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Abstract— An X-ray crystallographic study elucidated the structure of the inclusion complex TADDOL 1-(R)-2-benzylcyclohexanone (2).
The study disclosed that the assembly of the host molecule 1 ingeniously includes the guest molecule (R)-2 via hydrogen bonding and van der

Waals contacts. © 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

In previous papers, we described the thermodynamically
controlled deracemization'” of several cyclohexanones
using  (R,R)-(—)-trans-2,3-bis(hydroxydiphenylmethyl)-
1,4-dioxaspiro[5.4]decane (TADDOL 1)’ in basic sus-
pension media. For example, use of 1 (1.0-2.0 equiv.)
with alkaline in aqueous MeOH converted racemic
2-benzylcyclohexanone (2) and 2-(2-methoxyethyl)cyclo-
hexanone (3) to the R-isomer of 74 and 94% ee in quanti-
tative yield, respectively (Scheme 1).
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Scheme 1. Deracemization of cyclohexanones utilizing TADDOL 1.
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These unique phenomena were accomplished according to
the following concept. The system functions efficiently
between two phases that consist of the solid phase of
powdered optically active host molecule and the liquid
phase of aqueous basic MeOH, into which free guest
molecule (o-monosubstituted cyclohexanones) can be
solvated to some extent (Scheme 2). If the guest molecule
is congenial with the host molecule, it is included into the
cavity constituted by aggregation of the optically active host
molecule. Therefore, the situation of the guest molecule is
differentiated in three stages. Two of the stages include a
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Scheme 2. Concept of deracemization.

guest molecule as the diastereomeric inclusion complex
(stages A and B in Scheme 2) and one stage has a free
guest molecule in the liquid phase (stage C). Since both
enantiomers of the guest molecule racemize to each
other in the basic liquid phase, an equilibration can
arise between stages A and B via stage C. When
stage A is thermodynamically more stable than stages
B and C, one enantiomer of the guest molecule is

guest I

guest 11

Figure 1. Molecular structure of 2:2 complex of 1 and (R)-2. Hydrogen
bonds are represented by double dashed lines. The guest molecule I and II
are shown after transformation to (x—1, y, z) and (x+1, y, 2), respectively.
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enriched and recovered from the resulting mixture in
excellent yield.

Thus, the study disclosed that deracemization based
on inclusion chemistry could provide a convenient and
excellent method for the preparation of optically active
a-substituted cyclohexanones. However, the nature of
the molecular recognition process was unclear. In this
paper, we would like to describe the full details of
the efficient chiral molecular recognition process
disclosed by X-ray analytical studies of the 1-(R)-2
complex.

2. Results and discussion

2.1. Molecular structure of the complex 1:(R)-2
elucidated by X-ray crystallography

Fig. 1 illustrates the molecular structure of the complex
1-(R)-2 packed in the asymmetric unit with the atomic
numbering. Two molecules of each substance 1 and (R)-2
are observed in the asymmetric unit. Selected bond lengths
and angles of the two independent host molecules 1 are
listed in Table 1 for comparison. These values in Table 1
are normal and require no discussion. The Table also indi-
cates that the conformational differences are not very large
between the two independent host molecules, the host I
and the host II. Furthermore, the TADDOL 1 keeps the
propeller-like structure again, as Seebach discussed
recently.?

Table 2 lists the same geometric parameters of the two
independent guest molecules (R)-2. Furthermore, the
conformational profile of 2 was examined by 4500 step
Monte Carlo (MCMM) searches® with the MM2* force
field in MacroModel®®’ using the GB/SA CHCI; solvent
continuum model.*® The most stable conformation obtained
is shown in Table 2 and Fig. 2. Table 2 clearly shows
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Table 1. Selected bond lengths (f\) and angles (°) for 1

3403

Host 1 Host 1T
Bond lengths (A)
C(11)-C(21) 1.564(6) C(8)-C(15) 1.545(6)
C(21)-C(22) 1.539(6) C(15)-C(18) 1.556(6)
C(22)-C(45) 1.554(7) C(18)-C(19) 1.545(7)
C(11D)-C(17) 1.528(7) C(8)-C(28) 1.511(7)
C(11)-C(12) 1.513(6) C(8)-C(40) 1.556(6)
C(14)-C45) 1.546(6) C(16)-C(19) 1.528(6)
C(32)-C(45) 1.540(7) C(13)-C(19) 1.519(7)
C(17)-C(25) 1.366(7) C(28)-C(33) 1.391(7)
C(12)-C(31) 1.386(7) C(35)-C(40) 1.391(7)
C(14)-C(51) 1.385(8) C(16)-C(38) 1.400(8)
C(32)-C(37) 1.384(8) C(13)-C47) 1.393(7)
Angles (°)
Bond angles
C(11)-C221)-C(22) 117.4(3) C(8)-C(15)-C(18) 117.4(4)
C(21)-C(22)-C(45) 116.8(4) C(15)-C(18)-C(19) 117.1(4)
C(17)-C(11)-C(21) 111.1(4) C(15)-C(8)-C(28) 111.6(4)
C(12)-C(11)-C(21) 113.2(4) C(15)-C(8)-C(40) 111.6(4)
C(14)-C(45)-C(22) 112.5(4) C(16)-C(19)-C(18) 111.8(4)
C(22)-C(45)-C(32) 111.3(4) C(13)-C(19)-C(18) 112.3(4)
O(5)-C(11)-C(12) 105.8(4) 0(9)-C(8)-C(40) 105.3(4)
0(6)-C(45)-C(14) 109.5(4) O(7)-C(19)-C(16) 108.4(4)
C(11)-C(17)-C(25) 121.2(4) C(8)-C(28)-C(33) 121.8(4)
C(11)-C(12)-C(31) 118.7(4) C(8)-C(40)-C(35) 115.9(4)
C(45)-C(14)-C(51) 117.6(4) C(19)-C(16)-C(38) 117.6(4)
C(37)-C(32)-C(45) 119.8(4) C(19)-C(13)-C(47) 121.5(5)
Torsion angles
C(11)-C(21)-C(22)-C(45) —102.1(5) C(8)-C(15)-C(18)-C(19) —100.6(5)
C(17)-C(11)-C(21)-C(22) —59.5(4) C(28)-C(8)—-C(15)-C(18) —61.2(4)
C(12)-C(11)-C(21)-C(22) 176.1(5) C(40)-C(8)—-C(15)-C(18) 176.0(5)
C(21)-C(22)-C(45)-C(14) 175.2(5) C(15)-C(18)-C(19)-C(16) 174.2(6)
C(21)-C(22)-C(45)-C(32) —60.4(4) C(15)-C(18)-C(19)-C(13) —59.7(4)
CR21D)-C(11)-C(17)-C(25) —85.5(5) C(15)-C(8)-C(28)-C(33) —81.8(5)
C2DH-C(11)-C(12)-C(31) —167.2(6) C(15)-C(8)-C(40)-C(35) —172.2(6)
C(51)-C(14)-C(45)-C(22) —169.7(6) C(38)-C(16)-C(19)-C(18) —169.9(6)
C(37)-C(32)-C(45)-C(22) 102.8(6) C(47)-C(13)-C(19)-C(18) 103.2(6)
Table 2. Selected bond lengths (A) and angles (°) for (R)-2

Guest I' Guest I1* MacroModel ®/MM2"®*
Bond lengths A)
0O(84)-C(78) 1.204(11) 1.195(11) 1.211
C(70)—C(78) 1.53109) 1.493(9) 1.524
C(70)-C(90) 1.509(9) 1.520(9) 1.540
C(74)-C(90) 1.525(10) 1.516(10) 1.512
C(64)-C(74) 1.383(10) 1.386(11) 1.398
Angles (°)
Bond angles
C(78)-C(70)-C(90) 114.8(6) 113.0(6) 112.3
C(70)-C(90)-C(74) 114.1(6) 114.1(6) 112.5
C(90)-C(74)-C(99) 121.7(7) 121.3(7) 121.0
Torsion angles
C(78)—C(70)—C(90)-C(74) —174.909) —174.4(9) —175.3
C(64)-C(74)-C(90)-C(70) 71.5(7) 67.2(7) 76.7

* Obtained by the X-ray crystallography.
® Geometrical parameters listed were corresponded to that for guest 1.
¢ Obtained by MacroModel®/MM2* conformational search.
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Figure 2. Stereoview of the most stable conformation of (R)-2 obtained by
MacroModel®/MM2*. Numbering for atoms was conformed to atomic
numbers assigned to guest I by the X-ray crystallography.

that the conformation of the guest I resembles that of
the guest II and the most stable one obtained by the calcu-
lation. However, a careful comparison between the X-ray
and the calculation results (see the torsion angle
C(64)-C(74)-C(90)-C(70) in Table 2) reveals that the
induced-fit phenomena of a guest molecule into the cavity
is caused by twisting of the phenyl group.

2.2. Crystal structure of the complex 1:(R)-2

Several papers have reported that hydrogen bonds are one of
the most important interactions between the host molecule 1
and various guest components in the inclusion complex.'* In
the present study, molecular association via hydrogen bonds
is also observed. In fact, one hydroxy group (O5 or O9) on
each of the host molecules interacts intramolecularly with
another hydroxy group (O6 or O7), whose hydrogen is
donated to the carbonyl oxygen on the guest. Thus, the
host I and II are linked to the guest I and II with hydrogen
bonds to form a set of host—guest complexes, respectively
(see Fig. 1). Table 3 shows the geometric parameters of this
hydrogen bonding.

As mentioned above, the asymmetric unit is constituted with
two sets of the host—guest complex. And the unit cell is
constructed with two sets of the asymmetric unit (Fig. 3).
Fig. 4 illustrates the assembly of the complex 1-(R)-2.

Table 3. Geometric parameters of hydrogen bonding

Host I and guest I Host II and guest II

Bond lengths (A)

O(5)-H(5) 0.715(3) 0(9)-H(©9) 0.853(4)
O(6)-H(6) 0.727(3) O(7)-H(7) 0.863(3)
Non-bonded distances (A)

O(5)---0(6) 2.697(5) 0(9)---0(7) 2.672(5)
H(5)---0(6) 2.038(3) H(©9)---0(7) 1.821(3)
0(6)---0(84)* 2.705(7) 0O(7)---0(80)° 2.672(5)
H(6)---O(84)" 2.076(7) H(7)---O(80)" 1.976(7)
Angles (°)

Non-bonded angles

O(5)-H(5)...0(6) 153.8(3) 0(9)-H(9)...0(7) 174.3(3)
0O(6)-H(6)---O(84)* 145.2(3) O(7)-H(7)---O(80)° 145.0(3)

Translation of symmetry code to equiv. pos. a=x—1, y, z; b=x+1, y, z.

host I'
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guest IT'

guest 1
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Figure 3. Stereoview of the crystal structure of the complex of 1-(R)-2 in a
unit cell. Translation of symmetry code to equiv. pos. guest I=x—1, y, z;
guest [I=x+1, y, z; host I’ and host Il'=1—x, y+1/2, 1—z; guest I'=2—x,
y+1/2, 1—z; guest '=—x, y+1/2, 1 —z.

Scrutiny of Fig. 4 reveals that van der Waals contacts
between the hydrophobic groups stabilize the crystal
packing as follows. (1) Host II’ (colored pink, blue, green,
and red) self-assembles to form a layer owing to the inter-
action between the aromatic rings and the cyclohexyl ring.
Selected interactions are shown in Fig. 5 with their
distances. (2) Host I (colored black) and also host I’ (colored
orange, yellowish green, and gray) aggregate with each
other just like host II'. (3) A sophisticated gear-like connec-
tion between the gathering of host I’ and that of host I’
utilizing aromatic and cyclohexyl ring(s) is observed (see
Fig. 4). Selected interactions are illustrated in Fig. 6 with
their distances. (4) A guest II' (colored yellow) connects
zigzag to an adjacent guest II’ (colored dark yellow) via a
guest I (colored blue) to form a bar (Fig. 7). Furthermore,
the assembly of four host II’ molecules (colored pink, blue,
green, and red) constitute a concave cavity in which the
guest II’ (colored yellow) is accommodated via van der
Waals contacts and the hydrogen bonding mentioned
above (Fig. 8). Fig. 9 illustrates the selected van der
Waals interactions between guest II' (colored yellow) and
host IT'.

Thus, a sophisticated interaction with van der Waals
contacts and the hydrogen bonding between host 1 and
guest (R)-2 stabilize the crystal packing. On the other
hand, all attempts to obtain an inclusion complex of (S)-2
and 1 were unsuccessful. This fact suggests that the chiral
cavity constituted by the assembly of four host molecules
accepts the (R)-isomer of 2 exclusively and the complex of
1-(R)-2 is more stable than the other. The present investi-
gation assures us that the thermodynamically controlled
deracemization is realized according to the concept
mentioned in the introduction.
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Figure 4. Stereoview of the assembly of the complex 1-(R)-2. For clarity, host II, guest II, and guest I’ in the unit cell are omitted.

a) b)

Figure 5. Selected van der Waals interactions between host II. (a) View from a—b plane of the assembling host II'. (b) View from b—c plane of the assembling
host II'. Symmetry code; host II’ (colored pink)=—x, y+1/2, —z; host I’ (colored blue)=1—x, y+1/2, —z; host I’ (colored green)=—x, y+1/2, 1—z.

Figure 6. Selected van der Waals interactions between host II’ and host I'. (a) View from b—c plane of the assembling host II’ and host I'. (b) View from a—b
plane of the assembling host II' and host I'. Symmetry code; host II’ (colored pink) and host I’ (colored orange)=—x, y+1/2, —z; host I (colored green) and
host I’ (yellow green)=—x, y+1/2, 1—z; host I’ (colored blue) and host I’ (colored gray)=1—x, y+1/2, —z.
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Figure 7. Selected van der Waals interactions between guest II'—guest -
guest II'. View from b—c plane of the assembling guest II' and guest I.
Symmetry code; guest I (colored blue)=x, y, z; guest II' (colored
yellow)=—x, y+1/2, —z; guest Il (colored dark yellow)=1—x, y+1/2, —z.

3. Experimental
3.1. Preparation of the 1:(R)-2 complex

To a suspension of (R)-2 (62% ee,'' 500 mg, 2.66 mmol)
and 1 (1.35 g, 2.66 mmol) in petroleum ether (1 mL) was
added ether (about 4-5 mL) until the mixture became a
clear solution. When the solution was kept at rt for a few
days, a 1:1 inclusion complex of 1 and (R)-2 of 96% ee was
obtained as colorless prisms (532 mg, 29%), from which a
suitable single crystal was selected.

Figure 8. Stereoview of the accommodation of guest II' in the cavity constituted by the aggregation of host II’. Symmetry code; host II’ (colored pink) and
guest I’ (colored yellow)=—x, y+1/2, —z; host II’ (colored blue)=1—x, y+1/2, —z; host Il (colored green)=—x, y+1/2, 1 —z; host I’ (colored red)=1—x, y
+1/2, 1—z. (a) View from b—c plane. Hydrogen bond between host and guest is represented by double dashed lines. (b) View from a—c plane denoted by

space-filling representation.

a)

b)

3.791A -

Figure 9. Selected van der Waals interactions between guest I’ and host II'. (a) View from b—c plane of the assembling guest II’ and host II'. (b) View from
b-c plane of the assembling guest II’ and host II’. Symmetry code; host I (colored pink) and guest II’ (colored yellow)=—x, y+1/2, —z; host II’ (colored
blue)=1—x, y+1/2, —z; host I’ (colored green)=—x, y+1/2, 1—z; host II' (colored red)=1—x, y+1/2, 1—z.
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Table 4. Crystal data and experimental conditions

Chemical formula/formula
weight

Crystal system/space group
Z

a, b, c (A) 9.613(5), 40.077(9), 9.976(4)

B () 90.94(4)

V(A% 3843.003)

D, Mgm™) 1.201

Diffractometer MXCI18

Radiation Cu Ka

A (A) 1.54178

i (CuKa) (mm™") 0.60

Crystal description/crystal Cube/0.35%0.3x0.2

dimensions (mm?®)

T (K) 298

20 max (©) 126.94

Range of A, k and [ —11=h=10, —45=k=32,
—11=I=0

Reflections: independent/ 6454/4783

observed

R(F)(I>3a(D)/ 0.043/0.088

wR(FH(I>30 ()

S 1.101

Extinction coefficient None

(A/o-)"‘:‘" 0.018

Ap (e A7 —0.26, 0.28

Roger’s n parameter 2.5(8)

2(C34H340)-2(Cy3H,60)/
1389.82

Monoclinic/P2,

2
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