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Cholamide includes 2,2-dimethyl-3-hexanol with high enantio-

selectivity, which is derived from reversion of layer direction

due to a methyl group added to 2-methyl-3-hexanol.

Chiral recognition has received much attention from theoretical as

well as practical viewpoints.1 Crystalline lattice-type inclusion

compounds provide detailed structural information for elucidation

of chiral recognition mechanism. Enantioresolution of racemates

such as alcohols,2a,b sulfoxides,2c,d lactones,2e,f and ketones,2g has

been carried out using many artificial host compounds. However,

enantioresolution of secondary aliphatic alcohols still remains a

challenging problem.3 The reason is that it is very difficult to

recognize chirality, since the fourth substituent at the stereogenic

carbon is the smallest atom, hydrogen, as shown in Fig. 1.

We previously reported that 3-epicholic and 3-epideoxycholic

acids serve as excellent hosts for the enantioresolution of the

alcohols due to CH/O interaction.4 Although we also attempted to

resolve some aliphatic secondary alcohols by cholamide (CAM)

inclusion compounds, these included alcohols showed low enan-

tioselectivity (less than 60% ee).5 Recently, we have found another

fascinating host–guest system in CAM inclusion compounds. Here

we report preferable enantioresolution of 2,2-dimethyl-3-hexanol

(3) for 2-methyl-3-hexanol (2) by CAM inclusion compounds. The

high enantioselectivity comes from an additional methyl group

which causes reversion of an arrangement of the host molecules to

fix alkyl groups of the alcohols.

CAM was prepared via the conventional condensation reaction

from commercially available cholic acid (CA) and ammonia by the

mixed anhydride method at 243 K. Their inclusion compounds

with three aliphatic secondary alcohols (1–3) were obtained by

recrystallization from the corresponding racemic alcohols invol-

ving a small amount of ethanol. The resulting crystals had 1 : 1

stoichiometry of the host to guest by thermal gravimetric analysis.

Their enclosed alcohols were recovered by micro-distillation.

Enantiopurity of the alcohols was established by chiral HPLC

analyses (Chiralcel OD–H or Chiralcel OJ–H column) using their

phenyl carbamate derivatives.

Table 1 shows the resulting enantiomeric excess (ee) values and

the predominant configurations. The most remarkable feature is

that (S)-3 was obtained in more than 98% ee by the first

recrystallization from the racemate, whereas 1 and 2 were obtained

in less than 20% ee. To our knowledge, this is the first example of

highly enantioselective enclathration of 3. In addition, CAM?3

crystals belong to space group P212121, which is the first example

among CAM crystals.

Crystallographic studies{ brought us a profound insight for

such an excellent enantioresolution. Fig. 2(a) and (b) illustrate

molecular packing diagrams of the inclusion crystals of CAM with

2 and 3, respectively. It can be seen that the host molecules

construct common bilayer structures, and that the hydrophilic

interface of the bilayers is similar in molecular arrangements

(antiparallel), whereas the lipophilic one is different (antiparallel in

2 and parallel in 3). Namely, addition of one methyl group to the

isopropyl group induced the directional reversion of the bilayers in

the lipophilic sides. Such a reversion in the lipophilic sides is very

rare in case of bile acids and their derivatives.6

Furthermore, this ‘‘one methyl group effect’’ can be visualized in

detail in the following way. Solvent accessible surfaces of the

lipophilic sides are shown in Fig. 2(c) and (d), which involve

stressed drawings of the guests as well as methyl groups at C18 and

C19 of CAM (Scheme 1). It can be seen from comparison of these

figures that (i) relative positions of the guests and the methyl

groups are greatly different from each other, (ii) the methyl groups

at C18 and C19 align with 21-axes perpendicular to each other, (iii)

the host molecules form channel-like cavities along the 21-axes in 2,

whereas cage-like ones are formed in 3, and (iv) the intermolecular

distance between adjacent host molecules increases to 9.165 Å in 3

from 7.845 Å in 2.
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Fig. 1 Superposition of modeling structures for (R)- and (S)-3-methyl-2-

butanol, one of the secondary aliphatic alcohols. Table 1 Enantioresolution of aliphatic secondary alcohols by CAM

Alcohol ee (%) Predominant configuration

1a 19 R
2 19 S
3 98 S
a See ref. 5.
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These changes by the addition of one methyl group are

reasonably explained on the basis of the following two simulations.

One is that the replacement of the isopropyl group by tert-butyl

group in the framework of CAM?2 would result in steric repulsion

between the guest molecules, as shown in Fig. 2(e). The other is a

packing problem in the crystals. Our previous report clarified that

the maximum packing coefficient of the CAM cavities for aliphatic

alcohols is about 70%.7 However, a hypothetical inclusion of 3 in

the CAM?2 framework gives an exceedingly large packing

coefficient value (79%). Such a disadvantage is removed by the

change of the stacking patterns of the bilayers. In this manner the

slight difference between the guests 2 and 3 induces drastic

differences between the assemblies CAM?2 and CAM?3.

Next, we examine a relationship between the chiral recognition

abilities and the cavity structures based on the four-location

model.8 As shown in Fig. 3, the model is based on the situation

that a guest molecule goes inside a pocket of a host framework. In

the case of secondary alcohols, A, B, C and D correspond to

hydroxy group, large alkyl group, small alkyl group, and

hydrogen, respectively. Even though three substituents (A, B and

C) are fixed in the pocket, there are two possible locations for the

fourth substituent D together with its neighboring stereogenic

carbon. Therefore, we can discuss factors for selecting the fourth

locations with respect to each substituent.

First, as for the substituent A, the hydrogen bonding networks

are compared between CAM?2 and CAM?3. As shown in Fig. 4(a),

CAM?2 has cyclic networks, which are bridged by OH(guest) with

a sequence of NH(C24)…OH(guest)…O(C24). The hydrogen-

bonding distances are 3.18 and 3.12 Å, respectively, indicating that

the guest molecules are caught through loose hydrogen bonds. On

the other hand, in the case of CAM?3 (Fig. 4(b)), there exists

smaller cyclic networks, which are bridged by OH(C12) and

OH(guest) with a sequence of NH(C24)…OH(guest)…

OH(C12)…O(C24). The hydrogen-bonding distances are 2.879,

2.707 and 2.731 Å, respectively, indicating the guest molecule is

tightly caught with O(C12). Of note is that each hydrogen-bonding

distance in CAM?3 is less than 3 Å, and that the hydrogen-

bonding distances between the host and guest in the case of

CAM?3 are shorter than those in CAM?2. These differences

indicate that the guest molecules in CAM?3 are accommodated in

the hole more strongly than those in CAM?2.

Second, as for the substituents B and C, we observed environ-

ments around the guest alcohol through cross-sectional views. For

example, Fig. 5(a) and (b) depict the views of the cavities sliced by

the planes perpendicular to the 21 axis in CAM?2 and parallel to the

21 axis in CAM?3, respectively. These views reveal locations of the

two alkyl groups around the hydroxyl groups. The tert-butyl group

or isopropyl group is enclosed in the larger spherical space, while

the n-propyl group is enclosed in the smaller slender space. It is

impossible to replace the two positions of these alkyl groups in the

cavity. Therefore, three locations (A, B and C) around the

stereogenic carbon of these guest alcohols are determined.

Finally, the fourth D corresponds to hydrogen together with

stereogenic carbon in this case. The location of D may be generally

selected by attractive or repulsive interactions among the D and

the surrounding hosts. Such interactions may be based on linear

Fig. 2 Crystal structures of (a) CAM?2 and (b) CAM?3. Hydrogen

atoms are omitted for clarity. Host carbon, guest carbon, nitrogen and

oxygen atoms are represented by gray, violet, blue and red, respectively.

Host layered structures of (c) CAM?2 and (d) CAM?3 are drawn by

solvent accessible surfaces in light green. C18 and C19 represent the methyl

groups of CAM in the lower surface and C189 and C199 represent the

methyl groups of CAM in the upper surface. (e) Hypothetical including

guest 3 in the CAM?2 host framework.

Scheme 1

Fig. 3 The four-location model in a concave surface. Both enantiomers

coexist in the pocket because of the disordered substituent D, even though

three substituents around the stereogenic carbon (A, B and C) are fixed.

Fig. 4 Hydrogen bonding networks of (a) CAM?2 and (b) CAM?3.

O(C3), O(C7), O(C12), O(C24), O(guest) and N(C24) correspond to O1,

O2, O3, O4, O5 and N1 in their CIFs, respectively. Detailed hydrogen

bonding geometries are shown in ESI.{
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weak bonds such as weak hydrogen bonds as well as spreading

bonds such as van der Waals forces. The former interactions such

as CH/O are not observed in the crystal structure of CAM

inclusion compounds, and we focused on a van der Waals packing

between the bilayers.

Electron density maps of crystal structures of CAM?1 and

CAM?2 show that the guest molecules disorder around their

stereogenic carbon. This indicates that these host frameworks have

space to include both enantiomers of 1 or 2. On the other hand,

there is no space to include both enantiomers in CAM?3 host

framework. Fig. 6(a) and (b) show van der Waals contacts

between the guest molecule 3 and parts of the surrounding host

molecules. It can be seen that the methyl and methylene groups of

the guest effectively contact the hosts at the 18- and 19-positions of

the upper host I and at the 21-position of the lower host II, where

the distances between the carbon atoms are about 3.8 Å.

Furthermore, the guest molecule has a trans zigzag chain which

is expressed as a plane involving stereogenic carbon and its

neighboring carbons (red board in Fig. 6(b) and (c)). Fig. 6(d)

shows that the plane is sandwiched between the plane of the host.

The insertion of the enantiomeric plane (yellow board in Fig. 6(b)

and (c)) would result in repulsion against the host molecules,

explaining the efficient enantioselectivity.

In summary, the successful enantioresolution of racemic alkyl

alcohols was achieved by the one methyl group effect on the

reversion of the molecular arrangements. Furthermore, the chiral

recognition is attributed to the selection of enantiomorphic faces

involving stereogenic carbon and its two neighboring carbons on

the basis of the strategy derived from the four-location model. We

will now extensively investigate chiral recognition of other steroidal

inclusion compounds.
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Fig. 5 The sectional views of the cavity sliced by the planes

perpendicular to the channel (a) in CAM?2 and (b) in CAM?3.

Fig. 6 (a) The van der Waals contact between the guest 3 and parts of

the surrounding host molecules (hosts I and II). (b) Black, red and yellow

lines represent a plane formed by three points (A, B and C), a trans plane

of the S-isomer and a hypothetical plane of the R-isomer, respectively. (c)

Schematic drawing of inclusion of a single enantiomer in the host pocket.

(d) The sectional views of the cavity sliced by the planes perpendicular to

the direction of the trans chain. The red line represents the trans plane.
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