-
rification. 'H NMR (CDCl;, 300 MHz) &: 2.56 (dd, J = 5.3,
2.4 Hz, 1H, epoxide CHy), 3.15 (dd, J = 5.1, 4.2 Hz, 1H,
epoxide CHy), 4.20 (dd, / = 3.8 Hz, 2.6 Hz, 1H, epoxide
CH), 3.0, 3.10 (s, 12H, 2XN(CHs),), 7.22 (s, 1H, benzene
ring 4-H), 7.56 (s, 2H, benzene ring 2,6-H).

(R)-Bambuterol hydrochloride (6). A mixture of
(R)-5-(oxiran-2-yl)-1,3-phenylene  bis(dimethylcarbamate)
(5.5 g, 18.7 mmol) in tert-butylamine (80 mL) was stirred
at reflux for 3 days. The mixture was concentrated to dry-
ness, treated with water, and extracted with ethyl acetate.
The organic layer was washed with water and dried over
MgSO,. The filtrate was concentrated and the residue was
treated with a solution of hydrogen chloride in diethyl
ether to give (R)-bambuterol hydrochloride as white solid.
Recrystallization from ethanol gave 5.2 g product, yield
69%. Mp: 224-226°C. IR (KBr) v: 3220, 3047, 2877, 2846,
2801, 2451, 1716, 1691, 1612, 1561, 1494, 1447, 1417, 1400,
1388, 1360, 1326, 1293, 1270, 1182, 1141, 1102 cm L. H
NMR (DMSO, 500 MHz) &: 1.30 (s, 9H, NC(CH3)3), 2.90,
3.03 (s, 14H, CH,, 2XN(CHs),), 5.02 (d, J = 9.5 Hz, 1H,
CH), 6.31 (bs, 1H, OH), 6.88 (s, 1H, benzene ring 4-H),
7.06 (s, 2H, benzene ring 2,6-H), 8.54, 9.57 (2Xbs, 2H,
NH, HC)). ¥C NMR (Pyridine, 125MHz) &: 24.96, 36.15,
39.50, 48.12, 56.30, 68.06, 115.08, 116.07, 143.84, 151.52,
153.58 ppm. Anal. Calcd for C;gH9N305-HCl (403.19): C,
53.53; H, 7.49; N, 10.40; Cl, 8.78. Found: C, 53.58; H, 7.47;
N, 10.42; Cl, 8.72. ESI-MS m/z: 367.2 M*™—HCI), 293.4,
86.2, 72.1. [a]® = —26.1 (c 2, H,0). Chiral high-perform-
ance liquid chromatography (HPLC), 99.9% e.e. (R, 99.95%,
S, 0.05%).

Chiral HPLC Analysis

The HPLC used was a CLASS-VP Ver. 6.1 system (Shi-
madzu, Japan) comprised of a Shimadzu SPD10Avp UV de-
tector, a Shimadzu LC-10ATvp multisolvent delivery sys-
tem, a Shimadzu SCIL-10Avp controller, a Shimadzu LC
pump, and a Shimadzu CLASS-VP Ver. 6.1 workstation.

Chirality DOI 10.1002/chir
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TABLE 1. Crystallographic data and structure refinement
for (K)-bambuterol hydrochloride

CCDC No. 655621
Empirical formula C1sH30N305Cl
Mol. Weight 403.90

Color, habit
Crystal dimensions (mm®)

Colorless, block
0.40 X 0.24 X 0.20

Crystal system Monoclinic

Space group P2

Z . 2

Lattice parameters (A) a = 8.3028(7)

b = 14.5439(11)

¢ = 8.8130(7)

B () . 105.9310(10)

Volume (A%) 1023.34(14)

Calculated density (g/cm®) 1.311

F (000) 432

0 Range for data collection (°) 2.40-26.92

Measured reflections 5485

Independent reflections 3519

Goodness-of-fit on F 1.110

Final R indices [/ > 26 (])]

R Indices (all data)

Absolute structure parameter y
Largest diff. peak and hole (e A~3)

Ry = 0.0457, wR, = 0.1072
R, = 0.0684, wR, = 0.1199
0.05(9)
0.323, —0.238

The Chiralcel-OJ column packed with the polysaccharide
derivative coated on 10 pm silica particles was obtained
from Daicel Chemical Industries (Tokyo, Japan). The col-
umn dimensions were 250 mm X 4.6 mm. Mobile phase of
following composition was used: hexanes/ethanol/diethyl-
amine = 230:20:0.75 (v/v). The flow rate was 1.0 mL/min.

Circular Dichroism Spectrum

The CD spectrum of racemic bambuterol hydrochloride
and its enantiomers were measured on a JASCO J-715

CAO ET AL.

spectropolarimeter, equipped with a Hamamatsu R376
photomultiplier (185-850 nm) using a bandwidth of 1 nm.
The test was taken at 25°C and in 0.1 mol/L diluted hydro-
chloric acid solution at the concentration of 1 mmol/L.
Scans were obtained in a range from 230 to 350 nm by tak-
ing points every 1 nm.

X-ray Crystallography

Single-crystal X-ray diffraction experiment for (R)-bam-
buterol hydrochloride was performed on a Bruker AXS
SMART 1000 CCD diffractometer equipped with graphite-
mono chromated Mo-K, radiation (. = 0.71073 A). Color-
less crystals suitable for X-ray diffraction analysis were
grown by slow evaporation of ethanol. The data set was
recorded at 173(2) K in an w-¢ scan mode. Preliminary ori-
entation matrices were obtained from the first frames
using SMART. The data were empirically corrected for
absorption and other effects using SADABS. The structure
was solved by direct methods and refined by the full-ma-
trix leastsquares methods on F° with the program
SHELXTI-97. H atoms were positioned at geometrically
possible positions and refined using the riding model with
Ueq set equal to 1.2 (or to 1.5 for the methyl groups and
hydroxy H atom) times the U,q of the parent atom. Fur-
ther details of data collection and structure refinement
were given in Table 1.

RESULTS AND DISCUSSION
Synthesis of Optically Active ( R)-Bambuterol
Hydrochloride

The chemistry to prepare (R)-bambuterol hydrochloride
is depicted in Scheme 1.

Reagents and Conditions: (a) K>COs, pyridine, Me,N-
COCl, 86%; (b) CuBry,, CHCI3-AcOEt, 91%; (c) (—)-DIP-
chloride™, THF, diethanolamine, 75% (d) aq. NaOH,

b 0 Br c
—_— —_— =
Ao
N
|
3

Scheme 1. Asymmetric synthesis of (R)-bambuterol hydrochloride. [Color figure can be viewed in the online issue, which is available at www.

interscience.wiley.com.]
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Scheme 2. Proposed transition states for the reagent-controlled reduction of (3). (a) THF, —25°C, 60 h, Ipc = Isopinocampheyl; (b) Diethanolamine,
room temperature 0°C for 2 h. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

ethanol, 100%; (e) tert-butylamine, diethyl ether, HCI, 69%,
[a]®) = —26.1(c 2, H,0), 99.9% e.e.

1-(3,5-Dihydroxyphenyl)ethanone (1) was used as a
starting precursor for the preparation of (K)-bambuterol.
The key asymmetric step in this synthesis was the car-
bonyl reduction of bromoketone that produces the product
of (R)-configuration. The reduction was performed with
commercially available reagent (—)-DIP-chloride™ %14
Initially, (1) reacted with dimethylcarbamic chloride in the
presence of potassium carbonate and pyridine as catalyst
to produce the ester (2). Herein the use of the hydrate
form of potassium carbonate is essential for a successful
reaction. Then we used copper (II) bromide as bromina-
tion reagent. The bromination proceeds to take place at
the carbon atom activated by the >C=0 group. Via the
lewis acid (CuBrs) catalyzed formation of the metal enolate
and the vinyloxy radical intermediates, the aralkyl ketone
was brominated to give the a-bromoketone (3).'°

As indicated in Scheme 2, intermediate (3) then under-
went an reagent-controlled reduction by (—)-DIP-chlo-
ride™ in THF at —25°C under nitrogen protection. Fol-
lowed by the usual diethanolamine workup provided a 75%
yield of (4). It is believed that (—)-DIP-chloride™ effects
its asymmetric reduction via a six-membered, cyclic, “boat-
like” transition state (7).'%” The substituted aryl group
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Fig. 1. The result of HPLC analyses of the (R)-bambuterol hydrochlor-
ide. Column: Shim-Pack CLC-ODS C;g column (250 mm X 4.6 mm), UV
detection was performed at 220 nm.

flanking the carbonyl moiety of the ketone prefers to sit in
the equatorial-like orientation and the -CH,Br group has to
face the interaction of the axial methyl group in (—)-DIP-
chloride™. Hence, the hydride of the borane attack the
carbonyl carbon from its 7e-face. The boron moiety is elim-
inated by diethanolamine, followed by the transfer of the
B-hydrogen to give the (R)-configuration of (4) with excel-
lent enantioselectivity.

Compared with the chiral 2-bromoethanol straightfor-
ward nucleophilic attacked by the amine, the epoxide
route can inhibit the amount of the Kinetically less favored
isomer giving the B-amino alcohol in better enantiomeric
excess.'®1 Consequently, the resulting chiral 2-bromo-
ethanol (4) was transformed to the corresponding epoxide
(5) via intramolecular Sy2 substitution without any loss of
enantiomeric purity under basic condition.

Afterwards, the reaction between epoxide (5) and tert-
butylamine resulted in the opening of the epoxide ring by
a preferential attack on the terminal carbon atom. The
bond between the chiral carbon atom and the oxygen
atom did not break up during the two Sy2 reactions, the
(R)-conformation was reserved to give the title optical pu-
rity compound (R)-bambuterol. Finally, since (R)-bambu-

wa 2 Fom
| | I
Rl g
I T
a2 nsase) | | :f.IS Fom
|| seaze
na |
] B nat
| |
| 111
! - > S | Wy i N L
T E—[ 4 Fri 52 o
] z El L E " = " L] " =
“Tien (enin)

Fig. 2. Chiral separation of racemic bambuterol hydrochloride on
Chiralcel-OJ column under optimal conditions. Addition of small amounts
of amine is necessary for separation of enantiomers of compounds with
basic amino group. UV detector: 263 nm. For other conditions, see the
experimental section.
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P ==  respectively. The separation of peaks was satisfied with
l the theoretical plates 1614.50 for (R)-enantiomer and
- i - 1363.23 for (S)-enantiomer. The value of resolution factor
| (Ry) was 1.7. In the HPLC analysis of the pure (R)-bambu-
o | terol hydrochloride, the relative amount of (S)-bambuterol
s | ! “*  hydrochloride was less than 0.05% as shown in Figure 3.
{ § The calculated e.e. value is greater than 99%.
o |I-§E\—I 5y {M.ﬂ_ om
: . ..‘ . . - - - . i Optical Rotation of (R)-Bambuterol Hydrochloride
Timn (mim)

Fig. 3. Chromatogram of analysis of the (R)-bambuterol hydrochloride
on Chiralcel-OJ. UV detector: 263 nm.

terol in the form of free amino base is readily polymeriz-
able, the obtained products were quickly converted to its
hydrochloride salts in diethyl ether solution of hydrochlo-
ric acid.

HPLC Analysis

The chemical purity of (R)-bambuterol hydrochloride
was investigated using the HPLC (Fig. 1). The scale in UV
absorption was expanded for better illustration of the
related substances. The results show that the chemical pu-
rity is higher than 99%.

The optical purity of (R)-bambuterol hydrochloride was
analyzed with Chiral HPLC using a Chiralcel-OJ column.
Analysis was performed under optimal conditions and its
chromatograms are shown in Figures 2 and 3. In the enan-
tioselective separations of racemic bambuterol hydrochlo-
ride, the (R)-enantiomer and (S)-enantiomer were well sep-
arated. The (R)-enantiomer was eluted before than (S)-
enantiomer with the retention time of 6.3 and 7.6 min,

To the best of our knowledge, most arylethanolamines
stayed with the (—)-(R)-enantiomer with few exceptions
(Table 2). (R)-Bambuterol hydrochloride is levorotatory,
with the specific rotation [a]%o value of —26.1° (¢ 2, H,0).

Experimental CD Spectrum

In studying conformational properties, CD spectroscopy
has great importance. Analysis of experimental CD spec-
trum with known absolute configuration is important for
the development of CD theory. A common drawback
encountered with a majority of optical active compounds is
that, because of their conformational mobility, the weakly
absorbing chromophores yield CD spectrum that are diffi-
cult to interpret. Consequently, many studies have focused
on the CD in situ complexation method as a tool to
enhance the sign of the Cotton effects (CEs).!

The CD spectrum of racemic bambuterol hydrochloride
and its enantiomers were measured straightforward in
acidic solutions. Figure 4 shows the strong CD absorption
of (R) and (S)-bambuterol hydrochloride. The sign of the
characteristic intense CEs band occurring around 240-
275 nm make it clear that the test compound was an opti-
cal active compound. (R)-configuration displayed a positive

TABLE 2. The specific rotations of some (R)-p2-adrenoceptor agonists with a tert-butyl group
attached to the nitrogen atom?%-3°

Ri OH

R, ~ N7<

R3

R4

Compound R, Ry Ry Ry Optical rotation
Colterol H HO HO H [(x]bs:f?)9.0<’ (c2.2,0.5N HCI)
Terbutaline H HO H HO [0(]%0:,32_50 (c0.76, MeOH)?
Albuterol H HOCH, HO H [«]3:~36.5°(c1,MeOH)"
Carbuterol H H.NCONH HO H [a]®:—43.0°(c1,MeOH)*
Sulfonterol H CH3S0,CH, HO H [a]%:—38.7°(c1,MeOH)*
Ephedrine H H H H []%:—78.8°(c1,CHCLy)
Clenbuterol H Cl H,N Cl [a]2,:—192°(c2.42,DMF)*
Meluadrine Cl H HO H [a]?:—20.3°(c1,MeOH)
Mabuterol H Cl H,N CF; []22,:154.8°(c1.0,MeOH)
- H CH;CH=CH H CH;CH=CH [a]%oz —25.4°(c0.5,MeOH)?
- H CH;0C=0 HO H []®:—49.1°(c0.97,CHCl3
- H Cl H,oN F [oc]§24: —139.2°(c2.0,MeOH)?
- H F H,oN H [oc]%&: —123.3°(c1.0,MeOH)?

“Hydrochloride salts.

bAlbuterol sulfate; (R)-Albuterol acetate monomethanolate [OL]%) =—37.9°(c0.5,MeOH).
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SYNTHESIS OF (R)-BAMBUTEROL HYDROCHLORIDE
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Fig. 4. CD spectra of racemic bambuterol hydrochloride and its enan-
tiomers in acidic solutions. Conditions: Cell length: 0.2 cm; Data pitch: 1 nm;
Data point: 121; Band width: 1.0 nm; Response: 0.5 sec; Measurement range:
350-230 nm; Scanning speed: 200 nm/min. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]

band in the CD spectrum. In contrast, while it was nega-
tive for the respective (S)-enantiomer. At lower wave-
lengths, the curves tended toward a contrary CEs
although this is somewhat masked by the high aromatic
absorption. The CD and absorption spectra of the text
compound did not change after the samples had been
allowed to stand at room temperature for one day.

Single Crystal Investigation of (R)-Bambuterol
Hydrochloride

The X-ray structure was determined in order to estab-
lish unambiguously the absolute configuration at the
asymmetric carbon center. The molecular structure of (R)-
bambuterol hydrochloride is illustrated in Figure 5, show-
ing the configuration at C7 to be (R). The absolute config-
uration was assigned by using Flack parameter®?®* from
the Xray diffraction data. The final value of the freely
refined Flack parameter y was 0.05(9), which confirm the
correctness of the assigned handedness of the structure.

N~

Fig. 5. Xray structure for (R)-bambuterol hydrochloride, with displace-
ment ellipsoids drawn at the 50% probability level. Created by XP, a sub-
program of shelxtl (Bruker AXS, Madison, WI). [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.
com.]
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Fig. 6. (a) The two types of hydrogen bonds ribbon-like structure in
the supramolecular assembly; (b) A perspective view of the crystal pack-
ing in (R)-bambuterol hydrochloride along the c axis. H atoms bonded to
C atoms have been omitted for clarity. Dashed lines indicate hydrogen
bonds. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

In the crystal lattice, the molecules are connected in a
head-to-tail fashion. The chlorine atom is closer to the
hydroxyl oxygen atom and form a intramolecular hydro-
gen bond of type O—H---ClL. In addition, the structure
exhibits intermolecular hydrogen bonds of type N—H---O
(Fig. 6). The hydrogen bonds are O—H---Cl (2.96 A,
163.5°), N—Ha---0O1' (2.78 A, 171.3°), and N—Hp---02'
(2.83 A, 166.8°) with symmetry codes x+1, y, z. The molec-
ular structure in crystal is further stabilized by the inter-
molecular electrostatic interactions between the positively
charged atom N* and Cl™.

CONCLUSIONS

In conclusion, the highly enantioselective synthesis of
(R)-bambuterol hydrochloride by the reduction of aralkyl
ketone with (—)-DIP-chloride™ has been accomplished.
Results from HPLC studies indicate that this method
yields high optical pure (R)-bambuterol hydrochloride
with excellent e.e. value (up to 99%). In addition, system-
atic studies of the stereochemical properties of (R)-bambu-
terol hydrochloride using specific rotations, CD spectros-
copy and X-ray single crystal analysis were performed; the
(R) configuration of the target product was established
unambiguously. This approach can be applied to asymmet-
ric synthesis of other classical phenylethanolamine Bo-
adrenoceptor agonists in an enantiomerically pure form.
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Discrimination of Chiral Guests by Chiral Channels: Variable
Temperature Studies by SXRD and Solid State 'C NMR
of the Deoxycholic Acid Complexes of Camphorquinone

and Endo-3-Bromocamphor

MOHAMED 1. M. TAHIR, NICHOLAS H. REES,* STEPHEN J. HEYES, ANDREW R. COWLEY, AND KEITH PROUT
Department of Chemistry, University of Oxford, Chemistry Research Laboratory, Mansfield Road, Oxford OX1 3TA, UK

ABSTRACT  3a,12a-Dihydroxy-5B-cholan-24-oic acid (deoxycholic acid DCA) is able
to discriminate between the R- and S-enantiomers of camphorquinone and endo-(+)-3-
bromocamphor and select only the S-enantiomers from a racemic mixture. DCA forms
novel well ordered 1:1 adducts with (1.5)-(+)-camphorquinone and (15)-endo-(-)-3-bromo-
camphor, both of which have been characterized by single crystal X-ray diffraction
(SXRD). When DCA is cocrystallized with (RS)-camphorquinone and (RS)-endo-3-bromo-
camphor, 1:1 adducts of the S-enantiomers are produced together with crystals of the
free racemic guest. In contrast, in the absence of (15)-(+)-camphorquinone, DCA forms
a 2:1 adduct with (1R)-(—)-camphorquinone. In this 2:1 adduct the guest is disordered
at ambient temperature and undergoes a phase change in the region 160-130 K similar
to that observed for the ferrocene adduct, but with only partial ordering of the guest.
The SXRD structure of the low temperature form and the variable temperature *C CP/
MAS NMR are reported. Cocrystallizing DCA with (1R)-endo-(+)-3-bromocamphor gives

the free guest and a glassy solid. Chirality 20:863-870, 2008.

© 2008 Wiley-Liss, Inc.
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INTRODUCTION

For chiral molecules, about 10% of racemic mixtures
crystallize as conglomerates' analogous to Pasteur’s so-
dium ammonium tartrate in which the crystal class
requires that individual crystals contain a single enan-
tiomer. This gives spontaneous chiral discrimination and
(occasionally) enables enantiomeric separation by hand
picking. However, the vast majority of crystals grown from
solutions of RS-mixtures lead to the formation of struc-
tures with pairs of enantiomers related by improper sym-
metry operators (e.g., centers of symmetry, mirror planes,
glide planes etc). Very rarely, randomized solid solutions
of one enantiomer in the other are formed. In neither case
is there any chiral discrimination.

Diastereomers (obtained when an enantiomerically pure
reagent combines with a racemic mixture to form two iso-
mers unrelated by mirror symmetry), are used to discrimi-
nate between enantiomers and to effect chiral resolution.
According to Craig® “chiral discrimination” occurs, where
the pair-interaction energy of two molecules or ions is dif-
ferent for the two enantiomers of the one, acting on the
same enantiomer of the other. Thus, diastereomers are
usually immiscible in the solid state and form two distinct
solids separable by fractional crystallization, to effect chiral
resolution. Rarely, a 50-50 mixture of two diastereomers
will form a distinct compound as observed in the l-men-
thyl-di-mandelate® system and various organometallic com-
pounds or a solid solution.* In these cases chiral resolu-
tion cannot be achieved.
© 2008 Wiley-Liss, Inc.

Just as diastereomers may be used to discriminate
between enantiomers, so chiral hydrogen-bonding envi-
ronments and chiral crystal cavities may lead to the forma-
tion of inclusion compounds that discriminate between chi-
ral guests. These inclusion compounds are ideal candi-
dates for the investigation of the structure and dynamics
of intermolecular interactions in chiral environments. In
1952, Powell proposed that if a host substance (tri-o-thymo-
tide, TOT) with chiral cavities is crystallized from a solvent
which itself is a dl-mixture and forms a molecular com-
pound with the solvent, then the cavities of any one crystal
will enclose preferentially the d'- or I'- forms of the solvent.
Using this method he then partially resolved 2-bromobu-
tane.® Subsequently, from SXRD and polarimetry it was
shown that TOT forms two different classes of complex.
These are channeltype complexes, which give a low
degree of chiral separation, and cage-like complexes
which give a much higher degree of discrimination and a
variable but potentially large excess of the preferred enan-
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tiomer (up to 80%).% Fortuitously, Powell’s 2-bromobutane
complex is of the latter type. Using solid-state ?H and *C
NMR, Ripmeester demonstrated that the conversion of cis-
2,3-epoxybutane to but-3-en-2-ol in the TOT:cis-2,3-epoxy-
butane complex takes place within the chiral cavities of
the adduct and is stereoselective. Thus, the chirality of a
cavity can dictate the preferred stereochemical pathway.”
Further, he found two optically-distinct diastereomorphs
for TOT:2-bromobutane.® These diastereomorphs were
also characterized by their distinct dynamic behavior. We
regard the level of discrimination shown by Ripmeester’s
diastereomorphs® as “chemical discrimination” and is anal-
ogous to diastereomers A and B being immiscible.
Enantioselective enclathration in bile acid complexes
where there is host-guest or guest-guest hydrogen bond-
ing, has been extensively reviewed recently.”'? Like TOT,
the bile acids form clathrate complexes with a wide range
of organic and organometallic compounds without host-
guest hydrogen bonding. However, in contrast to TOT
(which is a racemate and is only resolved on crystalliza-
tion) the bile acids are themselves optically pure. There-
fore, in the crystals, there are only two host-guest combi-
nations for a racemic guest. This is in contrast to the four
possible host-guest combinations for TOT complexes, thus
eliminating one degree of complexity from the system.
Previously, it has been shown that the DCA (3a,12a-
dihydroxy-5B-cholan-24-oic acid [deoxycholic acid]) (Fig.
1a) complexes of + (1R)camphor™ and — (15)camphor** at
ambient temperature have a 2:1 stoichiometry and are iso-
morphous with each other and with the high temperature
form of DCAg:ferrocene.® There is the implication that
the DCA does not discriminate between the camphor
enantiomers. In this work we present the DCA complexes
of R- and S-camphorquinone, (R-1, S-1, 1,7,7-trimethylbicy-
clo[2.2.1]heptan-2,3-dione) (Fig. 1b), and R- and S-endo-3-
bromocamphor (R-2, S-2) (3-bromo-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-one) (Fig. 1c). These provide an opportu-
nity to investigate the effects of increased polarity and
size, and changes in pseudo-symmetry, on the chiral selec-
tivity and solid state properties in this series of complexes.
Camphorquinone is a conformationally-rigid, fused ring,
chiral, cisoid, a-diketone, which is similar to camphor, but
differs from camphor by the presence of an additional car-
bonyl (which replaces a methylene group at C2). Although
this substitution has little effect on the molecular volume,
it greatly increases the polarity of the molecule and
changes the pseudo-symmetry so that there is a pseudo-
mirror plane in both the shape and electrostatic potential
surface, which is at right angles to that in camphor. In
endo-3-bromocamphor, one of the hydrogen atoms of the
methylene C2 group is replaced with bromine. This
increases the molecular volume of the guest, while main-
taining the increase in polarity and ensures that neither
the shape nor the electrostatic surface potential have any
pseudosymmetry. Enantiomerically pure endo-3-bromo-
camphor'® also has a well-ordered crystal structure at am-
bient temperature. In the Cambridge Crystallographic
Database!” there are no examples of camphorquinone or
endo-3-bromocamphor as a guest in DCA or any other host
systems.
Chirality DOI 10.1002/chir
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(a) deoxcholic acid

10’

(b) S-camphorquinone {c) S-endo-3-bromocamphor

Fig. 1. Structures of (a) deoxycholic acid, (b) S-Camphorquinone and
(¢) S-endo-3-bromocamphor.

MATERIALS AND METHODS
Preparation and Characterization

R-, S- and RS-camphorquinone and R- and S-endo-3-bro-
mocamphor were purchased from Sigma-Aldrich and were
used without further purification. DCA free from any
included guest was made using the method previously
described.® The inclusion compounds were formed by
recrystallisation of the purified DCA with the specific
enantiomeric guest molecule from a solution containing
methanol and ethanol 3:1 (v/v).

For DCA with (1R)-(—)-camphorquinone (R-camphor-
quinone), various different ratios of the host and guest
were tried in the crystallization procedure, but always
resulted in the same product. Elemental analysis after
recrystallization: Found C 72.53, H 9.67; the 2:1 complex,
C48H8008.2C10H1402, requires C 7308, H 974, 0 17.18.
Determination of the unit cell parameters and space group
by SXRD showed this was the 2:1 inclusion compound of
DCAs:R-camphorquinone. When DCA and (1S)-(+)-cam-
phorquinone (S-camphorquinone) were recrystallized
from an alcoholic solution, different ratios of the host and
guest gave a crystalline product. From SXRD the crystals
were monoclinic with unit cell parameters, a = 7.2234(4),
b = 13.6511(9), ¢ = 16.5199(7) A, B = 99.556(4)° and
space group P2;. Subsequently, a full structure analysis
showed the compound to be the 1:1 complex of DCA:S-
camphorquinone. Elemental analysis after recrystallization
did not distinguish the 1:1 and 2:1 products: Found C
72.63, H 9.73; for a 1:1 complex, CssH4004.CioH140,,
requires C 73.22, H 9.96, O 16.82. Crystallization of DCA
with RS-camphorquinone produced crystals of two differ-
ent morphologies: intense yellow plates and yellow nee-
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Fig. 2. The variation with temperature of (a) the a-sub-lattice unit cell dimension for DCA,:R-camphorquinone and (b) the dimensions and volume of
the sub-lattice unit cell referred to unity values at 300 K DCAj:ferrocene (c) the mean values of I/s(I) for the sub-lattice and super-lattice reflections
DCAy:R-camphorquinone (d) the mean values of I/c(I) for the sub-lattice and super-lattice reflections DCAg:ferrocene.

dles. The needle crystals had the same unit cell parame-
ters as DCA:S-camphorquinone whereas those of the
plate-like crystals resembled neither DCAy:R-camphorqui-
none nor DCA:S-camphorquinone. The plate-like crystals
were shown to be RS-camphorquinone by SXRD at 100 K
(@ =16.131) A, b =11503(1) A, ¢ = 11.995(3) Aand B =
91.450(18)° space group P21/n, cf. Bright et al.'%).
Attempts to prepare R- and S-endo-3-bromocamphor
DCA complexes followed the procedures described ear-
lier. Large crystals were obtained when DCA and S-endo-3-
bromocamphor were present in the molecular ratio 2:1
and were shown by SXRD to be the 1:1 inclusion com-
pound. However, no inclusion compounds of DCA with R-
endo-3-bromocamphor were formed; the products of the
crystallisation were the free guest and a glassy solid.

Single crystal X-ray Diftraction

CCDC holds the crystallographic data for this article;
649762, DCAs:R-camphorquinone at 100 K; 649764,

DCA:S-camphorquinone at 295 K; 649765, RS-camphorqui-
none at 100 K; 649763, DCA:S-endo-3-bromocamphor at
295 K. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Solid State '>C CP/MAS NMR

The variable temperature *C CP/MAS NMR spectra
were obtained on a Varian/Chemagnetics Infinity spec-
trometer at 50.32 MHz using 7.5 mm O.D. rotors contain-
ing 300 mg of sample and a MAS rate of 4 kHz, utilizing
dry nitrogen for all gas requirements. For variable temper-
ature measurements, the heater gas was passed through a
heat exchanger immersed in liquid nitrogen prior to pass-
ing over a heater element and finally the sample rotor.
The sample was allowed to equilibrate for 20 min once the
required temperature had been reached. The actual sam-
ple temperature was calculated from the indicated temper-
ature by observing certain distinct phase changes in

Chirality DOI 10.1002/chir
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known compounds (camphor, DABCO)!® and using a
chemical shift thermometer (PbNO;)?° to interpolate
between these temperatures. A cross-polarization se-
quence with a variable X-amplitude spin-lock pulse?! and
phase modulated proton decoupling was used. Typically
800 transients were acquired using a contact time of 2.5
ms, an acquisition time of 125 ms (2500 data points zero
filled to 16 K) and a recycle delay of 5 s. All *C spectra
were referenced to adamantane (the up field methine reso-
nance was taken to be at & = 29.5 ppm? on a scale where
3(TMS) = 0) as a secondary reference. *C dipolar
dephasing spectra®® were run using a sequence similar to
that for CP/MAS with the addition of a delay (set to 40 ps)
between the end of the spin-lock pulse and the start of the
13C acquisition/proton decoupling.

RESULTS

At ambient temperature the crystals of the DCA,:R-cam-
phorquinone inclusion compound were orthorhombic,
space group P22:2; with a = 7.234(1), b = 13.894(1), ¢ =
27.319(1) A. At 100 K super-lattice reflections correspond-
ing to a doubling of the g-axis appear and the space group
changes to P2,2:2;. This phase change is very similar to
that observed for DCA:ferrocene!® at 325 K. By analogy
with a similar plot for DCAs:ferrocene (Fig. 2b), a plot of
the a-sub-cell axis against temperature (Fig. 2a), suggests
that the phase change takes place between 160 and 130 K.
This corresponds to the onset and development of the
super-lattice reflections (Fig. 2c). However, below 130 K
(after the phase change may be complete) the unit cell pa-
rameters still fluctuate and, most probably, have not
reached a stable value at 100 K (the low temperature limit
of our Cryostream). At 100 K the reflections are less sharp
than at ambient temperature and have unsymmetrical
peak profiles. In contrast to DCAs:ferrocene (Fig. 2d), the
intensities of the super-lattice reflections decrease with
temperature as the intensities of the sub-lattice increase.
On warming, the change in cell parameters was reversed
through the phase change with no significant hysteresis.
However, the profile of many peaks remained irregular
and examination of the crystal showed it to be slightly
cracked and the sub-and super-lattice intensities did not
fully recover. Repetition of the experiment with other crys-
tals led to similar crystal damage.

The best model for the structure of DCAy:R-camphorqui-
none at 100 K had the R-camphorquinone molecule disor-
dered over two locations related by the pseudo-symmetry
operator x, 0.5 — y, —z, with site occupancies 0.681(5) and
0.319(5). This residual disorder together with the apparent
instability of the unit cell parameters below 130 K, may
indicate that the phase change was not complete at 100 K.
The packing diagrams of the DCAj:R-camphorquinone
modeled with two guests are shown in Figure 3. Attempts
to obtain a full solution of the DCAs:R-camphorquinone
structure at 295 K were unsuccessful, but indicated that
the structure was very similar to those of the high temper-
ature forms of DCAy:ferrocene!® and DCA,:camphor. >4

For DCA:S-camphorquinone and DCA:S-endo-3-bromo-
camphor complexes (Figs. 3 and 4), the DCA bilayers are
Chirality DOI 10.1002/chir
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still present as in the 2:1 complexes, and are virtually
indistinguishable from those found in the high tempera-
ture forms of the ferrocene,'® and camphor'®!* complexes.
Of those DCA inclusion compounds that have been
reported in the Cambridge structural database,!” only
DCA:salicyclic acid** (a hydrogen bonded adduct that
does not have the bilayer structure), and DCA:acetic
acid®® have a 1:1 stoichiometry. In DCA:acetic acid the
neighboring bilayers slide a/2 with respect to each other
to create two smaller cavities to every two DCA molecules
rather than one larger one.?® The two small acetic acid

Fig. 3. Crystal packing at 100 K for DCAy:R-camphorquinone projected
along the a-axis (top) and b-axis (bottom). Channels on the right and left
are represented with only one of the two guest molecule orientations.
Hydrogens bonds are represented by dotted lines. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.
com.]
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Fig. 4. Crystal packing at 295 K in the DCA:S-camphorquinone inclu-
sion compound projected along the a-axis (top) and b-axis (bottom) with
hydrogen bonds represented as dotted lines. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

molecules then fit into these cavities. In contrast, DCA:S-
camphorquinone has a unit cell which is very different
from either of these two and appears to be a new type of
packing arrangement, while retaining the bilayer motif. In
the group of complexes typified by DCAs:R-ferrocene, ad-
jacent layers are related by a twofold axis along a and are
anti-parallel, whereas in the DCA:S-camphorquinone the
layers are related by a simple translation along ¢ and are
parallel (see Fig. 4). The 16.5 A separation between the
bilayers in this complex (i.e., the c-axis dimension), is sub-
stantially greater than the range of values, found in the
DCAy:Rferrocene and other 2:1 complexes (typically 12.5-
13.5 A). This greater separation allows the accommodation
of twice the number of guest molecules between the
layers. The relative positions of the bilayers along the a-
axis is intermediate between that found for 2:1 complexes
with a 7 A g-axis and space group P22,2, and those with a
similar g-axis dimension and space group P2,2:2;.
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The separation between the bilayers is increased to
accommodate the extra guest molecules present. The
guest molecules are well ordered and there is no evidence
for any order/disorder phase change. The DCA:S-endo-3-
bromocamphor complex (see Fig. 5) adopts a similar pack-
ing arrangement to DCA:S-camphorquinone. However the
orientations of the S-endo-3-bromocamphor and S-camphor-
quinone molecules in the channels of their respective com-
plexes are different. The S-camphorquinone molecules
have the methyl groups (C8 and C9’) pointing away from
the groove created by the formation of the bilayers,
whereas those of the S-endo-3-bromocamphor point
towards it. When the two structures are superimposed on
each other the two chiral molecules are related by a rota-
tion of ~180° around an axis parallel to the c-axis.

The ambient temperature >*C CP/MAS NMR spectra of
crystalline DCAs:R-camphorquinone and DCA:S-camphor-
quinone inclusion compounds are shown in Figures 6a
and 6b. Assignments of the DCA carbon peaks were made

Fig. 5. Crystal packing at 295 K in the DCA:S-3-bromocamphor pro-
jected along the a-axis (top) and b-axis (bottom) with hydrogen bonds rep-
resented as dotted lines. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Chirality DOI 10.1002/chir
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Fig. 6. RT *C CP/MAS NMR spectra of (a) DCA,:R-camphorquinone
and (b) DCA:S-camphorquinone inclusion compounds showing partial
assignments of the resonances. Asterisks denote spinning sidebands.

by comparison with the DCAs:ferrocene complex®® and
those of the camphorquinone molecules were assigned by
comparison with the solution *C NMR spectra previously
reported.?5?” The assignment is consistent with the ambi-
ent temperature SXRD studies.

For the DCA,:R-camphorquinone the peaks due to all
the carbon nuclei of the camphorquinone survive in the
dipolar dephased spectrum (NQS) and were assigned as
in Figure 7. This implies that the whole camphorquinone
molecule is undergoing relatively rapid (k > 10° s~ 1) reor-
ientation, in addition to any independent methyl group dy-
namics.”® As the chemical shifts of the resonances C4/,
C19, C8, and C21, C9Y are very close, there is some ambi-
guity over the assignments for these peaks. However, the
line-widths of the peaks show that three of the dipolar
dephased peaks (in the region 8-24ppm), have signifi-
cantly greater line-widths (Avy/» ~ 12 Hz) than the other
Chirality DOI 10.1002/chir
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four (Avy» ~ 7 Hz) suggesting that the narrower peaks®
are those of the camphorquinone molecule (i.e., in the fast
motional regime), whereas the broader peaks are those of
the DCA methyl carbons. Assignment of the peaks at 13.8
ppm (C18), 18.8 ppm (C21) and 22.8 ppm (C19) to the
DCA methyl carbons is therefore reasonably secure.

A variable temperature 3C CP/MAS NMR experiment
was performed only on DCAy:R-camphorquinone. The
methyl regions of a selection of *C CP/MAS NMR spec-
tra of DCAs:R-camphorquinone acquired between 293 and
133 K are shown in Figure 8. In the temperature range
studied, the DCA (and camphorquinone) peaks are
observed to broaden very slowly as the temperature was
decreased, but they do not split.

CONCLUSIONS
Chiral Selection and Discrimination

On recrystallization of DCA with racemic camphorqui-
none, the S-camphorquinone molecules are selected from
the mixture to form the 1:1 DCA:S-camphorquinone com-
plex. SXRD studies show that RS-camphorquinone also
crystallizes from the same solution. In the experiments
performed there was no evidence to suggest that either
the DCA,:RS-camphorquinone or the DCA:RS-camphor-
quinone adducts could be obtained for any guest enantio-
meric composition. Attempts to obtain an RS adduct
always produced crystals of DCA:S-camphorquinone. This
also suggests that the DCA:S-camphorquinone complex is
much more stable (much less soluble) at ambient temper-
ature than DCA,:R-camphorquinone. This is an example of
what we define as “chemical discrimination,” where sepa-
ration of the enantiomers is readily achieved. However it
appears that such complete enantiomeric selection by
inclusion in bile acid clathrates is exceedingly rare.?8®
DCA:S-endo-3-bromocamphor is a similar case, except that
so far it has not been possible to isolate any R-endo-3-bro-
mocamphor complex. These examples contrast with DCA
inclusion compounds of camphor that form complexes of
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Fig. 7. Dipolar dephased NMR (dephasing period of 60 ps) spectrum
of DCAy:R-camphorquinone at 295 K showing assignments of all the reso-
nances of the R-camphorquinone molecule.
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Fig. 8. VT *C CP/MAS NMR spectra of the DCA,:R-camphorquinone

inclusion compound on cooling from 293 to 133 K in the selected region
8-25 ppm.

the same stoichiometry independent of the enantiomeric
guest composition. !>

Motion and Order/Disorder Phase Changes

For the ferrocene complex, the *C CP/MAS NMR spec-
tra show clear “splitting” of the DCA methyl carbon reso-
nances C18, C19, and C21 on cooling through the phase
change from the high to the low temperature form. For
DCAy:R-camphorquinone, the variable temperature *C
CP/MAS NMR does not show this splitting. The presence
in the ambient temperature *C dipolar dephased spectra
of all the carbon resonances of R-camphorquinone and
their intensities relative to those of the host, show qualita-
tively that the guest molecules in DCAy:R-camphorqui-
none are highly mobile compared with the ferrocene guest
in DCAg:ferrocene. However, the onset temperature, at
which the transition occurs, is lower in the DCAy:R-cam-
phorquinone complex than in the isomorphous high tem-
perature phase of DCAs:Rferrocene. This also suggests
that the R-camphorquinone molecules have enhanced
dynamic behavior at any given temperature. The broaden-
ing of the C CP/MAS NMR resonances on cooling with-
out the splitting of the C18 C19 and C21 resonances of the
DCA, may reflect a slowing down of the camphorquinone
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molecular re-orientational motion to a rate comparable
with the decoupling frequency. This is consistent with the
proposal that cooling through the region of the SXRD
observed phase transition represents a repositioning of the
DCA molecules. If this repositioning were to take place
without an ordering of the guest molecules, it would
explain the failure to find an ordered guest structure by
SXRD. This is further supported by the failure to model
the ambient temperature guest structure as a twofold dis-
order. The electron density where the guest should reside
in DCAy:R-camphorquinone complex was too diffuse to fit
a simple twofold disorder and strongly suggestive of more
extensive dynamic disorder which NMR supports.
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