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The complexation of N-benzyloxycarbonyl (Cbz) derivatives of the excitatory amino acids L-aspartic acid 
(Asp; l), L-glutamic acid (Glu; 3), and, for the first time, L-kainic acid ((2S,3S,3S)-2-carboxy-4-(l-methyl- 
ethenyl)pyrrolidine-3-acetic acid; Kai; 5) was studied in CDCI, with a diversity of chiral receptors consisting of a 
1,l'-binaphthyl spacer with (carboxamid0)pyridine (CONH(py)) functionality attached to the 6,6'-positions in the 
major groove. Receptors of type A possess two N-(pyridin-2-yl)carboxamide H-bonding sites (e.g. 7), whereas type 
B-receptors have two N-(pyridine-6,2-diyl)acetamide residues attached (e.g. 8 and 9). Complexes of excitatory 
amino-acid derivatives and other, achiral u , o  -dicarboxylic acids with these receptors are primarily stabilized by 
two sets of C=O. . 'H-N and O-H. . N  H-bonds. Optically active type-A receptors such as (R)- and (S)-7 
showed a preference for the larger Glu derivative, whereas type-B receptors such as (R)- and (S)-8 and (R)- and 
(S)-9 formed more stable complexes with the smaller Cbz-Asp. To improve the poor enantioselectivity shown by 
7-9, additional functionality was introduced at the 7,7'-positions of the 1,l'-binaphthyl spacer, and the nature of 
the H-bonding sites in the 6,6'-positions was varied. Screening the diversity of new racernic receptors for binding 
affinity, which had been shown in many examples by Cram to correlate with enantioselectivity, demonstrated that 
(+)-lo and (+)-11 formed the most stable complexes with dicarboxylic acids, and these receptors were synthesized 
in enantiomerically pure form. Both are type-B binders and contain additional PhCH20 (10) and Me0 (11) groups 
in the 7,7'-positions. By 'H-NMR binding titrations, the complexation of (R)- and (S)-10 and (R)- and (S)-11 with 
the excitatory amino-acid derivatives was studied in CDCI,, and association constants K, between lo3 and 2. lo5 I 
mol-l were measured for the 1 :1 host-guest complexes formed. Whereas both 10 and 11 formed stable complexes, 
enantioselective binding was limited to the PhCH20-substituted receptor 10, with the (R)-enantiomer complexing 
Cbz-Asp by 0.7 kcal mol-I more tightly than the (S)-enantiomer. The structures of the diastereoisomeric com- 
plexes were analyzed in detail by experimental methods (complexation-induced changes in 'H-NMR chemical 
shifts, 'H{ 'H} nuclear Overhauser effect (NOE) difference spectroscopy) and computer modeling. These studies 
established that an unusual variety of interesting aromatic interactions and secondary electrostatic interactions are 
responsible for both the high binding affinity ( - A G O  up to 7.2 kcal mol-I) and the enantioselection observed with 
(R)- and (S)-lO. In an approach to enhance the enantioselectivity by reducing the conformational flexibility of the 
1,l'-binaphthyl spacer, an additional crown-ether binding site was attached to the 2,2'-positions in the minor 
groove of the type-B receptors (R)- and (S)-48. Both the binding affinity and the enantioselectivity ( A  (AGO) up to 
0.7 kcal mol-I) in the complexation of the excitatory amino-acid derivatives by (R)- and (S)-48 were not altered 
upon complexation of Hg(CN), at the crown-ether binding site, demonstrating lack of cooperativity between the 
minor- and rnajor-groove recognition sites. 

1. Introduction. - At the heart of biology lies molecular recognition [l]. The unique 
array of interactions between receptors and substrates determines physical structure and 
function, and permits the complexity, efficiency, and beauty of biological systems [2 ] .  



1038 HELVETICA CHIMICA ACTA - Vol.78 (1995) 

Mimicking biological recognition processes using synthetic receptors is one of the chal- 
lenging goals of supramolecular chemistry [3]. 

Much attention has been placed on the design and analysis of receptors for the 
molecular recognition of biorelevant substrates. Efficient synthetic receptors for the 
selective complexation of biosubstrates could offer new perspectives for medical tech- 
nologies such as drug transport, delivery, and slow release [4], specific compound seques- 
tration [5] and detoxification [6], and analytical detection and quantification of traces of 
ions and molecules in the body [7]. In addition, a profound understanding of molecular- 
recognition principles, developed in studies with artificial receptors, greatly benefits the 
rational de nova design of small non-peptidic agonists and antagonists for biological 
receptors targeted in medicinal-chemistry research [S]. 

Among the many biosubstrates, amino acids have attracted particularly large interest 
in synthetic molecular-recognition studies [9-121. Although amino acids are the universal 
building blocks for peptides and proteins [ 131 and regulate numerous physiological 
functions [ 141, their recognition and transport properties are not always well understood 
[ 151. The role of amino acids in learning and memory also continues to be the focus of 
increasing attention [ 161. This field is encompassed by the broader neurological questions 
of how information is encoded, stored, and retrieved in the brain [17]. In the central 
nervous system, multiple receptors regulate neural synaptic excitation by complexation 
of transmitters known as excitatory amino acids [16]. It is now widely accepted that 
long-term memory and learning are controlled by the N-methyl-D-aspartate (NMDA) 
receptor. Memory is built up by an NMDA-regulated synaptic excitation along specific 
information pathways [17]. L-Aspartic acid (Asp; I), L-glutamic acid (Glu; 3), and 
L-kainic acid ((2S,3S,4S)-2-carboxy-4-( l-methylethenyl)pyrrolidine-3-acetic acid; Kai; 
5 )  are among the most potent excitatory amino acids recognized as agonists by the 
NMDA and related receptors in the brain [16] [17]; thus, in our synthetic molecular- 
recognition studies, we started focusing on the complexation of a,o -dicarboxylic acids 
[18-201 and the N-benzyloxycarbonyl (Cbz) derivatives 2, 4, and 6 of the excitatory 
amino acids [20b, c]. 

I -*,. f-cOOH 

H NHR 

L C O O H  HOOC LCOOH O C O O H  R 
H, NHR 

HOOC 

1 R = H (Asp) 3 R = H (Glu) 
2 R=COOCH,Ph 4 R=COOCH,Ph 6 R=COOCH,Ph 

5 R = H (L-kainic acid; Kai) 

(Cbz-Asp) (Cbz-Glu) (Cbz-Kai) 

Here we report the design and optimization of cleft-type receptors derived from 
I ,  1 ’-binaphthyl-2,2-diol which possess convergent H-bonding sites in the binaphthyl 
major groove for the specific complexation of excitatory amino-acid derivatives 
(Scheme 2) .  In the first stage of the project, a,o-dicarboxylic-acid recognition sites [lS] 
[20] were introduced into the 6,6’-positions of the 1,l’-binaphthyl spacer (see 7-9). 
Subsequently, binding efficiency and selectivity were enhanced by introducing additional 
functionality to the 7,7’-positions (see 10 and 11) and by variation of the H-bonding edges 
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Scheme 1. Sequential Optimization of 1 .l'-Binaphthyl Receptors for the Enantioselective Complexation of Derivatives 
of Excitatory Amino Acids'). Bn = PhCH2. 

4 5  

Dicarboxylic acid binding sites 
in t h e  6,6'-positions 

8 R = B n  
9 R = C12Hz5 B, 

Additional bonding functionality 
in the 7,7'-positions 

C12H250 
C12H250 

1 0 R = B n  
11 R = M e  

OR 

at the 6,6'-positions. Following optical resolution of the optimized receptors, comprehen- 
sive 'H-NMR binding titration studies with the excitatory amino-acid derivatives, com- 
plemented by 'H('H} nuclear Overhauser effect (NOE) difference spectroscopy, were 
conducted in the noncompeting solvent CDCl,. The experimental methods applied to the 
analysis of the geometries of the complexes and the factors determining binding stability 
and selectivity were complemented by extensive computer modeling. Finally, initial 
attempts to bridge the 2,2'-positions at the minor groove of the 1,l'-binaphthyl spacer 
(-+12) to enhance the conformational homogeneity [3i] [lla+] [20b,c] and thus the 
efficiency and selectivity of the cleft binding site in the major groove are presented. 

') The numbering of the substituents at C(6) and C(6) of 7-12 is arbitrary 
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2. Results and Discussion. - 2.1.I,lf-BinaphthyE Receptors with E,w-Dicarboxylic Acid 
Recognition Sites in the 6,6'-Positions. N-(Pyridin-2-yl)carboxamide (CONHby)) moi- 
eties, which bind to COOH residues via two strong H-bonds (N-H.. .O=C and 
N .  . .H-O), can be attached in two different orientations to binaphthyl spacers 
(Scheme 1 ). The N-(6-methylpyridin-2-yl)carboxamide moieties in the previously re- 
ported cleft receptor 7 (called a type-A receptor) [20a<] were initially introduced for 
carboxylic-acid binding by Hamilton and coworkers [ 181, whereas we had earlier used the 
N-(pyridine-6,2-diyl)acetamide residues in 8 and 9 [20a] (called type-B receptors) as 
potential recognition sites in a helicopodand receptor [21]. This difference in orientation 
of the H-bonding moieties with respect to the binaphthyl spacer leads to significant 
differences in the complexation behavior toward Cbz-Asp (2) and Cbz-Glu (4). 'H-NMR 
Binding titrations with (R)- and (S)-7 [20b,c] and ( R ) -  and (S)-9 were performed in 
CDCI, at 298 K and evaluated with a nonlinear least-squares curve-fitting program 
(Table I )  [22]. They showed that (R)- and (S)-7 formed the most stable complexes with 
Cbz-Glu (Entries 3 and 4), whereas ( R ) -  and (S)-9 preferred complexing the shorter 
Cbz-Asp (Entries 5 and 6 ) .  As discussed previously [20b,c], the flexible 1,l'-binaphthyl 
unit does not provide the conformational homogeneity required for efficient chiral 
recognition and, therefore, the observed enantioselectivity is very modest with the largest 
difference in stability between diastereoisomeric complexes A (AGO) = 0.5 kcal mol-' 
measured for the binding of Cbz-Asp by (R) -  and (S)-9 (Entries 5 and 6 ) .  

Table 1. Association Constunts K, and Binding Free Energies AGO (*0. 1 kcal mol-')for the Complexes Formed 
between Receptors ( R )  - and (S)-7 and (R)- and (S)-9 with Cbz-Asp (2) and Cbz-Glu (4) in CDCt, at 298 Ka) 

Entrj' Host Guest K, [ 1 mol-'1 AG" [kcal mol-I] d ( d G o )  

2 000 
3 300 

21 000 
19000 
4 000 
8 900 
3 000 
1800 

-4.5 
-4.8 0.3 
-5.gb) O . l b )  
- 5 . 7 9  
-4.9 
-5.4 0.5 
-4.1 0.3 
-4.4 

~ 

") 

b, Reported in [20b, c] 

Evaluated receptor protons in titrations with varying guest concentration NH, H-C(5), H-C(7), and 
H-C( 12)') 

A similar size selectivity had been previously found in binding studies with the racemic 
receptors (&)-7 and (&)-8 and achiral E,W -dicarboxylic acids of varying lengths: whereas 
(st)-7 preferred complexing larger diacids, e.g. 14, receptor (st>-S, which is closely related 
to (*)-9, showed a higher complementarity to smaller diacids, e.g. 13, (Table 2 )  [20a]. 

Another example for size selectivity as a result of the different orientation of the 
CONH(py) H-bonding sites relative to the molecular cleft was observed with the 9,9'- 
spirobifluorene receptors 15 and 16 [2Oa-c]. While 15 complexed carbamate derivatives 
of Asp (1) and Glu (3) with K, values of 103-104 1 mol-' in CDCI,, 16 showed no 
appreciable binding with either amino acid and only bound smaller acids such as 2,2-di- 
ethylmalonic acid (17) (K ,  = 490 1 mol-' in CDCI,, T 298 K). 
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Table 2. Association Constants K, and Binding Free Energies AGO (h0.1 kcal mol-I) for the Complexes Formed 
between Receptors (+)-7 and ( f ) - 8  with 2.2-Diphenylsuccinic Acid (13) and Pimelic Acid (14) at 293 K') 

Entry Host Guest K, [I rnoI-'] AG" [kcal rnol-'l 

1041 

13 
14 
13 
14 

~ 

820 
2500 
7300 
470 

-3.9 
-4.6 
-5.2 
-3.6 

") Reported in 120al. 

Ph 

HOOC 
G O O H  HOOC-COOH 

13 14 

15 16 

HOOC QOOH 
17 

In view of the conformational flexibility of the binaphthyl receptors and the sub- 
strates, an explanation for the preference of 7 for the longer Cbz-Glu (4) and of 8/9 for the 
shorter Cbz-Asp (2) is not straightforward. CPK and computer model examinations [23] 
suggest that, at favorable dihedral angles about the C( 1)-C( 1') binaphthyl bond and the 
C(6)-C(9)') bond between the naphthalene and the CONH(py) moieties, the distance 
between the'two convergent, H-bond-accepting pyridine N-atoms in the receptors may be 
an important factor in determining the observed size selectivity. In the complexes of these 
receptors with carboxylic acids, the 0-H . . . N H-bonds are energetically much more 
important than the C=O. . .H-N H-bonds [20]. In the favorable all-unti (zig-zag) con- 
formation of the C-backbone of the bound diacids, the two OH groups of the Asp 
derivative are best aligned for strong H-bonding to the pyridine N-atoms in 8 and 9, 
whereas those of the Glu derivative interact best with the pyridine N-atoms in 7. 

2.2. Synthetic Optimization of the Major-Groove Binding Site of the 1,l'-Binuphthyl 
Clefts. To enhance the affinity and selectivity in the binding of a,o -dicarboxylic acids 
such as the excitatory amino acids, several structural changes at the 1,l'-binaphthyl 
major groove were investigated. It was planned to first conduct binding studies with a 
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diversity of racemic receptors to identify the most efficient ones in terms of binding 
affinity and to subsequently prepare these optimized receptors in enantiomerically pure 
form for chiral recognition studies. First, OH and alkoxy groups were introduced at the 
7,7'-positions to participate in the H-bonding and to reduce the conformational flexibility 
about the C(6)-C(9) bonds between the binaphthyl spacer and the CONH(py) residues 
(Scheme I ) .  To synthesize derivatives 24-26 of A-type receptor 7, naphthalene-2,7-diol 
(18) was brominated to give a mixture of 1,3- and 1,6-dibromo derivatives which, by in 
situ hydrogenolysis of the Br-C( 1) bond [24], afforded 19 (Scheme 2). Selective monoben- 
zylation led to 20 which was oxidatively coupled [25] to the l,l'-binaphthy1-2,2'-diol21. 

Scheme 2. Svnihcsis of Rrcrprorr 24 -26 

18 19 R = H  

20 R = B n  

RO OBn 

21 R = H  

22 R = C12H25 

~ C12H250 OBn 

I 24 R = B n  23 

I_ 25 R = H  

a )  1) Br,, AcOH; 2)  Sn, H20, d ; 91 %. b )  BnCl, K,CO,, DMF, A ; 74%. c) CuC12, t-BuNH,, MeOH, A ;  65%. 
d )  C12H251, K,CO,, MeCN, A ;  98%. e )  BuLi, THF, -78O, then CO:; 87%. fi 1) (COCI),, benzene; 2) 6- 
methylpyridin-2-amine, pyridine, d ; 70%. g )  10% Pd/C, NH,(HCO,), THF, A ; 95%. h )  Me2S04, K,CO,, 
N,N-dimethylacetainide (DMA); 59 %. 

After introduction of solubilizing dodecyl chains, the tetraether 22 was metalated with 
BuLi and reacted with CO, [20a] to give the dicarboxylic acid 23. Amination with 
6-methylpyridin-2-amine led to 24 which was debenzylated [26] to the 7,7'-diol 25 and 
subsequently methylated [27] to give 26. 

To prepare the corresponding derivatives 10, 11, and 28 of B-type receptor 9, di- 
bromide 22 was converted into the bis(boronic acid) 27, and subsequent Suzuki coupling 
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Scheme 

1043 

7 22 R = B r  

a)L 27 R=B(OH)2 28 R = H  

22 R=Bn 

29 R = H  

e)K 30 R = M e  

31 

a )  BuLi, THF, -78O, then B(OMe),, A. b )  N- (6-Bromopyridin-2-y1)acetamide [28], [PdCI2(PPh3)2], Na2C0,, 
EtOH, benzene, H20, A ; 67 % of 10 (from 22); 52% of 11 (from 30). c )  10% Pd/C, NH,(HCO,), THF, A ; 100%. 
d )  BF,0Et2, Me2S, CHzC12, A ; 76%. e) Me2S04, KzC03, DMA; 100%. 

.[20a] with N-(6-bromopyridin-2-yl)acetamide [28] yielded 10 (Scheme 3). Whereas 10 
could be debenzylated to give 28, all attempts of methylating 28 to 11 failed. An 
alternative route to 11 employed mild debenzylation [29] of 22 to the 7,7’-diol29 followed 
by alkylation to 30. Subsequent transformation into boronic acid 31 and Suzukicoupling 
finally provided 11. 

In a second receptor modification, the CONH(py) units in the 7,7’-positions were 
changed with the objective to enhance the H-bonding to the C=O groups of the car- 
boxylic-acid substrates. Compounds 36-41 bear two N-(pyridine-6,2-diyl)urea moieties, 
whereas compound 42 incorporates two N-(  1,8-naphthyridine-7,2-diyl)acetamide 
residues for H-bonding at the major groove. For the Suzuki coupling leading to the 
receptors 3 U 1 ,  the brominated N-(pyridin-2-yl)ureas 34 and 35 were prepared by 
addition of 6-bromopyridin-2-amine to butyl isocyanate and phenyl isocyanate, respec- 
tively [30]. The bis(boronic acids) 27,31, and 33 (obtained from dibromide 32 [~OC]) were 
coupled with 34 to provide clefts 36-38 and with 35 to afford clefts 39-41 (Scheme 4) .  
Suzuki coupling of 31 with N-(7-chloro- 1 &naphthyridin-2-yl)acetamide [~OC] [3 13 pro- 
vided the bis(naphthyridine) receptor 42. The yields of the Suzuki reactions leading to the 
family of racemic hosts 36-42 were not optimized. 
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Scheme 4. Synthesis of Receptors 3 6 4 2  

C12H250 m w  

R' 
R ' R "  

"E iz ;:OH)2 
27 B(OH)2 OBn 
31 B(O& OMe 

4 I 

36 R = H, 10% 
37 R = OBn, 20% 
38 R=OMe, 15% 

, 

\ / N, NK#-ph 

' /  0 
39 R = H, 17% 
40 R = OBn, 32% 
41 R = OMe, 14% 

a )  BuLi, THF, -78', then B(OMe),, A .  b )  34, [PdCI,(PPh,),], Na2C03, EtOH, benzene, H,O, A ; yields based on 
32,22, and 30, resp. c) 35, [PdCl,(PPh,)J, Na2C03, EtOH, benzene, H20, A ; yields based on 32,22, and 30, resp. 
d )  N-(7-Chloro- 1 ,X-naphthyridin-2-yl)acetamide [~OC] [3 11, [PdCI,(PPh,),], Na,CO,, EtOH, benzene, H20, A ; 
20%. 

2.3. Screening of the Binding Affinity of the Racemic Receptors. The potential of the 
new receptors to complex a,w -dicarboxylic acids was investigated in CDCl, at 300 K by 
'H-NMR binding titrations in which the substrate concentration was varied (Table 3) .  
The following observations can be made: 

I )  Introduction of OH and alkoxy functionality at the 7,7'-positions lowers the 
binding affinity of type-A receptors 24-26 toward Cbz-DL-Glu ((f)-4) by 1.5-1.7 kcal 
mol-' as compared to receptor 7 (Entries 1-4) .  Computer modeling studies, 'H-NMR 
spectral shifts, and the thermodynamic binding data strongly support that intramolecular 
H-bonding between the NHs of the CONH(py) moiety and the 0-atoms in the 7,7'-posi- 
tions of 24-26 is responsible for this dramatic reduction in complexation strength 
(Fig. l a ) .  The amide-NH resonance in the 'H-NMR spectrum of 7 in CDCl, appears at 
8.1 ppm and, upon a,o -dicarboxylic acid complexation, shifts downfield by 2-3 ppm. In 
sharp contrast, the amide-NH resonances in unbound 2 6 2 6  appear between 10.3 and 
11.7 ppm, which is the characteristic spectral region for strongly H-bonded amide NHs. 
As a result of this intramolecular H-bonding, the NHs in 24-26 are no longer available 
for the association with the dicarboxylic acids and, upon complexation of these sub- 
strates, only small additional downfield shifts (0.1-0.2 ppm) of the NH resonances were 
observed. Presumably due to the unavailability of the amide NHs for host-guest H- 
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Table 3. Association Constants K, and Binding Free Energies AGO (fO. 1 kcal mol-') of the Complexes Formed 
between Racemic Binaphthyl Receptors and a.w-Dicarboxylic Acids in CDCI? at 300 KB) 

1045 

Entry Host Guest 
~ ~ 

K, [ I  mol-'1 AG" [kcal mol-'1 

1 
2 
3 
4 
5 
6 
7 
8 
9 
I0 
I 1  
12 
13 
I4 
I5 
16 
17 
18 
19 
20 
21 

7 
24 
25 
26 
8 
10 
11 
8 
10 
11 
10 
8 
10 
11 
36 
37 
38 
39 
40 
41 
42 

(f)-4 
(*I-4 
(&I-4 
(*)-4 
13 
13 
13 
43 
43 
43 
44 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 

20 100 
980 

1130 
1430 
7 300 

30000 
18000 
2 500 
5 300 
7 400 

160 
470 

2 400 
3 100 

770 
840 

1300 
370 
440 
440 

1700 

-5.P) 

-4.3b) 

-4.1 b, 

-4.2b) 

-5.2') 
-6.0 
-5.8 
-4.6') 
-5.1 
-5.3 
-3.0 
-3.6') 
- 4.6 
-4.8 
-4.0 
-4.0 
-4.3 
-3.5 
-3.7 
-3.7 
-4.4 

Evaluated host protons: NH, H-C(5), H-C(7), and, in addition, H-C(I0) and H-C(12) for type-B receptors 
and H-C(12) and H-C(14) for type-A receptors'). 
The formation of diastereoisomeric complexes of nearly identical stability and identical complexation-induced 
changes in chemical shift allows evaluation of their averaged K, and AGO values in one titration. 

') Reported in [20a]. 

HOOC-COOH HOOC-COOM~ 
43 44 

Fig. I .  Intrumoleculur H-bonds a) in receptors 24-26 and b) in 28 

bonding, geometrically less suitable diacids such as 2,2-diphenylsuccinic acid (13) or 
pimelic acid (14) no longer underwent significant complexation with 2426. 

Conjugate gradient minimizations with the united atom OPLS* force field and the 
BatchMin v. 4.0 program implemented in MacroModel v. 4.0 [23] predicted for the 
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intramolecular 0 .  . 'H-N H-bonds in 24-26 a short 0. . . H  length between 1.75 and 
1.80 8, and nonideal bond angles around 140". Such nonideal angles in H-bonds are 
frequently observed in the X-ray crystal structures of intramolecularly H-bonded carbo- 
hydrates and nucleic acids [32a]. A similar intramolecular 0-H N H-bond is effective 
in diol28 (Fig. Ib )  and presumably prevented the attempted methylation of 28 to give 11 
(Sect. 2.2). Experimental evidence for this H-bond was obtained in the 'H-NMR spec- 
trum of 28 in (CD,),SO, which showed the OH resonance at 12.94 ppm, whereas free 
phenolic OH protons usually appear somewhere between 9 and 11 ppm in this solvent. 
In the modeled structures of 24-26 and 28, the six-membered rings formed by the 
intramolecular H-bonding are' nearly planar. Thus the H-bonding centers of the 
CONH(py) groups no longer converge into the cleft which could also contribute signifi- 
cantly to the lowering of the host-guest association strength. 

2 )  Similar to 8 and 9 (Sect.2.1), the novel, type-B receptors show a preference for 
complexing to shorter ci,w -dicarboxylic acids. The succinic-acid derivative 13 formed 
much more stable complexes with 10 or 11 (Entries 6 and 7 )  than glutaric acid (43) 
(Entries 9 and 10)  or pimelic acid (14) (Entries 13 and 14). Only weak complexation-in- 
duced upfield shifts (up to 0.16 ppm) of the aromatic 'H-NMR resonances of bound 13 
were observed at 96% saturation binding ([lo], % 5 mM, [13], z 1 mM), which demon- 
strates that the complex 10.13 is not significantly stabilized by aromatic-aromatic inter- 
actions. Also, only a very weak complex (K,  = 160 1 mol-', AGO = -3.0 kcal mol-') is 
formed between 10 and methyl hydrogen glutarate (44; Entry 11) which demonstrates the 
necessity for two carboxylate OH groups for efficient bidentate complexation. In general, 
monocarboxylic acids bind to dicarboxylic-acid receptors such as those investigated in 
this study with association constants K,  between 100 and 400 1 mol-' [18e] [20]. 

The additional Me0  and PhCH,O groups in the 7,7'-positions make compounds 10 
and 11 much better binders than 8 (or 9) (Entries 5-14). Both steric and electronic factors 
contribute to the enhanced association strength as will be discussed in greater detail in the 
chiral-recognition studies with the excitatory amino acid derivatives (Sect. 2.5). The 
ether functionality in the 7,7'-positions sterically forces the pyridine rings out of the 
planes of the adjacent naphthalene rings and enforces conformations in which the 
CONH(py) binding sites converge into the cleft for interaction with the dicarboxylic-acid 
guests. Furthermore, the ether 0-atoms are sufficiently close to the OH groups of the 
substrates binding to the adjacent pyridine N-atoms, so that additional attractive electro- 
static 0.  . . H  interactions with these OH groups become effective [33] [34] (Fig. 2, A). 

The X-ray crystal structure of 10 (Fig. 3) shows a dihedral angle of 77.8" between the 
two normal planes of the naphthalene rings. The dihedral angle between the planes of the 
pyridine and the adjacent acetamido group is O", whereas the torsional angles 
C(5)-C(6)-C(9)-N (numbering of Scheme I ) ' )  are -40.0 and -25.7", respectively. The 
0-CH, moieties of the PhCH,O functions are in plane with the adjacent naphthalene 
rings, and the lone pairs of the 0-atoms are favorably aligned for electrostatic interaction 
with the H-atoms of the COOH groups of bound dicarboxylic acids. The crystal-packing 
analysis shows infinite chains of binaphthyl receptors self-associating with their 
CONH(py) residues to one another. The two PhCH,O groups in 10 extend the depth of 
the binding cleft, and 'H('H)-NOE difference spectroscopy demonstrates their participa- 
tion in the bonding of suitable guests (Section 2.5). In the 1 : 1 complex of 10 with glutaric 
acid, intermolecular NOES are observed between the CH, groups of the guest and the H, 
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Fig. 2.  Possible H-bonding patferns in complexes of receptors with ether J~i~c~ionulii .v ut the 7,7’-positioiis (A) ,  

of‘urea-receptors (B) ,  and of 42 ( C )  

Fig. 3 .  X-Ruy crystal Structure of’( &)- 10. 
Arbitrary numbering. 

44 
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and H, of the benzylic Ph rings. Fig.4 displays a computer-generated model of the 
complex as obtained by a 1000-step Monte Carlo Multiple Minimum (MC) simulation 
using the OPLS* force field and the GBjSA solvation model for CHCI, [35] as imple- 
mented in MacroModel v. 4.0 [23]. This model was generated by constraining the 
dihedral angle between the pyridine ring and the adjacent acetainido function to O", i.e., 
the value seen in the crystal structure, and is in agreement with the experimentally 
observed intermolecular NOEs (a), b), and c) in Fig. 4). To avoid decomplexed structures, 
only associations with 0 -H*  . . N  and C=O. . .H-N H-bond lengths between 1.5 and 
2.1 A were accepted. All conformations within 12 kcal mol-' of the global minimum 
energy conformation were stored. A total of 42 structures were found within 2.4 kcal 
mol-' of the global minimum after the 1000-step MC simulation. 

Fig. 4. Computer-generated !nodel of the coi~rple.u ,forrited betwen ( i)- 10 and glutaric acid (43). The observed 
intermolecular NOEs between the CH2 protons of 43 and the aromatic protons of (&)-lo are shown (computer- 

modeled distances: a) 2.64 A, b) 2.96 A, and c) 2.93 A). The C,, chains of (+)-lo are omitted for clarity. 

3 )  When compared to 8, the phenylurea derivatives 3941  did not provide enhanced 
binding of pimelic acid (14) which was chosen as a reference compound to compare 
relative complexation strengths (compare Entry 12 with 18-20). In contrast, the butyl- 
urea receptors 3 6 3 8  did show improvement over 8 (compare Entry 12 with 15-17), 
although not to the extent observed with 10 and 11, which clearly are the best binders of 
pimelic acid (compare Entries 13 and 14 with 15-21). Apparently, bifurcated H-bonding 
between the urea NH groups of 3-1 and the C=O groups of the diacid substrate (Fig. 2, 
B) is not a very efficient interaction. Experimentally, the complexation-induced changes 
in 'H-NMR chemical shifts at saturation binding, Ad,,, (see Table 6 in the Exper. Part), 
suggest a much weaker pgrticipation of the more distant urea NH group (AS,,, = 0.1- 
0.2 ppm) in the H-bonding than of the NH group directly attached to the pyridine ring 
(AS,,, = 1.8-2.0 ppm). These findings reiterate that the H-bonds and secondary electro- 
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static interactions involving the acidic OH groups of the carboxylic acids are much more 
important for complex stability than the bonding picked up by the C=O groups of the 
substrates. As noted above, the monomethyl ester 44 of glutaric acid binds to 10 with 
similar affinity to that of a monocarboxylic acid (Entry 1 I ) .  

The complex between pimelic acid (14) and the bis(naphthyridine) receptor 42 is only 
slightly more stable than the complexes formed by the urea receptors 3 6 4 1  (compare 
Entry 21 with 15-20). As discussed previously [~OC], the additional gain in binding energy 
from the bifurcated H-bonding between the substrate OH group and the two naph- 
thyridine N-atoms (Fig. 2, C) is compensated by the weakened H-bonding acceptor 
ability of the naphthyridine N-atoms. H-Bonding strength correlates at first approxima- 
tion with the acidity of the donor and the basicity of the acceptor, and the pK, value of the 
naphthyridine N-atoms (pK, 3.39 in H,O) [36] is significantly reduced as compared to 
that of pyridine N-atoms (pK, 5.23) [36]. 

2.4. Preparation of the Enantiomerically Pure Receptors (R)- and (S)-10 and ( R)- 
and (S)-11. Since the screening for binding affinity showed (+)-lo and (&)-11 to be 
clearly superior to the other receptors (Table 3 ) ,  these two compounds were prepared in 
enantiomerically pure form for chiral-recognition studies with the excitatory amino-acid 
derivatives. Although high binding affinity is not synonymous to high enantioselection 
[~OC], many examples in the host-guest complexation studies by Cram and Cram showed 
a correlation between the two quantities [3a]. For the optical resolution of diol(&)-21 as 
a precursor to the two type-B receptors, procedures [26] [37] previously applied to the 
resolution of 1, I'-binaphthyl-2,2'-diols [38] were followed. The cyclic phosphate (f-)-45 
was synthesized from diol (f)-21 and, upon addition of quinidine to a solution of (&)-45 
in AcOEt, a precipitate was obtained which, after two recrystallizations from AcOEt/ 
hexane 1 : 1, gave the (S)-45. quinidine complex 46 (Scheme 5 ) .  The diastereoisomeric 
complexes formed by (&)-45 and quinidine in CDCl, displayed distinctively different 

Scheme 5. Opticul Resolution of D i d  21 

HO 
OBn 

(4-45 

(S)-45. quinidine 

(4-21 

4 

4 

(9-21 complex 46 

4 (R)-45. quinine 
(R-21 complex 47 

a )  1) POCl,, NEt,, CH,Cl,; 2) THF, H,O, A ; 96%. h )  Recrystallization with quinidine from AcOEt/hexane 1: 1, 
r.t., 12 h, 66%. c) Recrystallization with quinine from AcOEt/hexane 2:1, r.t., 12 h; 23%. d )  1) 6~ aq. HCl, 
EtOH, A then r.t.; 2) Me2S0,, NaHCO,, DMA; 3) LiAlH,, THF, 0"; 78% of (S)-21 and 67% of (R)-21, based on 
46 and 47, resp. 
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‘H-NMR spectra, which is indicative of distinctively different solution geometries and 
presumably also stabilities [26]. In a 1.0 m~ solution, well separated singlets of receptor 
protons were observed for the two diastereoisomeric complexes at 6.55 and 6.60 ppm 
(H-C(8)) and at 8.08 and 8.10 ppm (H-C(5)). From the mother liquor of the first 
precipitation, the (R)-enriched binaphthyl cleft was regenerated by decomposing the 
alkaloid complex with 6~ aqueous HCl, and subsequent precipitation with quinine from 
AcOEt afforded the (R)-45. quinine complex 47. Occasionally, the (R)-45. quinidine 
complex also crystallized out in pure form. Decomposition of the diastereoisomeric 
complexes with acid, followed by reduction of the intermediately formed methyl phos- 
phates, gave ( R ) -  and (S)-21. Confirmation of the optical purity and the configurational 
assignments was obtained by HPLC methods. Using a Pirkle chiral stationary phase 
(CSP; prepared from D-phenylglycine [3h] [39]) and hexane/propan-2-019: 1 as the eluent, 
both (R)- and (S)-21 were determined to have e.e. 2 99.9%. Based on studies of the 
chromatographic behavior of the enantiomers of l,l’-binaphthy1-2,2’-diols on this CSP 
[3h] [26] [39c], the enantiomer with the shorter retention time ( t ,  34 min) was assigned the 
(S)-configuration and the one with the longer retention time ( t ,  46 min) the (R)-configu- 
ration. Starting from (R)-  and (S)-21, the enantiomers of receptors 10 and 11 were 
prepared following the procedures for the racemic compounds outlined in Schemes 2 and 3. 

2.5. Chiral-Recognition Studies with Excitatory Amino-Acid Derivatives. Preliminary 
studies with racemic (*)-lo or (f)-ll and Cbz-Asp (2) had demonstrated the formation 
of diastereoisomeric complexes with differential geometries. Almost all aromatic protons, 
including the benzyl protons of (*)-lo, showed distinct complexation-induced changes in 
chemical shift for each diastereoisomeric complex. The degree of chiral recognition in 
binding the Cbz derivatives Cbz-Asp (2), Cbz-D-Asp, Cbz-Glu (4), and Cbz-Kai (6) by 
the enantionierically pure receptors was determined by ’H-NMR titrations in CDC1, in 
which the receptor concentration [HI, was kept constant at 0.10 mM and the substrate 
concentration [GI, varied from 0.05 to 0.50 mM. The low concentration ranges were 
necessary due to the strong binding and, by clustering data points around the curved 
region of the binding isotherm, association constants K,  > lo5 1 mol-I, i.e., at the limit of 
the applicability range of the NMR method, could be obtained with reproducibilities 
of i15-30% (Table 4 ) .  

Receptors (R)- and (S)-10 and (R)- and (S)-11 form very stable complexes with the 
aspartic- and glutamic-acid derivatives (Table 4 ,  Entries 1 -5 and 8-12). In analogy to the 
recognition by the type-B receptors 8 and 9 (Sect. 2.1 ), the complexes of Cbz-Asp (2) are 
more stable than those of Cbz-Glu (4). The geometry of the complexes was elucidated 
based on the observed complexation-induced changes in ‘H-NMR chemical shift, NOEs, 
and computer modeling. For the (R)-10.2 complex, which is discussed below in greater 
detail, a total of 5 strong intermolecular NOEs were observed (Fig.5), and they were 
crucial in evaluating the quality of the geometries produced by the modeling. In the 
modeling, a 5000-step Monte Carlo Multiple Minimum (MC) simulation was performed 
using the OPLS* force field in MacroModel v. 4.0 [23], the GBjSA continuum solvation 
model for CHCl, [35], and torsional constraints to keep the pyridines and their acetarnido 
substituents in a plane. To avoid decomplexed structures, only associations with 
0-H . . . N and C=O . . . H-N H-bond lengths between 1.5 and 2.1 A were accepted. All 
conformations within 12 kcal mol-I of the global-minimum-energy conformation were 
stored. 
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Table 4. Association Constants K, and Binding Free Energies AGO (hO.1 kcal mol-I) of the Complexes Formed 
between Clefts (R)- and (S)- 10 and (R)- and (S) -1 1 with Cbz-Asp (2), Cbz-u-Asp, Cbz-Glu (4), and Cbz-Kui (6)  

in CDCll at 298 K 
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Entry 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
I2 
13 
14 

Hosta) Guest K, [1 mol-'1 AGO [kcal mol-'1 A(dGo)  

(R)-10 2 180000 -7.2 0.7 (0.8) 
(S)-10 2 60 000 -6.5 
(R)-10 Cbz-u-Asp 49 000 -6.4 
(R)-10 4 19000 -5.8 0.3 

(R)-10 6 4 100 -4.9 0.4 
(S)-10 4 11 000 -5.5 

(S)-lO 6 1900 -4.5 
(R)-11 2 1 20 000 -7.0 0.1 (0.2) 
(S)-11 2 110000 -6.9 
(R)-11 Cbz-D-ASp 98 000 -6.8 
(R)-11 4 46 000 -6.4 0.1 
(S)-11 4 37000 -6.3 
(R)-11 6 4 600 -5.0 0.2 
(S)-11 6 3 300 -4.8 

") Evaluated host protons: H-C(5) and H-C(12)'). 

For the (R)-10.2 complex, a total of 62 structures were found within 2.4 kcal mol-' of 
the computed global minimum. These 62 low-energy conformations fell into two cate- 
gories. A total of 37 of these structures gave similar conformations which, however, were 
incongruent with several of the experimentally observed NOEs and were, therefore, 
rejected in favor of the alternative association mode (Figs.5 and 6) ,  which was repre- 
sented in the remaining 25 low-energy structures and reproduced the spectroscopic data. 

The primary stabilization of the complexes with the Asp and Glu derivatives results 
from the four-fold H-bonding pattern between the two COOH groups of the substrate 
and the two CONH(py) groups of the receptors [3g] [I81 [20]. In the structure shown in 
Fig. 5 ,  the computed 0-H . . . N and C=O . . . H-N H-bond distances are I .9 and 1.7 A, 
respectively. The substrate is bound in the preferred cis-conformation about the carba- 
mate NH-CO bond [20b]. The association constants are up to two orders of magnitude 
higher than those measured for the comparable complexes of type-B receptor 9 without 
functional groups at the 7,7'-positions of the 1,l'-binaphthyl spacer (Table I). The 
modeling studies provide support for the participation of the ether 0-atoms in the 
7,7'-positions of 10 and 11 in the bonding event. In the (R)-10-2 complex (Fig.5) ,  the 
OH. . . O-C(7)') distance is ca. 2.9 A and the 0-H . . . O  angle is ca. 100" which should 
lead to a substantial Coulomb interaction between the H- and 0-atoms of opposite partial 
charges [32b] [33]. The C(5)-C(6)-C(9)-C(lO)') torsional angles range from 60 to 70". 

Aromatic interactions play an important role in providing additional stabilization to 
the complex between (R)-10 and Cbz-Asp (2). Experimentally, the participation of both 
the PhCH, groups of receptor and substrate in the association is demonstrated by several 
characteristic NOEs shown in Fig.5. One Ph ring of the receptor stacks with the cis- 
carbamate bond of the substrate (Figs. 5 and 6) .  A similar stacking interaction between 
aromatic rings and peptide bonds, in particular those ofp -pleated sheets, is commonly 
observed at aromatic binding sites of proteins [l] [2c, h]. This interaction locates the 
o-protons of this Ph ring in proximity to the benzylic CH, protons of the substrate which 
explains the observed intermolecular NOE (c) in Fig. 5 )  between these protons. 
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Fig. 5. Computer-generated model of the complex formed hetiwen ( R) -10 und Chz-Asp (2) .  The intermolecular 
H-bonds (..-...) and the observed intermolecular NOES (----) are shown. The computed distances between 
H-atoms showing intermolecular NOES are: a) 2.38 A, b) 2.87 A, c) 3.21 A, d) 3.27 A, e) 2.54 A. The C,, chains of 

(R)-10 are omitted for clarity. 

Fig. 6 .  Computer-generated sjxict~-/fIling moclel of t l te comple.s,formed between ( R)- 10 and Chz-Asp (2)  
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Both Ph rings of the receptor participate in interesting T-shaped interactions with the 
two COOH. . .CONH(py) H-bond arrays [40]. The Ph ring of the substrate is involved in 
a face-to-face stacking with one of these host-guest H-binding motifs. This geometry 
correlates with the atom orientations required for the observed NOEs between the 
CH,CO,H protons of the substrate and the aromatic and aliphatic benzylic protons of 
(R)-10 ( d) and e) in Fig. 5). All these host-guest interactions lead to a binding geometry 
in which H-C(c() of the zig-zag-shaped amino acid points into the cleft, and this is again 
confirmed by two intermolecular NOEs ( a) and b) in Fig. 5). 

Both the experimental (NOEs and 'H-NMR complexation-induced shifts) and the 
computational analyses did not show striking differences in host-guest interactions be- 
tween the diastereoisomeric complexes formed between Cbz-Asp (2) and (R)- and 
(S)-10. Apparently, the observed chiral recognition ( A  (AGO) z 0.74.8 kcal mol-', En- 
tries 1-3, Table 4 )  originates from a series of subtle geometric differences. A comparison 
of the benzyl-ether receptors ( R ) -  and (S)-10 (Entries 1-3) with the methyl-ether re- 
ceptors (R)- and (S)-11 (Entries 8-10) or 8 and 9 (Table 1) without 7,7'-functionality 
clearly demonstrates that the considerable enantioselection by (R)- and (S)-10 is due 
to the differential interactions provided by its benzylic Ph rings in the two diastereo- 
isomeric complexes. Whereas chiral recognition by (R)- and (S)-10 is substantial, the 
other receptors form diastereoisomeric complexes with 2 of nearly identical stability 
(Tables 1 and 4). Driven by the gain in aromatic interactions (Figs. 5 and 6 ) ,  the PhCH,O 
groups shape a more structurally defined, cavity-type binding site, which enables the 
optically pure receptor to differentiate more efficiently between the enantiomeric sub- 
strates. The other receptors lack these PhCH, groups, and the substrate enantiomers are 
accommodated equally well in their more cleft-type recognition sites. Although the 
multiple aromatic interactions provided by (R)- and (S)-10 along with the 
COOH . . . CONH(py) H-bonding patterns generate more efficient enantioselectivity, the 
association constants of the complexes are only ca. 1.5 times greater than for the com- 
plexes of (R)- and (S)-11 (compare Entries 1-3 and Entries 8-10>. This is a clear 
indication that much of the enthalpic gains are compensated by entropic losses as a result 
of the conformational restriction of the PhCH, groups in the complexes of (R)- and 

Since the binding sites of the two enantiomers of MeO-substituted 11 are more open 
and less structured than those of (R)- and (S)-10, they can better accommodate the larger 
Glu derivative 4 and form more stable complexes with this substrate (compare Entries 4 
and 5 with Entries 11 and 12). 

Selective and efficient complexation of Cbz-Kai (6) poses a continuing challenge, 
presumably due to its particular geometry. The two COOH residues connected by a C, 
chain adopt a U-shaped alignment, and the incorporation of this chain into a 5-mem- 
bered ring reduces the conformational flexibility. Binding of 6 is less efficient than that of 
the Glu and Asp derivatives (Entries 6, 7,13, and 14) which suggests that the enantiomers 
of receptors 10 and 11 are unable to adopt a binding geometry with high complementarity 
to the conformationally more enforced kainic-acid substrate. The orientation of the two 
terminal COOH residues in the substrates seems to play a role in the binding efficiency 
(Table 4 ) ,  with the linear alignment in the Asp derivative 2 being preferred over the more 
W-shaped alignment in the Glu derivative 4, and the pronounced U-shape alignment in 
the Kai derivative 6. 

(S)-lO. 
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2.6. Complexation by a I ,l'-Binaphthyl Receptor with an Additional Cation Recogni- 
tion Site at the Minor Groove. The 1,l'-binaphthyl unit is flexible [41] and can adopt 
numerous energetically similar conformations with dihedral angles between the two 
naphthalene planes varying between 60 and 120" [42]. As a result, binaphthyl receptors 
such as 7-9 lack the conformational homogeneity required for efficient chiral recogni- 
tion, and diastereoisomeric complexes of similar stability are formed with chiral dicar- 
boxylic acids (Table I )  [20b, c]. Enantiomers of these receptors are capable of adopting 
geometries which fit both substrate enantiomers, and diastereoisomeric complexes of 
similar energy are formed. To provide strong association in one diastereoisomeric com- 
plex only, the binaphthyl unit needs to be more preorganized and the dihedral angle 
about the chirality axis constrained. This objective is currently targeted in our laboratory 
by bridging the 2,2'-positions at the 1,l'-binaphthyl minor groove, and first advances in 
this direction are presented here. 

In receptor 48, a crown-ether binding site was attached to the 2,2'-positions in the 
minor groove to reduce the conformational flexibility about the binaphthyl chirality axis 
[3a] [9] [43a]. Cation complexation by the crown ether was expected to further rigidify the 
binaphthyl spacer. We were particularly interested in exploring whether cation complexa- 
tion in the binaphthyl minor groove would alter the efficiency and enantioselectivity of 
the excitatory amino acid binding site at the major groove [43] [44]. 

The synthesis of ( R ) -  and (S)-48 (Scheme 6) started with the enantiomers of 6,6-di- 
bromide 49 [~OC] which were transformed into the crown ethers ( R ) -  and (S)-50 [45] and 

Scheme 6. Preparation of Receptor 48 

49 7 5 0 R = B r  

b, 51 R=B(OH), 

a )  T~sCH~(CH~OCH,),CH,OTOS, NaH, THF; 52 %. 
h )  HuLi, THF, -78", then B(OMe),, A .  
c )  N-(6-Bromopyridin-2-yl)acetamide, [PdCl,(PPh,),], Na,CO,, EtOH, benzene, HzO, A : 23 % 

48 
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Table 5. Association Constants K, and Binding Free Energies AGO (+O. 1 kcal mol-') in CDC!, at 293 K 
of the Complexes Formed between Clefts ( R)- and (S)-48 with Cbz-Asp (2), or Chz-Clu (4) in the Presence 

and Absence of Hg(CN),  us u Cobinder a)b) 

Entry Host Guest Cobinder') K,  [l mol-'1 AC" [kcal mol-'1 A(&") 
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I (R)-48 2 - 2900 -4.6 
2 (S)-48 2 - 8300 -5.2 0.6 
3 (R)-48 2 Hg(CN)z 2600 -4.6 
4 (S)-48 2 Hg(CN)z 9100 -5.3 0.7 
5 (R)-48 4 - 3200 -4.7 0.4 
6 (S)-48 4 - 1700 -4.3 
7 (R)-48 4 H g ( c N 12 3900 -4.8 0.5 
8 (S)-48 4 Hg(CN)z 1700 -4.3 

") 
') 
') [Hg(CN),], = 4.98 mM. 

The association constant of Hg(CN), binding to the crown is K, = 350 I mol-'. 
Evaluated host protons: NH, H-C(5), H-C(7), H-C(IO), H-C(I I), H-C(I2)'). 

subsequently into the bis(boronic acids) ( R ) -  and (S)-51. Suzuki coupling with N-(6-bro- 
mopyridin-2-y1)acetamide afforded the two enantiomeric receptors which were studied in 
'H-NMR binding titrations (Table 5 ) .  

Since the H-bonding recognition sites in the two type-B receptors 48 and 9 are 
identical, their complexation properties resemble each other in several ways (cb Tables I 
and 5 ) .  Cbz-Asp (2) is better bound than Cbz-Glu (4), and (S)-48 prefers binding to the 
shorter Asp derivative, whereas the Glu derivative associates more strongly to (R)-48. 
(R)- and (S)-48 show a slightly higher degree of chiral recognition than ( R ) -  and (53-9, 
presumably as a result of reduced conformational flexibility of the binaphthyl cleft due to 
the attachment of the cyclic crown-ether moiety. A more rigid, conformationally more 
enforcing bridging of the 2,2'-positions in the minor groove should enhance more sub- 
stantially the enantioselection in excitatory amino-acid binding in the major groove of the 
1,l'-binaphthyl cleft. 

The kinetically slow binding of Hg(CN), to the enantiomers of 48 took almost one 
week to proceed to equilibrium [44] and, from the integration of the 'H-NMR resonances 
of free and bound receptor, which appeared at different chemical shifts, the association 
constant for the 1 : 1 complex was determined as K, = 350 1 mol-I. Disappointingly, no 
cooperativity between the cation binding at the minor groove and the dicarboxylic-acid 
binding at the major groove was observed; the complexation of the Hgz+ ion neither 
affected the binding affinity nor the enantioselection in the major groove (Table 5) .  

3. Conclusions. - The chiral molecular clefts 7-9 with CONH(py) groups attached in 
two different ways to the 6,6'-positions of 1,l'-binaphthyls were prepared for the com- 
plexation of Cbz derivatives of excitatory amino acids via two sets of C=O . . . H-N and 
0-H- . . N  H-bonding arrays in CDC1,. Whereas receptor 7 with N-(pyridin-2- 
y1)carboxamide residues (type A) preferred complexing the larger Glu derivative 4,s and 
9 with N-(pyridine-6,2-diyl)acetamide residues (type B) showed a preference for the 
shorter Cbz-Asp (2). Two synthetic approaches to increase the poor enantioselectivity 
( A  (AGO) between 0.1 and 0.5 kcal mol-') displayed by the enantiomerically pure 7-9 were 
pursued. One approach consisted of optimizing the recognition site by introducing 
additional functional groups at the 7,7'-positions of the receptors which could participate 

45 
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in the substrate recognition and enforce favorable binding conformations of the 
CONH(py) residues. Based on established correlations between binding free energy and 
enantioselectivity by Cram and coworkers, a diversity of new clefts was first prepared in 
racemic form and screened for high binding affinity toward CI,O -dicarboxylic acids. The 
type-B receptors with PhCH,O or M e 0  substituents in the 7,7’-positions of the 1,l’-bi- 
naphthyl unit, i.e., 10 or 11, respectively, were found to be the best binders and were 
subsequently prepared in enantiomerically pure form. The ether substituents in the 
7,7’-positions were found to stabilize carboxylic-acid binding via substantial secondary 
electrostatic attractions. Whereas the MeO-substituted receptors ( R ) -  and (S)-11 failed 
to show enantioselectivity in binding the excitatory amino-acid derivatives, the PhCH,O 
derivative (R)-10 preferred complexing Cbz-Asp (2) by - 0.74.8 kcal mol-I over Cbz-D- 
Asp. A comprehensive experimental (‘H-NMR complexation-induced changes in chemi- 
cal shifts, NOEs) and computational analysis demonstrated that the Ph rings of the 
PhCH,O groups play an important role in the recognition event. They interact in interest- 
ing face-to-face and edge-to-face binding motifs with both the cis-carbamate moiety of 
the substrate and the planar COOH . . . CONH(py) H-bonding arrays. These additional 
host-guest interactions, which are lacking in the complexes of 7-9 or 11, are both at the 
origin of the enantioselectivity observed with (R)- and (S)-10 as well as of the high 
complex stability (AGO = -7.2 kcal mol-I for the more stable (R)-10.2 complex). For the 
first time, a derivative of kainic acid was complexed by a synthetic receptor. 

In a second approach, an increase in enantioselectivity was targeted by reducing the 
conformational flexibility of the binaphthyl receptor by attachment of a crown-ether 
binding site at the 2,2’-positions in the minor groove. Compared to receptors ( R ) -  and 
(S)-9 without such additional functionality, the crown-ether derivatives (R)- and (S)-48 
showed a very modestly improved enantioselectivity of A (AGO) z 0.64.7 kcal mol-’ in 
the binding of Cbz-Asp (2). Both binding affinity and selectivity were not altered upon 
complexation of Hg(CN), to the crown-ether moiety of 48, demonstrating lack of cooper- 
ativity between the minor- and major-groove recognition sites. Apparently, both the 
unbound and bound crown ether do not substantially enforce the conformational homo- 
geneity of the receptor, which is a requirement for strongly enhanced enantioselectivity. 

These studies provide a lead toward improved enantioselective binding of excitatory 
amino acids. Novel receptors should incorporate the optimized major-groove binding site 
of (R)- and (S)-10 and possess significantly more rigid, shorter bridges in the 2,2’-posi- 
tions of the minor groove. These bridges should enforce a strong preference for specific 
dihedral angles about the 1,l’-binaphthyl chirality axis and thus enhance the enantio- 
selective recognition capabilities through a higher degree of receptor preorganization. 
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Experimental Part 

General. See [~OC]. For optical resolutions, quinine (99%) was purchased from Fluka and quinidine (97%) 
from Aldrich. ‘H{ IH} Nuclear Overhauser effect (NOE) difference spectra: Bruker-AMX-300 spectrometer; all 
intermolecular NOEs between host and guest in a 1: 1 complex were observed by irradiation of the guest and 
enhancement of the host protons; host-to-guest NOEs were overshadowed by strong intramolecular response of 
the host. Evaporation and concentration in vucuo was done at water-aspirator pressure; drying in vacuo at lo-* 
Torr. DMA = N,N-Dimethylacetamide. 

Complexation Studies. Substrates 2, Cbz-D-Asp, and 4 for complexation studies were purchased from Sigma. 
All ‘H-NMR titration data were acquired on a Bruker-500-MHz NMR spectrometer thermostated at 298 f 0.1 K 
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if not stated otherwise. The CDCI, used for diacid binding was dried over molecular sieves (4 A). Commercially 
available guests were used without further treatment. For each binding study, ten titration samples were prepared 
with Gilson Pipetman (200 pl and 1000 111) pipetting from sonicated stock solns. which were obtained by weighing 
the compounds into 2 or 5-ml volumetric flasks on a Mettler AT20 microbalance. If not stated otherwise, the host 
concentration was kept constant at 1.0 mM and the concentration of the guest was varied from 0.5 mM to 5.0 mM 
to reach saturation values up to 70-90%. In cases of very strong complexation (Table 4 ) :  [HI, = 0.10 mM and 
[GI, = 0.05-0.50 mM. For kainic-acid binding: [HI, = 0.10 mM and [G], = 0.5-5.0 mM. 

The complexation-induced changes in chemical shifts AS of host protons were plotted against the guest 
concentration. Quantitative binding numbers (Ka,  AGO, AS,,,) were obtained by using a nonlinear least-squares 
curve-fitting program [22]. The K,  and AGO values reported are averages calculated from the complexation-induced 
changes in chemical shift of all observed protons of multiple runs. Table 6 shows the maximum observed 
complexation-induced changes in chemical shift (AS,,,(obs.)) and the calculated changes in chemical shift at 
saturation binding (ASsat) for the proton resonances monitored during exemplary binding titrations. Job plots [46] 
were performed by keeping the sum of host and guest concentration at 1.0 mM. Job plots of receptors 7 and 8 with 
several diacids had previously been performed [20a, b] and confirmed the 1: 1 stoichiometry for complexes of this 
type. Job plots ofreceptor 10 binding to pimelic acid (14) proved the 1:  1 stoichiometry for complexes formed by the 
new receptors. 

Table 6, Evaluated Host Protons in Selected 'H-NMR Binding Titrations in CDC13 

Host Guest Evaluated host protons; AS,:); AS,,,(obs.)b) 

NH 
~~~ 

H-C(5) H-C(10)') H-C( 12)') 

10 13 
11 13 
10 43 
11 43 
10 14 
11 14 
37 14 

40 14 

42 14 
(R)-10 P) 
(S)-lO 2e) 

br.") 
br . 
2.688; 2.630 
2.68 1 ; 2.630 
1.821; 1.680 
2.046; 1.964 
0.196; 0.159 (Bu-NHCO) 
1.997; 1.638 (CONH(py)) 
0.094; 0.071 (Bu-NHCO) 
1.785; 1.214 (CONH(py)) 
1.761; 1.462 
br. 
br. 

-0.171; -0.164 
-0.143; -0.137 
-0.316; -0.309 
-0.334; -0.331 
-0.218; -0.201 
-0.250; -0.240 
-0.029: -0.023 

-0.026: -0.021 

-0.096; -0.093 
-0.380; -0.376 
-0.294; -0.285 

-0.140; -0.136 - 
- br. 
-0.355; -0.348 0.206; 0.202 
- 0.192; 0.188 
-0.230; -0.228 0.130; 0.121 
-0.218; -0.214 0.142; 0.136 
- 0.156: 0.125 

0.122; 0.085 

- - 

-; -0.342 0.299; 0.293 
-; -0.309 0.169; 0.166 

') Change in chemical shift at saturation binding. b, Maximum observed change in chemical shift during 
the titration, ") Due to very strong broadening, the peak could not be followed during the entire titration. 
d, Additional dS,,,(obs.) values: -0.101 (H-C(8)); 0.181 (H-C(I I)')); 0.03 (HJ; 0.02 (Hm, Hp). ") Additional 
d&,,,(obs.) values: +0.038 (H-C(8)); 0.226 (H-C(11)')); 0.08 (HJ; 0.02 (Hm, Ho). 

Complexation of Hg(CN)> to the crown-ether site in 48 was a very slow process which required a week to reach 
equilibrium. Typically, samples of the optically pure receptor and Hg(CN), were stirred at ca. 295 K in CDCl, and 
stored in the dark during the complexation process. Progress was determined by 'H-NMR integration of signals for 
bound and unbound receptor. The resonance of H-C(8) appeared 0.11 ppm upfield in the complex (S 7.23 ppm) 
and the signals for Naph-O-CH,CH,, which in the free crown appeared as two m's (AA'BB') at 6 4.22 and 
4.08 ppm, shifted downfield in the complex and converged to a t at 4.68 ppm. From the integration of the 
resonances for bound and unbound receptor at [HI, = 4.73 mM and [GI, = 8.07 mM, the association constant for 
the 1 :  1 binding was determined as K, = 350 I mol-' ( A G O  = -3.5 kcal mol-'). 

Crystallographic Data. Crystals of (&)-I0 were obtained by slow evaporation from a MeCN soh.  The 
resulting colorless material crystallized in the triclinic space group PT with a = 12.802 (3), b = 15.362 (3), 
c = 18.764 (4) A, a = 105.499 (6),,9 = 106.777 (7), y = 98.777 (7) O, V = 3308 A3, and Z = 2.  Syntex-PI diffrac- 
tometer modified by Prof. C.E.  Strouse. UCLA, CuK, radiation, 1 = 1.5418 A. The structure was solved by 
statistical methods (SHELX86). Only the 0-atoms and some C-atoms were refined anisotropically, all other 
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Table 7. Selected Bond Lengths [A] and Bond Angles ["I of(k)-lO. For numbering, see Fig. 10. 

C(I)-C(2) 1.52 (4) C(lO)-C(Il) 1.34 (2) C( I)-C(2)-0(2) 127 (3) 
C(2)-0(2) 1.18 (3) C(IO)-C(19) 1.48 (2) C( I)-C(2)-N(3) 107 (2) 
C(2)-N(3) 1.43 (3) C(ll)-C(12) 1.40 (2) 0(2)-C(2)-N(3) 124 (2) 
N(3)-C(4) 1.41 (2) C(12)-C(13) 1.39 (2) C(2)-N(3)-C(4) 120.4 (16) 
C(4)-C(5) 1.35 (3) C(12)-C(17) 1.46 (2) N(3)-C(4)-C(5) 129 (2) 
C(4)-N(9) 1.38 (2) C(15)-O(22) 1.37 (2) N(3)-C(4)-N(9) 108.8 (14) 
C(5)-C(6) 1.41 (3) C(16)-C(50) 1.53 (2) C(5)-C(4)-N(9) 122.5 (17) 
C(6)-C(7) 1.43 (3) 0(20)-C(21) 1.41 (2) C(4)-C( 5)-C(6) 121 (2) 
C(7)-C(8) 1.37 (2) N(9)-C(B)-C(lO) 112.2(12) 
C(8)-N(9) 1.35 (2) C(8)-C(lO)-C(I 1) 118.5 (13) 

C( 14)-C( 15)-O(22) 120.5 (13) 
C( 15)-C( 16)-C(50) 120.1 (12) 
C(l9)-0(2O)-C(21) 116.7 (12) 
0(2O)-C(2I)-C(21P) 109.7 (12) 

non-H-atoms were refined isotropically; H-positions based on configurational considerations. Final R(I )  = 0.143, 
wR(1) = 0.169 for 445 variables and 9059 unique reflections with I > 3 ~ ( 1 )  and 26' < 115". The molecular 
geometry is given in Table 7. Further details of the crystal structure investigations are available on request from the 
Director of the Cambridge Crystnllogrnphic Centre, 12 Union Road, Cambridge CB2 IEZ, UK. 

(2S,3S.3 S)- N-(Benzyloxycarbonyl)-2-carboxy-4- (l-methylethenyl)pyrrolidine-3-acetic Acid (6). To a soln. 
of L-kainic acid monohydrate ( 5 ;  100 mg, 0.43 mmol) in H 2 0  (21.5 ml) was added KOH (48 mg, 0.860 mmol), 
Na2CO3 (91 mg, 0.860 mmol), and benzyl chloroformate (0.073 ml, 0.52 mmol). The mixture was stirred at r.t. for 
16 h, cooled to Oo, and acidified with 2M aq. HC1. The product was extracted with Et20 (25 ml) and the org. s o h  
washed with H,O (3 x 25 ml), dried (MgSO,), and evaporated: 6 (1 19 mg, 80%) as a white glassy oil which slowly 
solidified. M.p. 53-55". [c(]E = -61.57 (c = 0.055, CHCI,). IR (CHCI,): 3090, 2952, 1714, 1415, 1133. 'H-NMR 
(500 MHz, CDCI,): 1.22 (s, 3 H); 2.18-2.30 (m, 1 H); 2.32-2.44 (m. 1 H); 2.98-3.06 (m. 2 H); 3.47-3.59 (m, 2 H); 
3.69-3.80 (m, 2 H); 4.334.75 (m, 2 H); 4.97 (s, 1 H); 5.20 (s,2 H); 7.31-7.47 (m, 5 H). FAB-MS: 347 (M+) .  Anal. 
calc. for CI8H2,NO6.0.25 H20 (351.6): C 61.38, H 6.11, N 3.98; found: C 61.61, H 6.19, N 3.73. 

3-Bromonaphthalene-2,7-diol(l9). To naphthalene-2.7-diol (18; 40 g, 0.25 mol) in AcOH (586 ml) at 10-15", 
Br, (26 ml, 0.50 mol) in AcOH (195 ml) was added dropwise within 4 h. Then, H,O (160 ml) and Sn powder (325 
mesh; 62 g, 0.52 mol) were added, and the mixture was placed for 1.5 h in an oil bath warmed to 80°. The mixture 
was cooled to lo", diluted with ice-cold H 2 0  (1.5 I), and extracted with AcOEt (2 x 2 I). The org. layers were dried 
(MgS04) and evaporated to produce a purple solid which was stirred for 1 h in H 2 0  (600 ml), filtered, suction- 
dried, and recrystallized from toluene (1 1) to provide 19 (54.6 g, 91 %). Pink solid. M.p. 190-191". IR (KBr): 3218, 
1200. 'H-NMR (500 MHz, (CD3)2CO): 6.96 (dd, J = 9.0, 2.3, 1 H); 6.99 (d, J = 2.3, 1 H); 7.04 (s, 1 H); 7.63 (d, 
J = 9.0, 1 H); 7.98 (s, 1 H); 8.64 (br. s, 1 H); 9.01 (br. s, I H). FAB-MS: 240 (M+) .  Anal. calc. for Cl,H,BrO2 
(239.1): C 50.24, H 2.95, Br 33.42,O 13.38; found: C 50.27, H 2.75, Br 33.18, 0 13.24. 

7-(Benzyloxy)-6-bromonuphthalen-2-ol(20). To 19 (20 g, 0.083 mol) in DMF (440 ml) under Ar was added 
K,CO, (23.3 g, 0.169 mol). The mixture was stirred for 15 min and then heated to 80". Benzyl chloride (8.6 ml, 
0.075 mol) was added via syringe pump within 5 h. The resulting green soh.  was filtered through Celite, the solvent 
removed by distillation, and the residue diluted with MeOH (1 I). Cooling precipitated the dihenzylated side- 
product. The mother liquor was evaporated and the residue passed through a plug of SiO, (400 g) with CH,CI,. 
Evaporation and recrystallization from toluene/hexane 1: 1 gave 20 (20.4 g, 74%). Off-white platelets. M.p. 
140-142". IR (KBr): 3518, 1540, 1218. 'H-NMR (360 MHz, (CD,),CO): 5.29 (s, 2 H); 7.02 (dd, J = 9.0, 2.3, 1 H); 
7.13 (d, J = 2.3, 1 H); 7.30-7.45 (m, 4 H); 7.55-7.60 (m, 2 H); 7.67 (d, J = 9.0, 1 H); 8.04 (s, 1 H); 8.71 (hr. s, 1 H). 
FAB-MS: 328 (Mf). Anal. calc. for C1,HI3BrO2 (329.2): C 62.03, H 3.98, Br 24.27; found: C 62.33, H 4.26, 
Br 24.34. 

7.7'-Bis(benzyloxy)-6,6'-dibromo-l,l'-binaphtltyl-2.Z'-diol(21). To 20 (10 g, 30.4 mmol) under Ar in degassed 
MeOH (1 1) was added CuCI2 (8.4 g, 62.5 mmol), and Ar was bubbled through the soln. for 15 min. t-BuNH, (13.9 
ml, 132.3 mmol) in degassed MeOH (100 ml) was added within 30 min and the mixture refluxed for 2.5 h and then 
cooled to 0". After addition of 6~ aq. HCI (440 ml), the brown suspension was diluted with CH,CI, (3 x 250 ml) 
and the org. phase washed with H2O (2 x 500 ml), dried (MgSO,), and evaporated. The resulting brown foam was 
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passed through a plug of S O 2  (150 g) with CH,CI,. Evaporation and recrystallization from toluene/hexane 
provided 21 (6.5 g, 65%). M.p. 168-170". IR (KBr): 3277, 1580, 1220. 'H-NMR (500 MHz, CDCI,): 4.74 (4, AB, 
J =  12.5,4H);4.92(s,2H);6.24(s,2H);7.00-7.05(m,4H);7.10-7.15(m,6H);7.22(d,J=9.0,2H);7.82(d, 

127.66; 128.33; 130.17; 132.61; 133.57; 135.75; 153.26; 153.63. FAB-MS: 656 (M+) ,  Anal. calc. for C34H24Br204 
(656.4): C 62.22, H 3.69, Br 24.35; found: C 62.25, H 3.57, Br 24.60. 

Optical Resolution of(+)-21. To (*)-21(4.38 g, 6.7 mmol) in CH2CI2 (50 ml) was added dropwise over 15 rnin 
POCI, (1.58 ml, 17.2 mmol) followed by NEt3 (2.45 ml, 17.6 mmol). The mixture was stirred for 3 h and then 
quenched with ice-cold H 2 0  (150 ml). The org. layer was dried (MgSO,) and evaporated to produce the interme- 
diate chlorophosphate as an orange foam. The crude chlorophosphate was dissolved in THF/H20 2: 1, (35 ml) and 
refluxed for 4 h. The cooled mixture was partitioned between AcOEt (3 x 300 ml) and H,O (250 ml) and the 
combined org. phase dried (MgSO,) and evaporated: (&)-45 (4.6 g, 96%). White crystals. M.p. 208-210". 

Crude (%)-45 (4.6 g, 6.67 mmol) was heated to reflux in AcOEt (200 ml), and quinidine (2.2 g, 6.67 mmol) was 
added. Additional AcOEt (200 ml) was added to dissolve all material. Hexane was added slowly (350 ml) to the 
refluxing soh.  until it became turbid. Diastereoisomerically pure seed crystals (obtained by recrystallization of 500 
mg of (&)-45 with 230 mg of quinidine from hexane/AcOEt 5:1 (100 ml) and collected after 10 d) were added, and 
the soln. was cooled to r.t. for 12 h. The light-brown crystals were collected by filtration, and a second recrystalliza- 
tion from AcOEt/hexane 1: 1 (500 ml) along with seed-crystal addition afforded the (S)-45,quinidine complex 46 
(2.4 g, 66%, [a13 = +396.6 (c = 1.00, CHCI,)) as cream-colored crystals. 

Complex 46 (2.4 g) was stirred at reflux with EtOH (6.8 ml) and 6~ aq. HCI(3.4 ml) for 15 rnin and then at r.t. 
overnight. Extraction with AcOEt (3 x 300 ml), washing with 2w aq. HCI (300 ml) and sat. aq. NaCl soln. (300 ml), 
drying (MgS04), and evaporation produced 1.58 g (100%) of (S)-45, [a]:: = +240.5 (c = 1.00, CHCI,). 

To (S)-45 (1.580 g, 2.2 mmol) in DMA (49 ml) was added Me2S04 (0.389 ml, 4.0 mmol) followed by NaHCO, 
(0.386 g, 4.6 mmol) and the mixture was stirred at r.t. overnight. The clear soln. was diluted with Et,O (100 ml) and 
washed successively with sat. aq. NaHCO, soln. (100 mi), H,O (100 ml), and sat. aq. NaCl soh.  (100 ml). The org. 
layer was dried (MgS04) and evaporated to produce the corresponding methyl (S)-phosphate (1.55 g, 96%) as a 
brown oil. 

To the crude methyl (S)-phosphate (1.55 g, 2.11 mmol) in dry THF (75 ml) under Ar at 0' was added 1 . 0 ~  
LiAIH, in hexane (4.6 ml, 4.6 mmol). The mixture was stirred at 0" for 20 min before quenching cautiously and 
successively with H 2 0  (4.6 ml), 15% aq. NaOH soln. (4.6 ml), and then H,O (13.8 ml). After stirring overnight, the 
resulting soh.  was filtered and the filtrate extracted with (2 x 25 ml). The org. layers were dried (MgS0,) and 
evaporated: (S)-21 (1.13 g, 82%). [ a ] g  = +296.6 (c  = 1.00, CHCI,). 

The mother liquor from the recrystallization of (*)-45 with quinidine was evaporated and the residue 
dissolved in refluxing AcOEt (20 ml). Hot 6w aq. HCI (20 ml) was added and the mixture heated for 15 min and 
then stirred at r.t. overnight. The org. layer was washed with 6~ aq. HCI and sat. aq. NaCl soln., dried (MgS04), 
and evaporated to produce (R)-enriched 45 (2.7 g). 

The crude (R)-enriched 45 (2.7 g, 3.75 mmol) was heated in AcOEt (150 ml), and quinine (1.2 g, 3.75 mmol) 
was added to give a clear s o h  Hexane (100 ml) was added and the resulting mixture left at r.t. overnight. The 
precipitated complex was collected by filtration, and recrystallization from AcOEt (200 mi) and hexane (100 ml) 
produced the (R)45,quinine complex 47 (0.44 g, 23%; [a]: = -399.7 (c = 1.00, CHCI,)) as white crystals. 
Decomposition of the complex and dephosphorylation was done in a similar manner as described above to provide 
(R)-21(0.11 g, 67%, from 47), [a]:: = -296.7 (c = 1.01, CHCI,). 

Occasionally, after the initial addition of quinidine to (*)-45, a white, insoluble precipitate would have to be 
removed by filtration before the addition of hexane. The precipitate in many cases was 100% diastereoisomerically 
pure (R)-45.quinidine complex ([a]g = -286.1 (c = 1.01, CHCI,)). This complex could also be decomposed and 
dephosphorylated to provide (R)-21. 

~f)-7,7'-Bis(benzyloxy)-6.6'-dibromo-2,~-bis(dodecy1oxy)-1,1~binaphthyl(22). To a soh.  of 21 (1.0 g, 1.52 
mmol) in MeCN (50 ml) was added K2C03 (0.9 g, 6.51 mmol), and the mixture was stirred for 10 min before the 
addition of I-iodododecane (1.0 ml, 4.05 mmol). After refluxing for 12 h, the mixture was filtered through a pad of 
Celite, evaporated, and chromatographed (100 g of FO,, hexane+hexane/AcOEt 3:2): 22 (1.47 g, 98%). Yellow 
semi-solid. M.p. 60-62". IR (KBr): 2927, 1638, 1241. 'H-NMR (360 MHz, CDCI,): 0.84-1.40 (m,46 H); 3.65-3.75 
(m,2H);3.80-3.90(m,2H);4.68(q,AB,J= 12.7,4H);6.29(~,2H);6.95-7.00(m,4H);7.10-7.15(m,6H);7.20 
(d, J = 9.0, 2 H); 7.75 (d, J = 9.0, 2 H); 8.06 (s, 2 H). FAB-MS: 992 (M+). Anal. calc. for C58H72BrZ04 (993.0): 
C 70.15, H 7.31, Br 16.09; found: C 70.23, H 7.05, Br 15.91. 

(R)-22 ( [a ]$  = -82.80 (c = 1.01, CHCI,)) and (S)-22 ([a]$ = +82.43 (c = 1.02, CHCI,)) were prepared in a 
similar manner. 

J=9.0,2H);8.11 ( s , ~ H ) .  '3C-NMR(125.8MH~,CDC1,):70.28; 105.41; 109.60; 111.72; 116.17; 125.24; 126.70; 
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7,7'-Bis(benzyloxyj-2,~-bis(dode~yloxyj- I .I'-binuphthyl-6,6'-dicurboxylic Acid (23). To THF (74 ml) under 
Ar at -78'was added 1 . 6 ~  BuLi in hexane (1 1 .5 ml, 18.5 mmol), and the mixture was stirred for 15 min. A soh.  of 
22 (4.6 g, 4.6 mmol) in THF (16 ml) was added dropwise over 15 min and the resulting bright-yellow soln. stirred 
at -78" for 45 min. Pieces of dry ice were added rapidly to approximately double the volume, then the mixture was 
warmed to r.t. and CO, gas was bubbled through overnight at a moderate rate. The resulting yellow soln. was 
concentrated in vucuo, diluted with H 2 0  (200 ml), and washed with Et20 (3  x 300 ml). The aq. phase was acidified 
with conc. aq. HCl soln. and extracted with Et,O (2 x 300 ml). The org. layers were dried (MgSOJ and evaporated. 
Recrystallization from benzene (10 ml) and hexdne (120 ml) afforded 23 (3.70 g, 87%). Off white solid. M.p. 
106--107". 'H-NMR (500 MHz, CDCI,): 0.85-1.53 (m.  46 H); 3.80-3.94 (m, 4 H); 4.81 (4, AB, J = 12.0,4 H); 6.40 
(s,2H);6.93-7.21 (m, 10H); 7.30(d,J = 9.0, 2H); 8.01 ( d , J  = 9.0,2H);8.81 (s,2H); 10.90(br.s,2H). FAB-MS: 
923 (M').  Anal. calc. for C&H7.,08 (923.3): C 78.06, H 8.08,O 13.86; found: C 78.19, H 7.92,O 13.64. 

7,7- Bis (benzyloxy) -2,2'-bis(dodecyloxy) - N, N'-bis(6-methylpyridin-2-ylj-l, I'-binuphthyl-6,6'-dicurboxumide 
(24). To 23 (1.00 g, 1 . 1  mmol) in dry benzene (2.75 ml) was added dropwise oxalyl chloride (1.15 ml, 13.0 mmol). 
Evolution of HC1 gas was observed for 10 min, and the mixture was stirred at r.t. for an additional 15 min. 
Evaporation with heating (50') afforded the bis(acy1 chloride). Dry benzene (4 x 10 ml) was successively added and 
distilled off to ensure the complete removal of oxalyl chloride. To the crude bis(acy1 chloride) in pyridine (6.6 ml) 
was added 6-methylpyridin-2-amine (0.36 g, 3.3 mmol), and the mixture was stirred at r.t. for 3 hand then at 6Q-70" 
for 16 h. The yellow soln. was quenched with ice-cold H 2 0  (100 ml), and the aq. soln. was decanted from the 
resulting yellow solid. The solid was washed with 1 . 0 ~  aq. NaOH (SO ml), dissolved in CHCl, (50 ml), dried 
(MgSOJ, and evaporated. The orange oil was passed through a plug of Si02 (20 g) with hexane/AcOEt 4:1+3:2: 
24 (838 mg, 70%). Yellow solid. M.p. 91-92". IR (KBr): 3344, 1661, 1611, 1450. 'H-NMR (500 MHz, CDCI,): 
0.82-1.48 (m. 46 H); 2.41 (s, 6 H); 3.754.10 (m, 4 H); 4.85 (4. AB, J = 12.0,4 H); 6.48 (s, 2 H); 6.85 (d, J = 8.0, 
2 H); 7.10-7.24 (m, 10 H); 7.27 (d, J = 9.0,2 H); 7.59 ( t ,  J = 8.0,2 H); 8.01 (d, J = 9.0, 2 H); 8.24 (d, J = 8.0,2 H); 
8.86 (s, 2 H); 10.45 (s, 2 H). FAB-MS: 1103 (MH+). Anal. calc. for C7,H8,N40, (1103.5): C 78.37, H 7.86, N 5.08, 
0 8.70; found: C 78.55, H 8.07, N 5.06, 0 8.44. 

2,T-Bis (dodecyloxy) - 7,T-dihydroxy- N, N'-bis(6-methylpyridin-2-~vl)-I.I'-binuphthyl-6,6'-dicarboxumide (25). 
To 24 (100 mg, 0.09 mmol) in THF (4.5 ml) was added NH4(HCO2) (215 mg, 3.40 mmol) followed by 10% PdjC 
(37 mg, 0.04 mmol), and the mixture was refluxed for 1 h. The cooled soh.  was filtered through a plug of Celite, the 
plug washed with hot AcOEt, and the filtrate evaporated: 25 (87.6 mg, 95%). White foam. M.p. 267-268". IR 
(CHCI,): 3677, 1661, 1600, 1450. 'H-NMR (500 MHz, CDCI,): 0.56-1.55 (m, 46 H); 2.46 (s, 6 H); 3.90-3.96 (m, 
4H);6.58 (br.s,2H); 6.73(~,2H);6.934.99(m,2H);7.23 (d,J = 9.0,2H);7.65(1, J = 8.0,2H); 7.85(d,J = 9.0, 
2 H); 8.13 (m. 2 H); 8.26 (s, 2 H); 11.70 (s, 2 H). FAB-MS: 923 (MH+). Anal. calc. for C58H74N406 (923.3): C 75.46, 
H 8.08, N 6.07, 0 10.40; found: C 75.54, H 8.25, N 5.88,O 10.66. 

2,2'-Bis(dodecj~loxy) -7,7'-dimethoxy- N, "-his (6-methylpyridin-2-yl) - I .l'-binuphthyl-6,6'-dicurbo~u~ide (26). 
To 25 (46 mg, 0.049 mmol) in DMA (3.5 ml) was added Me,SO, (0.017 ml, 0.180 mmol) followed by K,CO, 
(29 mg, 0.21 mmol), and the mixture was stirred overnight. Addition of ice-cold H20 (3.5 ml) precipitated 26 
(27.4 mg, 59%). White solid. M.p. 99-100". IR (CHCI,): 3344, 1661, 1611, 1450. 'H-NMR (500 MHz CDCI,): 
0.86-1.56 (m, 46 H); 2.47 (s, 6 H); 3.71 (s, 6 H); 3.96-4.04 (m,  4 H); 6.59 (s, 2 H); 6.90 (d, J = 8.0, 2 H); 7.34 (d, 
J = 9.0, 2 H); 7.63 ( t ,  J = 8.0, 2 H); 8.03 (d, J = 9.0, 2 H); 8.27 (d, J = 8.0, 2 H); 8.86 (s, 2 H); 10.29 (s, 2 H). 
FAB-MS: 951 (MH'). HR-FAB-MS: 951.6010 (M', C,,H,,N,O~; calc. 950.5921). 

(f)-6,6'-Dibrumo-2,2'-bis(dodecyloxy)-l,l~-binaphthyl-7,7'-diol (29). To a soln. of 22 (5.0 g, 5.0 mmol) in 
CH2Cl2 (64 ml) was added BF3.0Et2 (7.0 ml, 57.0 mmol) followed by Me2S (64 ml), and the mixture was refluxed 
for 16 h. Solvent and Me,S were removed by distillation. The remaining orange oil was dissolved in Et,O (500 ml) 
and the soln. washed with cold H,O (5 x 1 I), dried (MgSO,), and evaporated: 29 (3.1 g, 76%). Light-pink oil. IR 
(CHCl,): 3240, 1614, 1253. 'H-NMR (500 MHz, CDCI,): 0.88-1.46 (m, 46 H); 3.87-3.98 (m, 4 H); 5.39 (s, 2 H); 
6.66 (s, 2 H); 7.25 (d, J = 9.0, 2 H); 7.76 (d, J = 9.0, 2 H); 8.01 (s, 2 H). FAB-MS: 812 (M+) .  Anal. calc. for 
C44H,oBr204 (812.8): C 65.02, H 7.44, Br 19.66; found: C 65.24, H 7.34, Br 19.64. 

(R)-29 ([a]:: = -36.22 (c = 1.00, CHCI,)) and (S)-29 ( [a ] :  = +36.62 (c = 1.00, CHCI,)) were prepared in a 
similar manner. 

( i)-6.6'-Dibr~mo-2,2'-bis(dode~yloxy/-7,7'-dim~thoxy-l,l~-binuphth.~l(30). To a soh.  of 29 (2.2 g, 2.7 mmol) 
in DMA (192 ml) was added Me2S04 (1.0 ml, 10.8 mmol) followed by K,CO, (1.6 g, 11.6 mmol). The mixture was 
stirred ar r.t. for 16 h, then diluted with H 2 0  (250 ml) and extracted with CH,CI, (4 x 250 ml). The combined org. 
layer was dried (MgSO,) and evaporated and the residue passed through a plug of SiO, (100 g), with hexane/AcOEt 
9:l: 30 (2.3, g, 100%). Light yellow solid. M.p. 55-56", IR (CHCI,): 1615, 1495, 1258. 'H-NMR (500 MHz, 
CDCl,):O.88-1.44(m,46H);3.55(s,6H);3.86--~3.99(n7,4H);6.47(s,2H);7.23(d,J=9.0,2H);7.77(d,J=9.0, 
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2 H); 8.05 (s, 2 H). FAB-MS: 840 (M+) .  Anal. calc. for C46H64Br204 (840.8): C 65.71, H 7.67, Br 19.01, 0 7.61; 
found: C 65.67, H 7.55, Br 19.04, 0 7.70. 

(R)-30 ([a]:: = -29.65 (c = 0.800, CHCI,)) and (S)-30 ([a]: = +29.77 (c = 0.890, CHCI,)) were prepared in a 
similar manner. 

(*) -22,27- Dibromo-4,5,7,8,10,11.13,14,16,17-decahydrodinaphtho[2,I-q:1',2'-s][1,4,7,10,13,16]hexaoxa- 
cycloicosin (50). Pentaethyleneglycol bis(to1uene-4-sulfonate) (14.86 g, 27.2 mmol) and 49 [20c] (10.00 g, 
22.5 mmol) were each dissolved in separate aliquots of THF (100 ml) and added under N, simultaneously via 
syringe pumps over 24 h to a vigorously stirred soh. of NaH (2.68 g, 0.1 1 mol) in THF (250 ml). The mixture was 
stirred for 3 d at r.t., quenched with MeOH, and evaporated. The residue was dissolved in CH2CI,, the soh. washed 
with deionized H 2 0  and Sat. aq. NaCl s o h ,  dried (MgSO,), and evaporated, and the residue chromatographed 
(400 g SO,, AcOEt): 50 (8.60 g, 52%). White solid. M.p. 134-136" ([45]: 133-137"). 'H-NMR (360 MHz, CDCI,): 
3.46(m, 16H);4.06,4.19(m,4H);6.95(d,J=9.0,2H);7.27(dd,J=9.0, 1.4,2H);7.49(d,J=9.0,2H);7.86(d, 
J = 9.0, 2 H); 8.01 (d, J = 9.0,2 H). 

(R)-50 ([a]:: = +8.42 ( c  = 1.01, THF)) and (S)-50 ([a]E = -9.54 ( c  = 0.597, THF)) were prepared in a 
similar manner. 

Bis(boronic Acid) Formation: General Procedure A .  To dry THF (15 ml) at -78" under Ar was added 1 . 6 ~  
BuLi in hexane (3.0 ml, 5.0 mmol). A soln. of the 6,6-dibromo-l,l'-binaphthyl derivative (1.0 mmol) in dry THF 
(3 ml) was added dropwise, and the mixture was stirred at  -78" for 45 min. Trimethyl borate (27 ml) was added 
rapidly. The mixture was warmed to r.t., then refluxed for 16 h under Ar, and evaporated. Partitioning between 2nr 
aq. HCI(40 ml) and Et2O (80 rnl), drying (MgSO,), and evaporation produced a quantitative yield of a yellow oil 
which was a mixture of bis(horonic acid), mono(boronic acid), and material where the Br-atoms had been 
exchanged by H-atoms. This crude mixture was used directly in the Suzuki coupling. 

2.2'-Bis(dodecyloxy)-I,I'-binaphthyl-6,6-bis(horonic Acid) (33). From 32 (3.5 g, 4.5 mmol) [~OC] using the 
General Procedure A : crude 33 (3.7 8). Yellow oil. 

(~)-7,7-Bis(benzyloxy)-2,2'-bis(dodecyloxy)-l.I'-binaphthyl-6.6-his(boronic Acid) (27). From 22 (2.0 g, 
2.0 mmol), using the General Procedure A : crude 27 (2.0 g). Yellow oil. 

(R)-27 and (S)-27 were prepared in a similar manner. 
(i)-2,~-Bis(dodecyloxy)-7,7'-dimethoxy-l,l~-binapht~iyl-6,4-his(boronic Acidi(31). From 30 (2.2 g, 2.6 

(R)-31 and (S)-31 were prepared in a similar manner. 
( ~)-4,5.7,8,10,11,13,14,16,17-Decahydrodinaphtho[2,1- q: l',Y- s/[ 1,4,7,10,13,16]hexaoxacycloicosin-22,27- 

bis(horonic Acid) (51). From 50 (2.74 g, 3.74 mmol), using the General Procedure A : crude 51 (2.49 9). Yellow oil. 
(R)-51 and (SF51 were prepared in a similar manner. 
'Suzuki Couplings': General Procedure B. To the crude bis(boronic acid) (1.0 mmol) in EtOH (6 ml) and 

benzene (22 ml) was added the aryl halide (2.0 mmol), a soh.  of Na2C03 (218 mg, 2.0 mmol) in H,O (10 ml), and 
[PdCI,(PPh,)J (102 mg, 0.1 mmol). The resulting two-phase mixture was refluxed for 16-20 h. The cooled mixture 
was diluted with AcOEt (25 ml) and washed with sat. aq. NaHC03 soln. (2 x 25 ml) and sat. aq. NaCl soh. (2 x 25 
ml). The org. phase was dried (MgS04) and evaporated and the oily residue purified by chromatography. 
Recrystallization first from MeCN (+yellow crystals), then from AcOEt/hexane produced the desired target 
compounds, generally as white solids. 

( .ti- N, N'- {[2,2'-Bis(dodecyloxy) - 1  ,I'-binaphthalene-6,6-diyl]dipyridine-6,2-diyl~bis[acetamide] (9). From 
33 (711 mg, 1.0 mmol) and N-(6-bromopyridine-2-yl)acetamide [28] (430 mg, 2.0 mmol) using the General 
Procedure B. Chromatography (SO,, hexane/AcOEt 4:1+3:2) afforded 9 (650 mg, 73% overall yield from 32). 
Brown foam. M.p. 76-78', IR (CHCI,): 3418,1691,1575,1449. 'H-NMR(500 MHz, CDCI,): 0.87-1.45 (m, 46 H); 
2.25(~,6H);3.81-4.02(m,4H);7.25(d,J=9.0,2H);7.46(d,J=9.0,2H);7.56(dd,J=7.0, 1.0,2H);7.77(m, 
4 H); 7.95 (s, 2 H); 8.05 (d, J = 9.0, 2 H); 8.13 (d, J = 9.0, 2 H); 8.47 (d, J = 2.0, 2 H). I3C-NMR (125.8 MHz, 
CDCI,): 14.10; 22.67; 24.79; 25.66; 29.14; 29.36; 29.34; 29.50; 29.61; 29.63; 31.90; 69.60; 111.71; 116.04; 116.33; 
120.26; 124.47; 126.02; 126.29; 129.10; 129.97; 133.56; 134.53; 139.05; 150.99; 155.32; 155.91. FAB-MS: 892 
(MH+). Anal. calc. for C,,H,,N,O, (891.3): C 78.16, H 8.37, N 6.29; found: C 78.23, H 8.48, N 6.13. 

(R)-9 ([a]: = -96.4 (c = 1.01, CHCI,)) and (S)-9 ([a]:: = +96.4 (c = 1.00, CHCI,)) were prepared in a similar 
manner. 

( i) -N. N -  ([ 7,7'-Bis(benzyloxy) -2,2'-his(dodecyloxy) - I ,lf-binaphthalene-6,6-diyl]dipyridine-6,2-diy!) his- 
[acetamide] (10). From 27 (742 mg, 0.8 mmol) and N-(6-bromopyridin-2-yI)acetamide (344 mg, 1.6 mmol) using 
the General Procedure B. Chromatography (SO,, hexane/AcOEt 4:1+3:2) afforded 10 (591 mg, 67% overall yield 
from 22). The subsequent recrystallizations gave an off-white solid. M.p. 132-133". IR (KBr): 3350, 1692, 1625. 
IH-NMR (360 MHz, CDCI,): 0.88 (1, J = 7.2, 6 H); 1.00-1.50 (m, 40 H); 2.24 (s, 6 H); 3.70-3.75 (m, 2 H); 

mmol), using the General Procedure A :  crude 31 (1.9 g). Yellow oil. 
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3.85-3.95(m,2H);4.69(y,AB,J =4.6,4H);6.55(s,2H);6.95-7.05(m,4H);7.10-7.15(m,6H);7.25(d,J=9.0, 
2H);7.60~-7.75(m,4H);7.93(d,J=9.0,2H);8.03(~,2H);8.14(d,J=9.0,2H);8.22(s ,2H).  I3C-NMR(125.8 
MHz, CDCI,): 14.1 I ;  22.68, 24.77; 25.69; 29.20; 29.35; 29.37; 29.54; 29.63; 29.66; 31.91; 69.39; 69.70; 105.60; 
111.73; 113.65; 119.10; 121.41; 124.62; 126.99; 127.38; 127.63; 128.21; 129.42; 130.73; 135.39; 136.69; 137.97; 
150.79; 154.30; 154.47; 155.53. FAB-MS: 1104 (MH+). Anal. calc. for C,2H,6N40,,H20 (1  121.5): C 77.11, 
H7.91,N5.00;found:C76.90,H7.78,N4.97. 

(R)-10 ([ulg = -100.98 (c = 0.0551, CHCI,)) and (S)-10 ( [a ]$  = t-100.29 (c = 0.0558, CHCI,)) were pre- 
pared in a similar manner. 

( i j - N , N ' - { [2,2'- Bis (dodecyloxy) - 7,T- dime I h a y  - 1,1'- hinaphthalene-6.6' - diyl/dipyridine-6,2-diyl) bis[acet- 
umide] (11). From 31 (618 mg, 0.8 mmol) and N-(6-bromopyridin-2-yl)acetamide (344 mg, 1.6 mmol) using the 
Generul Procedure B. Chromatography (SiO,, hexane/AcOEt 4:1+3:2) afforded 11 (396 mg, 52% overall yield 
from 30). The subsequent recrystallizations gave an off-white solid. M.p. 176-177". IR (CHCI,): 3417, 1694, 1625, 
1573, 1449. 'H-NMR (500 MHz, CDCI,): 0.86 ( I ,  J = 7.2, 6 H); 0.98-1.44 (m.  40 H); 2.21 (s, 6 H); 3.47 (s, 6 H); 
3 .84 .0  (nt, 4 H); 6.56 (s, 2 H); 7.27 (d ,  J = 9.0, 2 H); 7.53 (dd, J = 8.0, 1.0, 2 H); 7.70 ( t ,  J = 8.0, 2 H); 7.89 (d, 
J = 9.0, 2 H); 7.95 (s, 2 H); 8.10 (d, J = 8.0, 2 H); 8.13 (s, 2 H). I3C-NMR (125.8 MHz, CDCl,): 14.09; 22.67; 
24.75; 25.74; 29.21; 29.34; 29.41; 29.51; 29.53; 29.62; 29.63; 31.09; 55.20; 69.41; 103.93; 113.34; 121.23; 124.57; 
129.55; 130.67; 138.03; 150.76; 151.91; 154.52; 155.50. FAB-MS: 952(MH+). Anal.calc. forC,oH,xN,06(951.3): 
C 75.76, H 8.26, N 5.89; found: C 75.76, H 8.07, N 5.73. 

(R)-11 ( [u ]?  = -74.53 (c = 0.0475, CHCI,)) and (S)-11 ( [a ]$  = f74.10 (c = 0.0478, CHCI,)) were prepared 
in a similar manner. 

N,N'- {[2,2'- Bis(dodecyloxy) -7,7'-dihydroxy-l.l'-b~naphthalene-6,6'-diyl]dipyridine-6,2-d~yl )bis[acetamide] 
(28). To 10 (150 mg, 0.13 mmol) in THF (6.8 ml) was added NH,(HCO,) (320 mg, 5.07 mmol) followed by 10% 
PdjC (55 mg, 0.06 mmol), and the mixture was refluxed for 1 h. The cooled soh.  was filtered through a plug of 
Celifc, the plug washed with hot AcOEt, and the filtrate evaporated: 28 (120.0 mg, 100%). White solid. M.p. 
267-268". IR (CHCI,): 3677, 3289, 1689, 1600, 1572. 'H-NMR (500 MHz, (CD&SO): 1.21 ( t ,  J = 7.0, 6 H); 
1.33-1.77(m,40H);3.60(s,6H);4.27-4.41 (m,4H);6.82(s,2H);7.62(d,J=9.0,2H);8.20-8.23(m,4H);8.29 
(d, J = 9.0, 2 H); 8.35-8.37 (m ,  2 H); 8.79 (s, 2 H); 10.98 (s, 2 H); 12.94 (s, 2 H). FAB-MS: 923 (MH'). Anal. calc. 
for CSxH7,N4O, (923.3): C 75.46, H 8.08, N 6.07, 0 10.40; found: C 75.36, H 8.15, N 5.90, 0 10.37. 

N-/6-Bromopyridin-2-yl)-N'-butylureu (34). To a soln. of 6-bromopyridin-2-amine [28] (2.0 g, 12.0 mmol) in 
warmp-xylene (6 ml), butyl isocyanate (1.3 ml, 12.0 mmol) was added. The mixture was heated to 80' for 2 h. 
Evaporation, purification by plug filtration (SiO,, AcOEt/hexane 4:l), and recrystallization from pentane pro- 
duced 34 (2.0 g, 55Y0). Yellow needles. M.p. 74-76". 1R (CHCI,): 3206, 1672, 1583. 'H-NMR (500 MHz, CDCI,): 
0.99(nt,3H); 1.49-1.63(m,4H);3.24-3.46(m,2H);6.74(d,J=8.0, 1 H);7 .03 (d , J=8 .0 ,  IH);7.43(t ,J=8.0,  
1 H); 8.05 (br. s, 1 H); 8.78 (br. s, 1 H). "C-NMR (500 MHz, CDCI,): 13.76; 20.13; 31.72; 39.65; 110.50; 120.05; 
137.79; 140.07. FAB-MS: 272 (M+). Anal. calc. for C,,H,,BrN,O (272.2): C 44.13, H 5.19, N 15.44; found: 
C 44.34, H 5.26, N 15.41. 

N, N - { [2,2'- Bis(dodecy10xj~) -I,]' - hinaphthalene-6,6 -diyl]d@yridirie-6,2-diyl) his[ N',N"'- butylurea] (36). 
From 33 (71 1 mg, 1.0 mmol) and 34 (430 mg, 2.0 mmol) using the General Procedure B.  Chromatography (SO2, 
hexanejAcOEt 3:2 + AcOEt) afforded 36 (101 mg, 10% overall yield from 32). The subsequent recrystallizations 
gave a white solid. M.p. 159-160". IR (CHCI,): 3233, 1672, 1589. 'H-NMR (500 MHz, CDCI,): 0.81-1.66 (m, 60 
H);3.37-3.41 (m,4H);3.91~.02(m,4H);6.53(d,J=8.0,2H);7.03(br .s ,2H);7.24(m,2H);7.34(d,J=8.0,  

2 H); 9.62 (br. s, 2 H). FAB-MS: 1005 (MH'). Anal. calc. for CMH8,N,04.2 H 2 0  (1041.5): C 73.81, H 8.90, 
N 8.07; found: C 73.71, H 8.71, N 7.62. 

N,N" - ([7,7' - Bis(henzyloxj1) - 2,2' - his(dodecyloxy) - 1.1' - hinaphthalene- 6,6' -diyl]dipyridinc- 6,2-diy1)bis- 
[N',N"'-hu?ylurea] (37). From 27 (1.39 g, 1.5 mmol) and 34 (0.65 g, 3 mmol) using the General Procedure B. 
Chromatography (SO,, hexane/AcOEt 7:3+AcOEt) afforded 37 (0.51 g, 28% overall yield from 22). The 
subsequent recrystallizations gave a light orange solid. M.p. 146-148". IR (CHCI,): 3233, 1672, 1583. 'H-NMR 
(500 MHz. CDCI?): 0.84-1.66 (m. 60 H); 3.37-3.42 (m ,  4 H); 3.79-3.97 (m. 4 H); 4.73 (q,  AB, J = 12.0, 4 H); 6.58 

(1 ,  J = 8.0, 2 H); 7.92 (d, J = 9.0, 2 H); 8.21 (s, 2 H); 9.81 (br. s, 2 H). FAB-MS: 1218 (MH+). Anal. calc. for 
C78HIOON6O6(1217.7):C76.94,H8.28,N6.90,O7.64;found:C77.11,H8.30,N6.80,O7.64. 

N , N  - ((22 - Bis (dodecyloxy) - 7,T -dimelhoxy- 1 .I' - bbiuphthalene-6,6' -diyl]dipyridine-6,2-diyl)bis[ N,N"'- 
butylurea] (38). From 31 (618 mg, 0.8 mmol) and 34 (344 mg, 1.6 mmol) using the General Procedure B. 
Chromatography (SO,, hexane/AcOEt 3:2+AcOEt) afforded 38 (128 mg, 15 % overall yield from 30). The 
subsequent recrystallizations gave a white solid. M.p. 99-100". IR (CHCI,): 3223,1676, 1590. 'H-NMR (500 MHz, 

2H);  7.46 (d,J =9.0,2H);7.61 ( t , J  = 8.0,2H); 7.67(dd,J = 9.0,2.0,2H); S.OO(d,J =9.0,2H);  8.35(d,J = 2.0, 

(d, J = 8.0, 2 H); 6.60 (s, 2 H); 6.94 (s, 2 H); 6.97-7.12 (in, 10 H); 7.27 (WI, 2 H); 7.56 (dd, J = 8.0, 1.0, 2 H); 7.61 
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CDCI,): 0.79 (t.  J = 7 . 3 ,  6 H); 0.85 ( t ,  J = 7 . 0 ,  6 H); 1.01-1.60 (m, 48 H); 3.35-3.39 (m, 4 H); 3.51 (s, 6 H); 
3.924.01 (m, 4 H); 6.51 (d, J = 8.0, 2 H); 6.62 (s, 2 H); 6.75 (s, 2 H); 7.29 (d, J = 9.0, 2 H); 7.40 (d, J = 8.0, 2 H); 
7.58 ( t .  J = 8.0, 2 H); 7.88 (d, J = 9.0,2 H); 8.1 1 (s, 2 H); 9.73 (br. s, 2 H). FAB-MS: 1066 (MH'). Anal. calc. for 
C66H92Nb0b (1065.5): C 74.40, H 8.70, N 7.89; found: C 74.39, H 8.81, N 7.66. 

N-/6-Bromopyridin-2-yl)- N'-phenylurea (35). To a s o h  of 6-bromopyridin-2-amine (1.0 g, 6.0 mniol) in 
warmp-xylene (3 ml), phenyl isocyanate (0.630 ml, 6.0 mmol) was added, and the mixture was stirred at r.t. for 1 h. 
The formed solid was collected by filtration and recrystallized from EtOH (125 ml): 35 (1.1 g, 63%). White 
material. M.p. 189-190". IR (CHCI,): 3204, 1690, 1594, 1560. 'H-NMR (500 MHz, CDCI,): 6.78 (d, J = 8.0, 1 H); 

FAB-MS: 293 (MH+). Anal. calc. for C,2H,,BrN,O (292.1): C 49.34, H 3.45, N 14.38; found: C 49.42, H 3.63, 
N 14.09. 

N, N"- ([2,2'- Bis(dodecyloxy j - I  .I,- binuphthalene-6,6 -diyl]dipyridine-6.2-diyl) bis[ N',N"'-phenylurea] (39). 
From 33 (71 I mg, 1.0 mmol) and 35 (430 mg, 2.0 mmol) using the General Procedure B. Chromatography (SiO,, 
hexane/AcOEt 7:3+1:1) afforded 39 (178 mg, 17% overall yield from 32). M.p. 168-170°. IR (KBr): 3433, 1689, 
1622, 1589. 'H-NMR (500 MHz, CDCI,): 0.87 ( t ,  J = 7.0, 6 H); 0.99-1.49 (m,  40 H); 3.984.09 (m, 4 H); 6.65 (br. 

(45 = 8.0,4H); 7.71 (m,2H);7.77 (d, J = 8.0,2H);8.08(d,J = 9.0,2H);8.51 (d ,J  = 2.0,2H); 12.32(br.s, 2H). 

N 7.76. 
N,N"- {[7,7'- Bis(benzy1oxy) -2.2'- bis(dodecyloxy/ - 1.1'- binaphthalene-6,6'-diyl]dipyridine-6,2-diyl}bis- 

/ N',N"'-phenylureaj (40). From 27 (927 mg, 1 .O rnrnol) and 35 (430 mg, 2.0 mmol) using the General Procedure B. 
Chromatography (SO2, hexane/AcOEt 7:3-*1:1) afforded 40 (402 mg, 32% overall yield from 22). The subse- 
quent recrystallizations gave a white solid. M.p. 105-108". IR (KBr): 3434, 1689, 1623, 1585. 'H-NMR (500 MHz, 
CDC1,): 0.80-1.50 (m, 46 H); 3.75-4.00 (m, 4 H); 4.71 (s, 4 H); 6.63 (s, 2 H); 6.64 (d, J = 8.0, 2 H); 6.91-7.19 (m, 
14H);7.19(s,2H);7.23-7.30(m,4H);7.60-7.67(m,8H);7.96(d,~=9.0,2H);8.34(s,2H);12.55(br.s,2H). 
FAB-MS: 1258 (MH'). Anal. calc. for Cg2H9,N606 (1257.7): C 78.31, H 7.37, N 6.68; found: C 78.04, H 7.33, 
N 6.66. 

N ,N"- {[2,2' - Bis(dodecy1oxy) - 7 7  - dimethoxy - I ,  I' - binuphthalene- 6,6  - diylldipyridine- 6.2-diyl) bis[ N',N"'- 
phenylurea] (41). From 31 (464 mg, 0.6 mmol) and 35 (258 mg, 1.2 mmol) using the General Procedure B. 
Chromatography (SO2, hexane/AcOEt 4:1+3:2) afforded 41 (93 mg, 14% overall yield from 30). The subsequent 
recrystallizations gave an off-white solid. M.p. 184-185". IR (CHCI,): 3430,1689,1620,1583. 'H-NMR (500 MHz, 

2 H); 7.01-7.12 (m, 4 H); 7.12 (s, 2 H); 7.26 (m, 2 H); 7.36 (d, J = 8.0, 2 H); 7.54 (dd, J = 8.0, 1.0, 2 H); 7.60 
(dd,J=9.0, 1 .0 ,4H);7.69(t ,J=8.0,2H);7.97(d,J=9.0,2H);8.29(~,2H);  12.49(br.s,2H).FAB-MS: 1106 
(MH'). Anal. calc. for C,,Hg,N,O, (1 105.5): C 76.06, H 7.66, N 7.60; found: C 76.08, H 7.90, N 7.41. 

N,N'-{[2.2'-Bis(dodecyloxy)-7,~-dimethoxy-l,l~-binuphtha~ene-6,6-diyl]di(~,R-naphthyridine-2,7-diyl) }bis- 
[uceromide] (42). From 31 (387 mg, 0.5 mmol) and N-('l-chloro-l,8-naphthyridin-2-y1)acetamide [~OC] [31] 
(221 mg, 1.0 Inmol) using the General Procedure B. Chromatography (Si02, AcOEt/hexane 3:2-+4:1) afforded 42 
(105 mg, 20% overall yield from 30). The subsequent recrystallizations gave a yellow solid. M.p. 145-146". IR 
(CHCI,): 3156, 1670, 1467. 'H-NMR (500 MHz, CDCI,): 0.86 ( t ,  J = 7.0, 6 H); 1.05-1.53 (m, 40 H); 2.30 (s, 6 H); 

8.21 (d, J = 9.0, 2 H); 8.34 (s, 2 H); 8.50 (d, J = 9.0, 2 H); 8.67 (s, 2 H). FAB-MS: 1053 (MH+). Anal. calc. for 
C6,H80N,0, (1053.4): C 75.25, H 7.65, N 7.98; found: C 75.54, H 7.53, N 7.85. 

(=k) - N,N' - {(4,5,7,R,lO,ll,l3,14,16,17 - Deeuhydrodinaphtho[2,1- q:1',2' - s][1,4,7,10,13,16]hexuoxacyclo- 
icosin-22,27-diyljdipyridine-6.2-diyl~bis[ncetamide] (48). From 51 (3.94 g, 5.92 mmol) and N-(B-bromopyridin-2- 
y1)acetamide (2.45 g, 1 1.30 mmol) using the General Procedure 3. Chromatography (Si02, AcOEt) afforded 48 
(1.21 g, 23% overall yield from 50). Subsequent recrystallization from CH2C12/Et20 gave an off-white solid. M.p. 
149-152". IR (KBr): 3365, 1700, 1540, 1100. 'H-NMR (500 MHz, CDCI,): 2.23 (s, 6 H); 3.55 (m, 16 H); 4.08,4.22 
(2m, 4 H); 7.23 (d,  J = 9.0, 2 H); 7.52 (d, J = 9.0, 2 H); 7.60 (d, J = 8.0, 2 H); 7.70 ( t ,  J = 8.0, 2 H); 7.77 
(dd, J = 9.0, 2.0, 2 H); 7.99 (s,  2 H); 8.05 (d, J = 9.0,2 H); 8.12 (d, J = 8.0,2 H); 8.46 (d, J = 2.0, 2 H). I3C-NMR 
(125.8 MHz, CDCI,): 24.76; 69.74, 70.63; 70.82; 111.87; 116.40; 120.15; 124.71; 126.01; 126.34; 129.30; 130.16; 

7 .11-7 .15(~1,3H);7 .37(~~,2H);7 .52( t , J=8 .0 ,  lH);7.62(dd,J=8.0,  l .O, lH);7.74(s , lH);  11 ,15(~ ,1H) .  

~,2H);7.00-7.06(m,4H);7.27(m,4H);7.35(d,J=8.0,2H);7.44(d,J=8.0,2H);7.52(d,J=9.0,2H);7.66 

FAB-MS: 1046 (MH'). Anal. d c .  for C&,oN@4 (1045.4): C 78.13, H 7.71, N 8.04; found: C 77.85, H 7.78, 

CDC1,):0.87(t,J=7.0,6H); 1.03-1.54(m,40H);3.52(~,6H);3.984.10(m,4H);6.65(d,J =8.0,2H);6.71 (s, 

3.56(~,6H)~3.96-4.04(~,4H)~6.65(~,2H)~7.31(d,J=9.0,2H);8.00(d,J=9.0,2H);8.10(d,J= 1.2,4H); 

133.87; 134.37; 139.14; 151.06; 155.23; 155.78; 168.76. HR-FAB-MS: 757.3237 (MH+, C,H4,N40T; calc. 
757.3237). Anal. calc. for C44H,N,0,.2 H 2 0  (792.9): C 66.65, H 6.10, N 7.07; found: C 66.88, H 5.80, N 6.79. 

(R)-48 ([a12 = -134.5 (c = 0.505, THF)) and (S)-48 ( [a]$ = +134.1 (c = 0.507, THF)) were prepared in a 
similar manner. 
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