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Abstract: Clarification of the molecular structures of diastereomeric complexes relevant (o the
enantioselective dual N---HO bonding between the chiral C; amidine derivative (S,5)-1 and 1,1'-bi-2-
naphthol 2 in CDCl3 afforded the structural factor dctcnnining the sensc of observed enantioselection.
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hydrogen bond acceptor (S,S)-3 that exhibited a higher level of enantioselectivity toward 2.
® 1998 Elsevier Science Ltd. All rights reserved.

The molecular structures of the transient diastereomers underlying the enantioselective complexation are

of fundamental importance in gaining insight into chiral molecular recognition.! We recently developed the

amidine-based C; receptor (S,5)-1 capable of recognizing the molecular chirality of a series of aliphatic diols
through dual N'm...HO interactions in CDCl3.2 The major feature of (S,5)-1 as a dual acceptor for hydrogen
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bonding is its binding surface where a pair of imino nitrogens create the twisted intermolecular dual

hydrogen bonding. The basis of enantioselectivity generated by (S,5)-1 lies in the formation of
diastereomers, the component molecules of which are held together with a different twist in their
orientation.3 In the present study, the enantioselective complexation of (§,5)-1 with 1,1'-bi-2-naphthol 2
and the binding geometry of hydrogen-bonded complexes relevant to the enantioselectivity are explored.
On the basis of the structural factor responsible for the sense of enantioselectivity, the highly selective
receptor (S,S5)-3 for a enantiomeric pair of 2 is developed.

Table | summarizes thermodynamic parameters for com
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enantiomer of 2 in CDCl3;. The stoichio
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1:1 by Job's plot based on the change in the absorbance o
constants were assessed through the non-linear least squares regression of a set of shift data obtained by 1H
NMR titration. In the experiments, the concentration of a single enantiomer of 2 was kept constant and that
of (8,5)-1 was gradually increased with monitoring the shift change of Hs of 2. The modest but definitive
(S)-selectivity of (S,5)-1 toward 2 was confirmed with A(AG) = 340 cal/mol at 298 K and 540 cal/mol at 263
K. A van't Hoff plot using association constants obtained at four different temperatures revealed large

enthalpy changes exceeding 10 kcal/mol in both diastereomeric complexations, suggesting the dual N---HO

bonding. This binding mode for the two systems was well supported by the intermolecular NOE correlation
observed between the methine protons of (S,5)-1 and hydroxyl protons of a single enantiomer of 2 in an
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these conditions, the hydroxyl protons (3gee 5.04) of 2 appeared at 10.1
achieved were 79 and 85 % in the (5,5)-1-(R)-2 and (S,5)-1-(S)-2 system, respectively. The diastereotopic
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contrast, a selective downfield shift (81 1.18, &, 1.44) was noted for the resonance of the methyl protons in
the more stable (S,5)-1-(S)-2 system. In addition, intermolecular NOE was definitively detected between H3
of (5)-2 and the downfield methyl singlet of (S,5)-1.

Table 1 Thermodynamic parameters for enantioselective complexation of (5,5)-1 with enantiomers of 1,1'-bi-2-naphthol 2,
intermolecular NOE correlations and shift changes observed in CDCl3. &b

(R)-2 (S)-2 { upfield shift } { downfield shift }
Kat208K 785 1400 1) H, 8 o~ o

(33‘"2,,* o - ,N’—\(Cﬂz‘ Hia A ‘N/—\(CH:{
:&R;fléosn 8200 23200 Foenvenm ] T gh ~en L)
B e

vl jul HO ~ o HO ~
AH -10.5 -12.6 ,t - il NOE {HO‘ ;L P ,\LH NOE {HO_ /I N
AS 219 279 N\_X NS N X NNF
e.u.) (S,5)-1 (R)-2 (S,9)-1 (S5)-2

a) Errors in association constants at 298 K were below 5%. Errors in those at 263 K were increased to 16 and 38 % for (R)- and
($)-2. b) NOE correlations and shift changes for the symmetry related protons are omitted for clarity. NOEs above 10%
enhancement of signal intensity are cited.

For the (5,3)-1 and (5)-2Z system, the molecular structure that embodied the above spectral features was
demonstrated by X-ray analysis of the single crystal of a 1:1 complex comprised of these species.4 As
shown in Figure 1, the C; structure of the complex determined by the analysis of X-ray crystallographic data
unambiguously shows dual N---HO interactions (N-HO = 1.670 A, N-O = 2.627 A) between the component
molecules. In the complex, a methyl substituent of (S,5)-1 is not only in close proximity to Hz of (5)-2, but
placed within the deshielding zone of a naphthyl ring as well. These structural features are quite consistent

.

with NOEs and induced shift changes observed in solution. We thus conclude that this X-ray structure

structure of the C»
complex of (S,5)-1 with
($-2. Left: ORTEP
drawing of the complex.
The thermal ellipsoids
show 50% probability
surfaces. Center: Space-
filling representation of
the complex reproduced
by Chem 3D pius, based
on the X-ray coordinates.
Right: Projection of the X-
ray crystal structure of the
complex viewed along the
C5 axis from (5)-2 side.

The complex of (S,S)-1 with (R)-2 has not been crystallized yet, but computational simulation based on
the following considerations provided a candidate for the structure of the (S,5)-1-(R)-2 complex formed in
solution. The significant upfield shift which occurred for methyl protons of (S,5)-1 upon complexation with

(R)-2 was most likelv due to a shielding effect of the naphthyl rings of (R)-2. The binding geometry
\ 7 o (> o (=] o O o
narmitting ciinh anieatroniec affect annarentlv avalvee fram a ctrmctural factar namelv that the methvul
l.l\t.llllll.l.llls DWW il “lllﬂubl\lt}'l\/ WwihiiWwwh “yy“lvllllj WYVIVWI 11Vl @4 JuiudviuviGl iviviyy llulxlvl], VAlGAL LidW All\/\.ll]l



2987

different twist between these molecules compared with the X-ray crystal structure of its diastereomeric
counterpart. Twisting in this instance established the conformation of the complex where a methyl group of
(5.5)-1 was arranged in the shielding region of a naphthyl ring of (R)-2, thus being consistent with solution

NMR data.
Figure 2. Calculatcd

structure of the LUlllplU)l of
(5,5)-1 with (R)-2. All
structures were regenerated
by Chem 3D plus, based on
the optimized coordinates at
the HF/3-21G(*) level.
Hydrogen bond distances
(N-HO) are 1.798 and 1.802
A. Right: Projection of the
complex viewed along the
pseudo Cp axis from (R)-2
side.
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For the enantioselectivity observed in the present system, the difference in binding enthalpy by as much

as 2.1 kcal/mol predominated over the entropy term, thus determining the sense of chiral recognition.

Intui"ve;y, a face pim ach of the naphthyl rings of (R)-2 to the molecular surface of (5,5)-1, proposed as the
m R SR I DI T I, IS O Ry ad ta sgamarata highas ctaria intarantine hateraan a
binding motif for iess stable complexation, is expected to generate higher steric interaction between the

111

methyl groups and surfaces of the naphthyl rings. Such untoward interaction shouid be one factor leading to
the lower binding enthalpy in the (S,5)-1-(R)-2 complexation. This insight into chiral recognition dictated
the construction of more effective steric barriers against the face approach of (R)-2, as a design basis of the
new molecule that would exert the higher § selectivity toward this substrate. Accordingly, an amidine-based
twisted receptor (S,5)-3 was designed and synthesized.” In this molecule, the benzene rings are incorporated
i systems involving the amidine units. These benzene rings are expected to permit the
to the same binding motif as observed for the more stable (!
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barrier against the access of the naphthyl surface upon complexation with (R It follows, as a
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o
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consequence, that (S,5)-3 exhibits the higher enantioselectivity toward 2 with a larger difference in the
binding enthalpy.

Table 2 Thermodynamic parameters for enantioselective complexation of (S,5)-3 with enantiomers of 1,1'-bi-2-naphthol 2 and X-
ray structure of a 1:1 complex of (5,5)-3 with (S5)-2.2 b

(R)»-2 52 —
Kat298k 43 340 N Y4
M )=
K 311263 K 290 6780
(M™) o,
AH 85 132 LN
(kcal/mol) /
AS 211 -32.9 \—/
(e.u.) (5.5)-3

a) Error in an association constant with ($)-2 at 263 K was ca. 13 %. Errors in other measurements were below 6%. b) Thermal

ellipsoids were drawn at a 50% probability level. Space filling model was drawn by Chem 3D plus. Interatomic distances
ralavant tn intammanlasular hudraoen hondg are 1.865 (N-HO)Y 2. 779 (N- “\ 1.818§ fN' H(‘)‘\ and 2 671 (N' Q' \ A
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The thermodynamic parameters compiled in Table 2 are those measured for the complexation of (S,5)-3
with ti enantinmere nf 2 in O 1a hv the came methnade ac 1icad in tha 1€ Q1_1_9 cvrotam Tha ~rsnealawat: e
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caused the large downfield shift for the resonance of hydroxyl protons of 2, reflecting the N---HO interaction.
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2. As expected, a high level o b‘-selectivity was achieved with A(AG) = 1.2 kcal/mol at 298 K and 1.6

kcal/mol at 263 K. The difference in enthalpy change increased to 4.7 kcal/mol, supporting the validity of
our design basis of (§,5)-3. In addition, the binding motif observed for (S,5)-1 and (5)-2 was regenerated in
this new system as demonstrated by the X-ray crystal structure of (S,5)-3-(5)-2 complex presented in the
table figure.8.9 The downfield (AS 0.24) and upfield shifts (A8 0.21), as the limiting values from the free

species, were noted for H] of (S5,9)-3 and H3 of ($)-2 in solution (at 273 K), respectnvely The molecular

Fukaya of this umversny for X-ray crystallographlc data collection. This research was supported by a grant
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Cr x (C 1 system 10m
P21212 lattice constants, a = 12.904 (5), b= 11. 293 (6) c=11244(4)A, V= 1638 (1) A3,Z=2, Dcale = 1.201 glem?. A
total of 1785 unique reflections (20max =140.3°) was collected using Cu Ka radiation (A = 1.54178 A) 1730 reflections
above 36(I) ievel were used in the refinement. The structure was solved by the direct method (SHELXS 86). The methine
hydrogen of (§,5)-1 and hydroxyl hydrogen of (5)-2 were located by difference-Fourier map, while the others were included
at calculated positions.  All hydrogen atoms were refined isotropically in the riding mode. Full matrix least squares
refinement with 220 variabie parameters ied to R = 0.043, Rw = 0.058, and GOF = 0.96.

5. 500 ps of molecular dynamics at 300 K using AMBER* force field (MacroModel V4.5, Department of Chemistry, Columbia
University, New York) was carried out. During the dynamics run, intermolecular distance constraint between the hydroxyl
protons and imino mtrogcns and intramolecular torsion constraint involving the OH bond were applied. 500 conformers
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A conformer of the COmMpieX was subjec to the preoptimizatior emiempirical PM3
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parameters were then optimized at the HF/3-21G(*) level. These calculatlons were conducted by using
SPARTAN 4.0 (Wavefunction Inc. California).

The synthetic protocol for (S,5)- 1 was applied to the preparation of (5,5)-3 from (R,K)-N,N"-bis(Z-nitrobenzyi)tartramide. 2

Crystal data for (S.5)-3:(5)-2 complex (CaoH802N4°C20H 1407, Mr 632.7): crystal system monoclinic; space group P21;
lattice constants, a = 11755 (7), b= 12.222 (6), ¢ = 11.673 (5) A, B=105.26 (4)°, V= 1618 (1) A3 zZ=2, Deale = 1.299

attice constants, a U2 ¥ = 1.7

g/em3, A total of 3186 unique reflections (29max —140.3") was collected using Cu Ko rddlauon A= 1.54178 A). 2985
reflections above 36(I) level were used in the refinement. The structure was solved by the direct method (SIR 92). The
hydroxyl hydrogens of (5)-2 were located by difference-Fourier map, while the others were included at calculated positions.
All hydrogen atoms were refined isotropically in the riding mode. Full matrix least squares refinement with 465 variable

parameters led to R = 0.042, Rw = 0.054, and GOF = 1.13.

9. X-ray crystal structure of the hydrogen-bonded complex similar to those in the present study was observed in the system
consisting of (5)-2 and iminodioxolane-derived chiral receptor. 1d  The fact that three structurally related but different
systems provided the same binding motif of the complex supports the conformational preference of the hydrogen-bonded
complex discussed here. In addition, geometry optimization (HF/3- 21G(*)6) of the X- ray crystal structures converged with
preserving the hydrogen bonds and proxlmuy beiween substituents, indicating that the hydrogen-bonded structures were
reproducible without the packing effect in the crystalline state.



