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Optical Resolution of Binaphthyl and Biphenanthryl Diols by
Inclusion Crystallization with N-Alkylcinchonidium Halides.
Structural Characterization of the Resolved Materials
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Racemic 2,2’-dihydroxy-1,1’-binaphthyl and 10,10’-dihydroxy-9,9-biphenanthryl have been resolved
effectively by crystalline complexation with commercially available N-alkylcinchonidium halides.
The resolved complexes were studied by X-ray diffraction methods in order to characterize the
intermolecular interaction and recognition schemes. The results indicate the significance of
directional hydrogen bonding and aryl—aryl interaction modes in the molecular recognition process.

Introduction

Inclusion crystallization has proven to be an effective
method for the separation of structural isomers and
resolution of optically active organic materials.? Many
chiral organic compounds have been resolved by forma-
tion of solid, diastereoisomeric complexes with naturally-
occurring resolving agents (e.g., tartaric acid, brucine,
and related alkaloids). The molecular recognition be-
tween these complexing partners is directed by specific
intermolecular forces (e.g., hydrogen bonding and n—=x
interactions), as well as by steric complementarity. The
presence of an optically pure host generates a chiral
lattice and provides an asymmetric environment for
enantioselective cocrystallization with the guest compo-
nent and for effective separation of the latter from a
racemic mixture. Chiral resolutions of neutral organic
substrates by the inclusion crystallization method are
very simple, often yielding 100% optically pure cocrystals
in good yield.? The host and guest components can easily
be recovered from the solid material in their pure forms
by chromatographic methods. We have previously re-
ported effective preparations of optically pure enanti-
omers of various organics by inclusion complexation with
optically active binaphthyl and biphenanthryl diol de-
rivatives.#5 The latter are also useful in asymmetric
synthesis® and as chiral shift reagents.” Optically active
crown ethers that incorporate the 2,2’-dihydroxybinaph-
thyl spacer were found to enantioselectively bind amino
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acids and esters.® Various methods have been used in
the past to synthesize optically active isomers of these
convenient hosts. Among them, enantioselective com-
plexations with reagents derived from natural tartaric
acid were quite effective.’ In order to extend and simplify
the resolution procedure, an effort has been made to find
alternative and more readily available resolving reagents
for the biaryl diols. Chiral amines such as cinchona
alkaloids have previously been used as optically active
catalysts in homogeneous media.l® Their interaction with
suitably functionalized 1,1’-binaphthyl derivatives was
found to be characterized by a high degree of chiral
recognition.!! In a previous publication, we demonstrated
that an effective resolution of the enantiomers of 2,2'-
dihydroxy-1,1"-binaphthyl (1) and 10,10’-dihyroxy-9,9'-
biphenanthryl (2) can be achieved by inclusion complex-
ation with N-alkylcinchonidium halides.!> A compre-
hensive evaluation of the structures of resolved com-
plexes and of the intermolecular interaction modes within
these cocrystals is presented below. The crystal and
molecular structures of the 1:1 complexes of 1 with
N-benzylcinchonidium chloride (8) [structure I] and of 2
with N-butylcinchonidium bromide (4) [structure II] are
described in detail in this report.

Experimental Section

Optically active N-alkylcinchonidium halides were obtained
commercially from Aldrich Chemical Co., Inc.

Determination of Optical Purity. The enantiomeric
purity of the resolved materials was determined by HPLC,
using a column containing an optically active solid phase,
Chiralpak AS or Chiralpak OC.18 Solvent mixtures of hexane/
EtOH (95/5) and hexane/iPrOH (90/10) were used as eluents.
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Optical Resolution of 2,2’-Dihydroxy-1,1"-binaphthyl.
A solution of N-benzylcinchonidium chloride (3) (0.74 g, 1.76
mmol) and rac-1 (1 g, 3.5 mmol) in 20 mL of MeOH was kept
at room temperature for 6 h, yielding a 1:1 complex of 8 and
(R)-(+)-1 which precipitated as colorless prisms (0.89 g, 72%
yield, mp 277—279 °C). Decomposition of the filtered complex
with dilute HCI, followed by extraction with ethyl acetate and
evaporation of the solvent gave (R)-(+)-1 {95% ee; 0.35 g, 70%
yield, [alp = +81.5 (¢ = 1.0, THF)}. Recrystallization of the
crude product from MeOH gave pure (R)-(+)-1 {100% ee; 0.3
g, 60% yield, [alp.= +33.2 (c = 1.0, THF)}. Treatment of the
filtrate left with dilute HC] yielded (S)-(—)-1 {42% ee; 0.62 g,
124% yield, [alp = —13.9 (¢ = 1.0, THF)}.

Optical Resolution of 10,10’-Dihydroxy-9,9’-biphenan-
thryl. A solution of N-butylcinchonidium bromide (4) (0.14
g, 0.33 mmol) and rac-2 (0.25 g, 0.65 mmol) in 10 mL of
acetonitrile was kept at room temperature for 24 h, yielding a
1:1:1 complex of 4, (R)-(+)-2, and MeCN which precipitated
ag colorless prisms (0.22 g, 83% yield, mp 168—169 °C).
Decomposition of the filtered complex with dilute HCl gave
pure (R)-(+)-2 {100% ee; 0.1 g, 80% yield, [a]p = +58 (¢ = 1.0,
CHCl;)}. Treatment of the filtrate left with dilute HCl yielded
(8)-(—)-2 {58% ee; 0.15 g, 80% yield, [alp = -35 (c = 1.5,
CHCl3)}.

Crystal Structure Analyses. Suitable crystals for X-ray
diffraction were prepared by slow evaporation of the cor-
responding methanol and acetonitrile solutions. The X-ray
diffraction measurements were carried out at room tempera-
ture (ca. 298 K) on an automated CAD4 diffractometer
equipped with a graphite monochromator, using Mo Ka (2 =
0.7107 A) radiation. Intenisty data were collected by the w—26
scan mode with a constant scan speed of 4 deg/min. Possible
deterioration of the analyzed crystal was tested by detecting
periodically the intensities of three standard reflections from
different zones of the reciprocal space and was found negligible
during the experiment. No corrections for secondary extinction
effects were applied. The two structures were solved by direct
methods (SHELXS-86)4 aided by Fourier techniques, and
refined by full-matrix least-squares (SHELX-76)!5, including
the positional and anisotropic thermal parameters of the non-
hydrogen atoms. All hydrogen atoms attached to carbon were
introduced in calculated positions, the methyls being treated
as rigid groups. Hydrogens of the hydroxyl groups were
located directly in difference-Fourier maps. The final refine-
ments were based on experimental weights w = 1/0%F,),
minimizing w(AF)2.

For structure I data were collected out to 20ma = 54°.
Crystal data are C4sH43N203Cl, formula weight 707.31, ortho-
rhombic, space group P2:2:21, ¢ = 10.513(1), b = 13.573(3), ¢
= 26.569(3) A, V = 37912 A3, Z = 4, Dot = 1.239 g cm™3,
F(000) = 1496, u(Mo Ka) = 1.40 cm™.

A total of 4061 unique reflections with positive intensities
were measured. Data were not corrected for absorption. The
refinement calculations converged at R = 0.065 and wR =
0.066 for 2268 observations having Fy = 6a(Fy). The CH=CH;
residue was found to be disordered in the crystal with two
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alternative positions, at almost equal occupancies, for the
terminal carbon. This disordered fragment was included in
the crystallographic refinement with a restrained geometry
and isotropic thermal parameters only. At convergence, the
highest peaks and deepest troughs of the difference density
map were 0.62 (near the disordered group) and —0.23 e A-3,
respectively, confirming the correctness of the structure.

- For structure II, data were collected out to 260y. = 50°.
Crystal data are Cs3sHsN3OsBr, formula weight 858.92, ortho-
rhombic, space group P2;2:2;, a = 8.189(1), b = 12.534(3), ¢ =
43.042(5) A, V= 44179 A%, Z = 4, D¢sic = 1.291 g cm~3, F(000)
= 1800, u(Mo Ka) = 9.65 cm™1.

A 'total of 3475 unique reflections with positive intensities
were recorded. An empirical method was applied to correct
the data for absorption.!® The final refinement converged at
R = 0.066 and wR = 0.064 for 1598 reflections above the
threshold of 60(F;). At convergence the peaks and troughs of
the difference-Fourier density maps didn’t exceed 0.39 and
—0.42 A-3, respectively. Presence of a heavy atom and the
relatively low data-to-parameters ratio affected the precision
of the crystallographic determination, resulting in relatively
large esd’s of the positional and thermal parameters.

Results and Discussion

Optical Resolution. Details of the resolution proce-
dure are outlined in the Experimental Section. Typically,
the racemic biaryl diol and a suitable cinchonidium halide
derivative, in a molar ratio of 2:1, were dissolved in a
standard solvent (e.g., methanol or acetonitrile), and the
solution was left overnight at room temperature to allow
crystallization of the preferred complex. The crude form
of the latter was then purified, if necessary, by further
recrystallization from the same solvent. From the filtrate
left after separation of the crystalline phase, the second
enantiomer of the diol compound was isolated. Finally,
the resolved enantiomers of the biaryl diol were recovered
from the pure crystalline complex by treatment with a
dilute acid and chromatography. The parent cinchoni-
dine alkaloid does not form inclusion complexes with
either with 1 or 2 and is therefore ineffective in separa-
tion of the biaryl diol compounds in question.

Structural Analysis. Final atomic coordinates of I
and II, along with lists of anisotropic thermal param-
eters, H-atom coordinates, bond lengths and bond angles,
have been deposited with the Cambridge Crystallo-
graphic Data Centre. They can be obtained, on request,
from the Director, Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge, CB2 1EZ, UK.
Molecular dimensions obtained for the various molecules
in the two structures are in good agreement with
standard values and exhibit no extraordinary features
(some deviations observed in II can be attributed to the
low precision caused by the limited amount of significant
diffraction data). In the biaryl diols, the two naphthyl
fragments in I and the two phenylanthryl groups in II
are nearly at right angles to each other; the dihedral
angles between the mean planes of those aryl residues
are 101.5° in I and 90.0° in II. The intermolecular
organization and association in the two crystal structures
are illustrated in Figures 1 and 2.

Structure I can be best described as consisting of
continuous chains of interlinked species that are aligned
in an alternating manner parallel to the (0,1,1) lattice
plane of the crystal (Figure 1). The chloride anion
provides the bridging link between two diol molecules and
the cinchonoid cation located in between, by accepting
three hydrogen bonds from the surrounding moieties at
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Figure 1. Stereoview of the crystal structure I, approximately down the a axis (b is horizontal). The heterocatoms are marked
by crossed circles and the hydrogen bonding interactions by dashed lines. The encircled Y-shaped fragment represents the 2-fold
disordered orientation of the terminal C=CHj; residue. Contents of one and one-half unit cell are shown to illustrate better the

intermolecular interaction scheme.

Figure 2. Stereoview of the crystal structure II, approximately down the @ axis (b is horizontal). The heteroatoms are marked
by crossed circles and the hydrogen bonding interactions by dashed lines. Contents of one and one-half unit cell are shown to

illustrate better the intermolecular interaction scheme.

OH~Cl distances of 3.1-3.2 A. The bifunctional diol
entity is associated with two different Cl~ ions along the
chain, thus yielding the repeating pattern of intermo-
lecular O—H~Cl bonds. The relatively large dihedral
angle of the binaphthyl unit (101.5°) reflects a strained
arrangement caused by optimization of these interac-
tions. Characteristic aromatic—aromatic interactions
between the two components, which involve the benzyl
substituent, are an additional stabilizing feature of the
chain structure of this more stable diasterecisomer. They
involve a T-shaped interaction between the benzene ring

of the cinchonidium derivative and two naphthyl rings
of neighboring diols, in which C—H bond dipoles of the
former are oriented toward the negatively charged carbon
atoms of the latter.!” The shortest relevant nonbonding
H~-C distances in 1 are within the range of 2.7-2.9 A.
Such interactions are known to dominate the structural
organization in many aromatic materials and are now
considered important in the design of new host recep-
tors.1”18 Side packing of the hydrogen bonded chains is
also stabilized by similar T-shaped contacts between the
naphthyl residues, as well as by other weak dispersive
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interactions. The disorder of the ethylenic fragments,
which are located in the interchain zone, indicates,
however, a less than perfect steric fit between neighbor-
ing chain arrays. ‘

In the solid state, the halide anion is distant from the
sterically hindered quaternary nitrogen site of the cin-
chonidium cation. Rather, it lies near to and forms a
hydrogen bond with, the polarized hydroxyl group. This
occurs also in structure II, as is illustrated in Figure 2
[at OH(cation)=~Br = 3.12 A]. Here, however, the larger
phenanthryl spacer groups prevent a simultaneous close
approach of three moieties around the halide anion, and
a different intermolecular arrangement is evident. This
structure consists of locally hydrogen-bonded 1:1 entities
of host-to-guest, the H-bond involving one OH group of
the biphenanthrol framework as a proton donor and the
nitrogen site of the quinoline ring as a proton acceptor
(at OH=:N of 2.77 g). The host—guest association is
complemented by an effective 7—n stacking interaction
between nearly parallel phenanthryl and quinoline rings,
lying at an average distance of 3.4 A from each other.
The large, “soft” Br~ ion is rather surrounded by a
lipophilic CH environment. The second hydroxyl group
of the biphenanthrol moiety is effectively solvated, via a
weak hydrogen bond (at OH=:N of 2.92 A), by an
acetonitrile solvent molecule incorporated into the crystal
lattice. Inclusion of the solvent component appears to
be essential, in this case, to optimize the H-bonding
potential of the constituent species, as well as to fill the
empty space around the biaryl diol, but it has no effect
on the selective recognition features of the interacting
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host and guest components. The less extensive intermo-
lecular linkage in this structure is reflected in a more
pronounced thermal motion of the individual entities at
room temperature. Moreover, in the unconstrained
environment, the observed dihedral angle between the
two phenanthryl rings is ideally 90°.

In some respects, the structural properties of II are
similar to those exhibited by other naturally occurring
alkaloids (e.g., brucine and strychnine).’® Crystal struc-
tures of the complexes of these hosts with chiral guests
are also characterized by localized H-bond associations.
Yet, the particular molecular shape of those optically
active alkaloid compounds limits the possible packing
motifs, which lends the alkaloids their effectiveness as
resolving agents of optically active organics by crystalline
inclusion.

The results described above illustrate the nature of the
nonbonded interactions in the cocrystals of cinchonidium
salts with the biaryl diols, which, in turn, determines the
molecular recognition between the interacting partners.
The intermolecular binding involves directional hydrogen-
bonding and aryl—aryl #—= stacking and “edge-to-face”
interaction modes, while the enantioselectivity is induced
by steric fit between the complexing constituents, as well
as by the chirality features of the tight crystalline
environment. It has already been shown that racemic-1
could not be resolved by complexation with 4 and race-
mic-2 did not form complexes with 8.12 This observation,
along with the above results, suggest that fine-tuning of
the cinchonidium resolving agent, by choosing a suitable
alkyl or aryl substituent and selecting an appropriate
counterion, is required for each particular application.
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