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Chiral Secondary Amides. 2. Molecular Packing
and Chiral Recognition
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Abstract: A molecular model which accounts for stereoselective interactions within the series of chiral secondary amides
RCONHCH(CH3)Ar is proposed. It assumes that a guest molecule intercalates between two host molecules in their 5-A
translation H-bonded array to form diastereomeric arrangements for the two enantiomers, differing in stability. The model
explains various aspects of chiral recognition: (1) the gas chromatographic separation of enantiomers achieved with N-acyl-
a-arylethylamines as chiral phases; (2) the difference in solubility of (R)- and (S)-N-trifluoroacetyl-c-(1-naphthyl)ethylam-
ine in solid (R)-N-lauroyl-a-(1-naphthyl)ethylamine. The packing arrangement of certain diamide molecules was examined
in order to reinforce the assumptions on which the explanation of the stereoselective effects was based. Energy computations

support the stability relationships which follow from the model.

I. Introduction

The interactions between chiral secondary amides
RCONHCH(CHj;)Ar were analyzed in terms of their mo-
lecular packing in both the solid and the liquid states in part
1.1 The analyses demonstrated a preference for the formation
of stacks in which the molecules are hydrogen bonded along
a 5-A translation axis (Figure 1). The detailed geometry and
contacts in this packing motif were revealed by several crys-
tal-structure determinations.! The 5-A translation mode fulfills
the requirements for linear hydrogen bonds and for close
packing between the aromatic residues whose planes are sep-
arated by 3.4 A. It also generates favorable contacts between
the R groups, especially for long hydrocarbon chains. The high
stability of this packing mode is further manifested by its re-
tention in the melt.!

The compounds in this series, when serving as chiral sta-
tionary phases in gas-liquid chromatography, separate optical
isomers.? Resolution is particularly good when the optical
isomers are of the same type (RCONHCH(CH3)Ar) as the
chiral phase, with higher retention times for the enantiomer
of the same absolute configuration as that of the stationary
phase.

1t is our purpose to explain on a molecular level the GLC
resolutions, as well as other phenomena involving chiral rec-
ognition which were found to occur with these amides. The
spatial arrangement of the molecules and the contacts between
atoms, as observed in the crystal structures, are used to describe
the diastereomeric association complexes assumed to be re-
sponsible for stereoselectivity.

This approach has been adopted previously. Crystal struc-
ture data have been used successfully by Yoneda and co-
workers? to interpret the resolution of racemic metal-coordi-
nation compounds by sodium d-tartrate solutions. The crystal
structures* of the host-guest complexes formed by crown
ethers, synthesized by Cram and co-workers,> have been de-
termined to examine the host-guest geometry so as to account
for observed stereoselectivity.

0002-7863/80/1502-27685%01.00/0

I1. Molecular Model of Chiral Recognition

Having demonstrated the stability of the 5-A translation
array in the chiral amides RCONHCH(CHj3)Ar, both in the
solid and in the melt,! we now propose a model which will ac-
count for the discrimination in the interactions of these amides
with pairs of enantiomers. It is based on the 5-A translation
H-bonding motif, as found in the crystal, and assumes that a
guest molecule intercalates within the H-bonded array of the
host matrix. The intercalated enantiomers lead to two diaste-
reomeric arrangements, the different stabilities of which ac-
count for the stereoselectivity. Within each arrangement, the
molecules implement their potential for optimal contacts.

The intercalation model is presented for the particular case
of (R)-N-lauroyl-a-(1-naphthyl)ethylamine (host) and V-
trifluoroacetyl-a-phenylethylamine (guest). It is seen (Figure
2a) that the guest molecule with a configuration identical with
that of the host intercalates in a manner such that the original
motif of H bonding is preserved, the aromatic groups make
plane-to-plane contacts, and the hydrogen atom linked to the
chiral atom of the guest is wedged between two aromatic rings
as in the original stack. The methyl group, linked to the chiral
carbon atom of the guest, points away from the stack and does
not participate in any intrastack contacts. Let us now consider
the insertion of a guest molecule of configuration opposite to
that of the host while maintaining the host structure, H bonds,
and aromatic overlap between host and guest (Figure 2b). This
would demand that the methyl group and the hydrogen atom
linked to the chiral carbon atom of the guest be interchanged.
The methyl group, thus wedged between two naphthyl planes,
would lead to severe overcrowding. Another argument against
the likelihood of this structure is based on conformational
stabilities. The most stable conformation of the isolated mol-
ecule according to energy calculations—and also observed in
the crystalline state—corresponds to ¢ = 135° and Y = 109°
(see Figure 1).6 Interchange of the hydrogen atom and methyl
group would lead to a conformation in which ¢ = —135° and
¥ = —109°, which is distinctly less stable by about 12 kcal/mol

© 1980 American Chemical Society
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Figure 1. H bonding along a 5-A translation axis of (R)-N-lauroyl-
a-(1-naphthyl)ethylamine,

according to our calculation.!

I11. Chiral Recognition and the Intercalation Model

In the ensuing sections we interpret chiral recognition in
both the solid and liquid states with the help of the proposed
model. We shall also describe some systems designed to check
the validity of the assumptions on which the model was
based.

A. Stereoselectivity in Solid-Solution. The formation of
solid-solutions indicates that a guest molecule may pack within
the solid matrix of the host without causing major changes in
the packing arrangement. The relative fit of two different guest
molecules within the host structure should be commensurate
with the extent of solid-solution formation.” Thus, the dif-
ference in solubility of two enantiomers in a given solid chiral
component was taken to be a measure of chiral recognition.
The phase diagrams of two diastereomerically related systems
were determined.® The solvent in both was (R)-N-lauroyl-
a-(1-naphthyl)ethylamine; the solutes were respectively
(R)-N-trifluoroacetyl-a-(1-naphthyl)ethylamine (R-R’
system) and its enantiomer (R-S’ system).® The results are
shown in Figure 3. Solute concentration reached a maximum
of 11% in the R-R’ as compared with 5% in the R-S” system.
This observation is indicative of a better fit between solute and
solvent of the same configuration, in accord with the model.

B. Packing Arrangements of Secondary Diamides as Probes
for the Model. The details of packing of the host and guest
molecules in the solid solutions discussed above are not easily
determined by X-ray diffraction, because of the low solute
concentrations. In order to be able to examine the relative
stabilities of intercalated R and S guest molecules in the host
matrix, we synthesized the diamide model compounds (1) with
two chiral moieties CONHCH(CH;3)Ar (Ar = a-naphthyl),
identical with those in the monoamides RCONHCH(CHj3)Ar
for which the model has been proposed. The study of the mo-
lecular packing of the meso RS diamide (1a) and the chiral
RR diamide (1b) permitted us to characterize the differences
in intermolecular interactions due to the alteration in config-
uration, in a manner analogous to what was done for the mo-
noamides.'

The RS molecule (1a) inits crystal (a = 11.3A, b =5.2 4,
c=23.6A,8=94°Z=2,P2,/c,d. = 1.25gcm™?) lies on
a center of inversion, and forms H bonds between amide groups
and plane-to-plane contacts between naphthyl groups along

Figure 2. A chiral guest molecule N-trifluoroacetyl-c-phenylethylamine
inserted into the H-bonded stack of (R)-N-lauroyl-a-(1-naphthyl)eth-
vlamine: (a) guest of R configuration; (b) guest of S configuration.

CHa H
\ 7/
TOd O
SPavass
: -
/o
| Hocny
a. RS diamiae
k. Rit diamide

the 5.2-A axis (Figure 4). The 5-A translation packing re-
quires, because of steric hindrance between the central naph-
thyl groups, a pronounced deviation from coplanarity!® of the
two amide groups and central naphthyl group in the molecule,
leading to a loss in resonance energy. The high stability of the
5-A translation motif, however, compensates for the loss in
resonance energy. In contradistinction, the RR molecules (1b)
do not form the 5-A translation motif. Rather they crystallize
in a tetragonal arrangement (a=b = 11.8A,c = 19.94,Z
=4, P4,2,2,d. = 1.25 gcm™3). A twofold axis which is par-
allel to the diagonal @ + b passes through the molecular center
perpendicular to the central naphthyl plane (Figure 5). The
amide groups form H bonds about the 4, axis of length 20 A,
which requires each amide group to lie close to a 4, axis.!!
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Figure 3. Phase diagrams of (R)-N-lauroyl-a-(1-naphthyl)ethylamine
with R’ and S’ solutes of N-trifluoroacetyl-a-(1-naphthyl)ethylamine:
(a) R’ solute; (b) S’ solute.

o

Figure 4. Postulated H-bonding arrangement of the RS diamide (1a)
viewed perpendicular to the amide planes.

It is observed almost without exception that centrosymme-
tric molecules pack in centrosymmetric crystal structures in
which the molecular and lattice centers of inversion coincide.!?
Indeed the centrosymmetric meso compound (1a) behaves
accordingly. The RR molecule (1b) could pack almost iso-
morphously with the RS molecule (1a) were the RR crystal
structure derived from that of the RS structure by the inter-
change of the hydrogen atom and methyl group on one chiral
carbon atom. This would result in a 5-A translation packing
in which, at the unmodified end of the molecule, the Aydrogen
linked to the asymmetric carbon atom would be wedged be-
tween two naphthalene rings, whereas at the modified end the
methyl group would be so wedged, thus leading to pronounced
steric hindrance. This speculative molecular packing contains
in one stack the essential elements of both diastereomeric ar-
rangements of the intercalation mode (Figure 2). The fact that
this packing arrangement has not been found is in accord with
the lesser stability of the hydrogen-bonded stack with a guest
molecule of opposite configuration.

Journal of the American Chemical Society | 102:8 | April 9, 1980

4,-vis 4,-oxis
0
H N
a ! H
7
«—— BIA° ——sl

Flgure 5. Postulated H-bonding arrangement of the RR diamide (1b). (a)
The molecule is viewed along the molecular twofold axis perpendicular
to the central naphthyl plane. (b) Projection of the molecule onto the ab
plane. The central naphthyl ring is seen edge on. The 4, axes are shown.
(c) The structure is viewed along the H-bonding 4, axis. The two outer
naphthyl rings belonging to the same molecule are labeled with the same
letter. (O) O and C (amide) eclipsed; (@) N: (@) O, C (amide), and N
of a neighboring molecule eclipsed () C. (---) H bonds.

These findings support the conclusions as to the relative
stabilities indicated by the intercalation model.

C. Resolutions by Gas-Liquid Chromatography. Having
demonstrated the existence of short-range order involving the
5-A translation packing in the melt,! application of the inter-
calation model to the liquid state is valid. The model explains
the separation of pairs of enantiomers observed in our gas-
chromatographic experiments, conducted with (R)-N-lau-
royl-a-(1-naphthyl)ethylamine as the chiral liquid
phase. 213

(i) The order of emergence of the enantiomers from the
chromatographic column is the same for all the N-acyl-a-ar-
ylethylamines studied. The isomers with the same configura-
tion as the stationary phases (termed “solvent”) have the longer
retention times, indicating stronger interaction between mol-
ecules of the same configuration, in accord with the model.

(ii) Substituting a phenyl by 1-naphthyl in the molecules
undergoing separation (termed “solutes’’) improves the reso-
lution appreciably.!? This observation can be ascribed to
greater overlap between the aromatic groups of solute and
solvent, when both have naphthyl rings as compared with
phenyl-naphthyl overlap, when the aromatic group of the so-
lute is a phenyl. Substituting a trifluoroacetyl by the large
pivaloyl group, as the acyl moiety in the solute, results in a
pronounced improvement in resolution.!? This could be due
to better contacts of a fert-butyl than of a triftuoromethyl
group with the acyl chains of the solvent. These results are
compatible with the requirement of the model for optimum
aromatic overlap and contacts between the acyl groups in the
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Figure 6, Molecular conformations of a-phenylpropionic acid teri-bu-
tylamide in the intercalation model. The Newman projection is viewed
along the C(amide)-C(chiral) bond. For clarity, the teri-butyl group has
not been drawn. (a) S’ guest molecule. (b) R’ guest molecule.

intercalation of the solute within the stack. Enhancement of
these interactions lends more weight to the type of association
assumed to be responsible for stereoselectivity.

Substituting a phenyl by a cyclohexyl group in the solute to
give N-acyl-a-cyclohexylethylamine results in reduced reso-
lution,2 which may be explained as follows. The cell constants
of S-trifluoroacetyl-ct-cyclohexylethylamine (a = 14.4 A, b
=163A,¢=50A,8=94° P2, Z=4,d, =1.25gcm™3)
reveal the 5-A translation H-bonding mode. This fact justifies
the assumption that the cyclohexyl derivative can also inter-
calate between the host molecules. The effective thickness of
the cyclohexyl group is, however, larger than that of the phenyl.
Hence, the distance between the plane of the naphthyl ring and
the mean plane through the cyclohexyl ring must be larger than
the distance of 3.4 A between the naphthyl and phenyl rings.
Thus, when intercalating the cyclohexyl derivatives of opposite
configuration to that of the host, there is less difficulty, relative
to the phenyl analogue, to accommodate the methyl group of
the asymmetric carbon. It follows that differentiation between
the two intercalated enantiomers of the cyclohexyl derivative
is less pronounced. This description is in agreement with the
experimental facts, i.e., the same order of emergence for the
enantiomers of the phenyl and cyclohexyl analogues, but re-
duced resolution for the latter.

(iii) Another significant observation is that the secordary
amide chiral phases resolve a-phenylalkanoic acid anudes,?
RC*H(C¢Hs)CONHR’ (R = CH3, C,Hs) with a reversal ot
the order of emergence in comparison with the N-acyl-a-ar-
ylethylamines, ArC*H(CH;)NHCOR. This indicates a
stronger interaction between host and guest of opposite con-
figuration. Satisfactory interpretation of this behavior is an
appropriate test for the validity and scope of the model. In the
a-phenylalkanoic acid amides the asymmetric atom is attached
to the carbonyl, whereas in the N-acyl-a-arylethylamines it
is linked to the NH group. The required host-guest interactions
canonly be achieved by inserting the guest amide group anti-
parallel to those of the host, and choosing the conformation of
the guest CH(CH;3)CsHs moiety such that the phenyl plane
is parallel to the naphthyl planes.

The molecular conformation of the guest was derived using
the atomic coordinates from the crystal structure of N-rer:-
butyl-«-phenylpropionic acid amide, determined experimen-
tally.!4 In order to obtain a suitable conformation for inter-
calation, the torsion angles about the C(amide)-C(chiral) and
C(chiral)-C(phenyl) bonds had to be adjusted as depicted in
Figure 6 for the S” and R’ guest molecules. As seen in Figure
6, the R’ molecule is derived from S’ by an interchange of the
hydrogen atom and the methyl group linked to the chiral car-
bon atom. The conformation of this S” molecule is as stable as
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Figure 7. A molecule of a-phenylpropionic acid tert-butylamide, of con-
figuration S or R (labeled S’ and R’), inserted into the H-bonded stack
of (R)-N-lauroyl-a-(1-naphthyl)ethylamine: (a) RS’R; (b) RR’R.

that found in the crystal, and is certainly more stable than that
of the R’ molecule, since the latter contains too short a distance
between the NH group and the methyl linked to the chiral
center.

The resulting diastereomeric arrangements RS’R and RR’R
..~ shown in Figure 7. Both structures show nearly linear
N-H-+O bonds and almost parallel aromatic groups separated
by ~3.4 A. RS’R exhibits favorable contacts, whereas in the
other diastereomeric structure RR’R the methy! group bonded
to the chiral carbon atom of the guest approaches the host
oxygen atom too closely (2.5 A).

These considerations explain the chromatographic results
and also increase the confidence in the validity of the
model.

(iv) The resolution factor is very low!3 for the tertiary
amide /N-trifluoroacetyl-N-methyl-a-phenylethylamine,
CF3CON(CH;3)CH(CH3)C¢Hs (2), on the secondary amide

H
CQ CTB
CFB N6 —Q
\c/ ]
I H
o]

phases. The same is true for resolution of secondary amides
on the tertiary amide phase N-lauroyl-N-methyl-a-(1-
naphthyl)ethylamine.!® Since in these two cases only one
N-H-O bond is possible between host and guest, the complete
hydrogen-bonded array cannot be formed. Consequently, the
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Figure 8, Variation in energy of the two diastereomeric trimers RR’R and
RS’R formed between host (R) and guest (R’ or S’) molecules as a
function of the conformation of the guest. To obtain the conformation of
S’ which is the mirror image of R’, the ¢ and ¢ angles of the latter are
reversed in sign. (a and c) Inter- + intramolecular energy variation. (b and
d) Intermolecular energy variation. The symbols A and + indicate the ¢
and ¢ values in the chiral crystals N-trifluoroacetyl- and N-acetyl-
a-(1-naphthyl)ethylamine, respectively. Contour interval is 2 kcal/mol.
Lowest energy values are indicated by E(R), E'(R), E(S), E’(S) where
E(S) = E(R) + 12 kcal/mol, E’/(S) = E'(R) + 9 kcal/mol.

constraints imposed by intercalation, as required by the model,
are reduced, compatible with the low resolution observed.

D. Analysis of the Intercalation Model by Energy Compu-
tations. Energy computations on the intercalation model were
performed on ensembles of N-acetyl-a-(1-naphthyl)ethyl-
amine molecules. Torsional and van der Waals nonbonded
energy terms, using pairwise atom-atom potentials, were
computed by the QCFF/PI program.! It was assumed that
intercalation of the guest molecule within the host array does
not change the host structure. Therefore, only the energy dif-
ference between one guest molecule and its two flanking host
molecules in the two diastereomeric arrangements needs to be
considered. The crystallographic data of (R)-N-acetyl-
«-(1-naphthyl)ethylamine! were used to construct the model
from three molecules related by 5-A translation and in which
the central molecule represents the guest. The guest was given
a configuration either identical with, resulting in the trimer
RR’'R, or opposite to, RS’R, that of the two host molecules.?
The amide groups were kept fixed throughout all operations,
while the conformation of the guest molecule was changed by
varying ¢ and ¢ (ref 6) in steps of 10° and the energy of each
resulting structure was calculated.1®

The energy map for the system RR’R (Figures 8a,b) dis-
plays a minimum which includes the trimer in which the con-
formation of the guest molecule (R’ ;s is identical with that
of the host molecule, namely, the three molecules are related
by translation.

The energy analysis for the system RS’R (Figures 8c,d)
shows that in the trimer of lowest energy the conformation of
S’ (8 1min) is similar to the conformation of R’njn since their
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corresponding ¢ and y torsion angles are approximately equal
in magnitude and opposite in sign. The intercalated S’ i, and
R’ in molecules in these two trimers are close to being related
by a mirror plane which coincides with the amide group. The
RS’ minR structure does not contain aromatic overlap between
guest and host; rather, the methyl group of the guest is posi-
tioned between two naphthyl rings, whereas its naphthyl group
is placed in between methyls. If aromatic overlap is imposed
as discussed in section II for the intercalation model, the re-
sulting structure is even less stable than RS’ ,in R according
to the calculation.

The pertinent result of the energy analysis (Figure 8) is that
the RR’R trimer of minimum energy is appreciably more
stable than any RS'R trimer,!” in keeping with the observations
of stereoselectivity reported here.
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