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In this article, we report on the synthesis and conformation of a new family of aromatic oligoamide
foldamers based on binaphthol (BINOL) monomers. A series of oligomers with differing chirality of the
individual BINOL building blocks and mixed sequences of alternate BINOL and pyridyl building blocks
has been synthesized and structurally characterized. NMR and quantum chemical calculations on the
basis of ab initio MO theory were performed to obtain insight into the conformational features of these
oligomers. It is shown that the combination of these inherently chiral aromatic building blocks provides

a novel access to a wide variety of conformationally ordered synthetic oligomers with diverse and dazzling
structural architectures distinct from those classically observed.

Introduction design, oligomers containing different residues of independent
conformational preferences were recently suggested. For in-

Foldamers are synthetic oligomers with discrete folding stance, several groups demonstrated thAthybrid peptides

propensities similar to biopolymet2. In the past decade,
foldamer research has attracted immense attehtioNumerous (3) () Smith, M. D. Fleet, G. W. I. Peptide Sci1999 5, 425-441.
examples show that foldamers are well-suited to mimic peptide (b) Kirschenbaum, K.; Zuckerman, R. N.; Dill, D. &urr. Opin. Struct.
structures and that they contribute to a deeper understanding ofiol. 1999 9, 530-535. (c) Stigers, K. D.; Soth, M. J.; Nowick, J.Gurr.

; ; ; Opin. Chem. Biol1999 3, 714-723. (d) Venkatraman, J.; Shankaramma,
the structure and function of biopolymers. The discovery of S. C.. Balaram, PChem. Re. 2001, 101, 31313152, (e) Cubberley, M.

foldamers with biological activi/and special material proper- s |verson, B. LCurr. Opin. Chem. Biol2001, 5, 650-653. (f) Cheng,
ties’ was of particular importance and increased the activities R. P.; Gellman, S. H.; DeGrado, W. Ehem. Re. 2001, 101, 3219-3232.

; i i (g) Sanford, A. R.; Gong, BCurr. Org Chem.2003 7, 1649-1659. (h)
to fI.Td n?]\./el f(t))lldatr)nerr? \.Nlth dll\llerS? balt:kbone structures not Martinek, T. A.; Fulop, F.Eur. J. Biochem2003 270, 3657-3666. (i)
easily achievable by their small molecule counterp%rts. Sanford, A. R.; Yamato, K.; Yang, X.; Yuan, L.; Han, Y.; Gong, Bur.

Extensive investigations by several groups led to the genera-J. Biochem2004 271, 1416-1425. (j) Seebach, D.; Beck, A. K.; Bierbaum,
tion of a myriad of such synthetic oligomers with diverse D.J.Chem. Biodi. 2004 1, 1111-1239. (k) Huc, I.Eur. J. Org. Chem.

. 2004 1, 17-29. (I) Cheng, R. PCurr. Opin. Struct. Biol2004 14, 512—
59 . : ;
backbone structurés>® To extend the repertoire of foldamer g5 (m) Kritzer, J. A.; Stephens, O. M.; Guarracino, D. A.; Reznik, S. K.;

Schepartz, ABioorg. Med. Chem2005 13, 11-16. (n) Licini, G.; Prins,
* Corresponding authors. Tel.: 91-020-25893153; fax: 91-020-25893153. L. J.; Scrimin, P.Eur. J. Org. Chem2005 6, 969-977. (o) Fulop, F;

* Division of Organic Synthesis, National Chemical Laboratory. Martinek, T. A.; Toth, G. KChem. Soc. Re2006 35, 323-334. (p) Stone,

* Central Material Characterization Division, National Chemical Laboratory. M. T.; Heemstra, J. M.; Moore, J. 8cc. Chem. Re2006 39, 11-20. (q)

8 Central NMR Facility, National Chemical Laboratory. Li, X.; Yang, D. Chem. Commun200§ 32, 3367-3379. (r) Franz, N.;

'Universitd Leipzig. Kreutzer, G.; Klok, H-A.Synlett2006 12, 1793-1815. (s) MacKenzie, K.

(1) Gellman, S. HAcc. Chem. Red998 31, 173-180. R.Chem. Re. 2006 106, 1931-1977. () Seebach, D.; Hook, D. F.; @la

(2) Hill, D. J.; Mio, M. J.; Prince, R. B.; Hughes, T. S.; Moore, J. S.  A. Biopolymers2006 84, 23—37. (u) Davis, J. M.; Tsou, L. K.; Hamilton,
Chem. Re. 2001, 101, 3893-4011. A. D. Chem. Soc. Re 2007, 36, 326—-334.
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composed of alternately changirng and S-amino acid con-
stituents showed convincing evidence for the formation of
special helix type3? We ourselves have recently provided
theoretical insight into the helix formation propensities in
o,B-, o,y-, andp,y-hybrid peptided! Furthermore, the poten-
tial of using unconventional foldamer building blocks for the

design of protein secondary structure mimics has also been

described?

In an effort to augment the repertoire of conformational space
available for foldamer design, we recently suggested novel
hybrid foldamers composed of conformationally constrained
o-amino acid/aromatic amino acid building blocks as sub-
units1314 The investigation of hybrid foldamers consisting of
intrinsically constrained amino acid residues of independent
conformational preferences resulted in the discovery of a
foldamer that stabilizes a polymeric array of water clusters held
dexterously by the backbone amide groups of the foldamer with
a peculiar architectur®. It is noteworthy that the exploration
of conformationally ordered synthetic oligomers interacting with

Baruah et al.

(AFPs) and anti-freeze glyco proteins (AFGPsPur hybrid
foldamer strategy involving the use of constrainedmino acid/
aromatic amino acid-conjugated building blocks as subunits also
revealed a novel Pro-Amb-derived foldamer with perigditirn
motifs, which is extensively stabilized by intramolecular
hydrogen bonding¥!

In this article, we report on the synthesis and conformation
of a new family of BINOL-based foldamers. These foldamers
are characterized by the occurrence of inherently chiral BINOL
building blocks in the backbone. It was anticipated that the
introduction of BINOL building blocks of varying chiralities
in the foldamer backbones would lead to a great number of
oligomers with diverse conformations and intriguing structural
architectures.

Results and Discussion

1,1-Bi(2-naphthols), popularly known as BINOLs, exhibit
the phenomenon of atropisomerism, a type of stereocisomerism

water molecules enables a better understanding of the muchoccurring in systems where the rotation around a single bond

debated issue of water interaction with anti-freeze proteins

(4) Hawker, C. J.; Wooley, K. LScience2005 309, 1200-1205.

(5) Shi, Z.; Chen, K; Liu, Z.; Kallenbach, N. Rhem. Re. 2006 106,
1877-1897.

(6) (a) Choi, S.; Clements, D. J.; Pophristic, V.; lvanov, V.; Vemparala,
S.; Bennett, J. S.; Klein, M. L.; Winkler, J. D.; DeGrado, D.Anhgew.
Chem., Int. Ed2005 44, 6685-6689. (b) Porter, E. A.; Wang, X.; Lee,
H.-S.; Weisblum, B.; Gellman, S. HNature200Q 404, 565. (c) Hook, D.

F.; Bindschdler, P.; Mahajan, Y. R.; Sebesta, R.; Kast, P.; Seebach, D.
Chem. Biodi. 2005 2, 591-632. (d) Arvidsson, P. |.; Ryder, N. S.; Weiss,
H. M.; Hook, D. F.; Escalante, J.; Seebachdhem. Biodi. 2005 2, 401~
420. (e) Steer, D. L.; Lew, R. A.; Perimutter, P.; Smith, A. I.; Aguilar, M.
I. Curr. Med. Chem2002 9, 811-822. (f) Sagan, S.; Milcent, T.; Ponsinet,
R.; Convert, O.; Tasseau, O.; Chassiang, G.; Lavielle, S.; Lequigu®.

J. Biochem?2003 270, 939-949. (g) Gopi, H. N.; Ravindra, G.; Pal, P. P.;
Pattanaik, P.; Balaram, H.; Balaram, FEBS Lett.2003 535, 175-178.

(h) Arnold, U.; Hinderaker, M. P.; Nilsson, B. L.; Huck, B. R.; Gellman,
S. H.; Raines, R. TJ. Am. Chem. So2002 124, 8522-8523. (i) Karlsson,

A. J.; Pomerantz, W. C.; Weisblum, B.; Gellman, S. H.; Palecek, 3. P.
Am. Chem. SoQ006 128 12630-12631. (j) Sadowsky, J. D.; Fairlie, W.
D.; Hadley, E. B.; Lee, H. S.; Umezawa, U.; Nikolovska-Coleska, Z.; Wang,
S. M.; Huang, D. C. S.; Tomita, Y.; Gellman, S. Bl. Am. Chem. Soc.
2007, 129, 139-154.

(7) Cornelissen, J. J. L. M.; Donners, J. J. J. M.; de Gelder, R,
Graswinckel, W. S.; Metselaar, G. A.; Rowan, A. E.; Sommerdijk, N. A. J.
M.; Nolte, R. J. M.Science2001, 293 676-680.

(8) Estroff, L. A.; Incarvito, C. D.; Hamilton, A. DJ. Am. Chem. Soc
2004 126, 2—3.

(9) (a) Chakraborty, T. K.; Srinivas, P. S.; Madhavendra, S.; Kiran, K.
S.; Kunwar, A. CTetrahedron Lett2004 45, 3573-3577. (b) Sinkeldam,
W. R.; Houtem, H. C. J. V.; Koeckelberghs, G.; Vekemans, J. A. J. M.;
Meijer, E. W.Org. Lett.2006 8, 383-385. (c) Schmitt, M. A.; Choi, S.
H.; Guzei, I. A,; Gellman, S. HJ. Am. Chem. SoQ006 128 4539-
4540. (d) Dong, Z.; Karpowicz, R. J.; Bai, S., Jr.; Yap, G. P. A,; Fox, J. M.
J. Am. Chem. So@006 128 14243-14244. (e) Zhang, A.; Ferguson, J.
S.; Yamato, K.; Zheng, C.; Gong, Brg. Lett.2006 8, 5117-5120. (f)
Martinek, T. A.; Mandity, I. M.; Fulop, L.; Toth, G. K.; Vass, E.; Hollosi,
M.; Forro, E.; Fulop, FJ. Am. Chem. SoQ006 128 13539-13544. (g)
Goto, H.; Katagiri, H.; Furusho, Y.; Yashima, E.Am. Chem. So2006
128 7176-7178. (h) Nanda, V.; DeGrado, W. F. Am. Chem. So2006
128 809-816. (i) Masu, H.; Mizutani, I.; Kato, T.; Azumaya, |.; Yamaguchi,
K.; Kishikawa, K.; Kohmoto, SJ. Org. Chem2006 71, 8037-8044. (j)
Gillies, E. R.; Dolain, C.; Leger, J.-M.; Huc, 0. Org. Chem2006 71,
7931-7939. (k) Tomasini, C.; Luppi, G.; Monari, Ml. Am. Chem. Soc
2006 128 2410-2420. (1) Srinivasulu, G.; Kiran, K. S.; Sharma, G. V.
M.; Kunwar, A. C.J. Org. Chem2006 71, 8395-8400. (m) Sharma, G.
V. M.; Jadhav, V. B.; Ramakrishna, K. V. S.; Jayaprakash, P.; Narsimulu,
K.; Subhash, V.; Kunwar, A. CJ. Am. Chem. SoQ006 128 14668~
14657. (n) Sharma, G. V. M.; Jayaprakash, P.; Narsimulu, K.; Ravisankar,
A.; Ravinder, R. K.; Radhakrishna, P.; Kunwar, A. &hgew. Chem., Int.
Ed. 20086 45, 2944-2947. (0) Sharma, G. V. M.; Subhash, V.; Narsimulu,
K.; Ravisankar, A.; Kunwar, A. CAngew. Chem., Int. EQ006 45, 8207~
8210. (p) Schmitt, M. A.; Weisblum, B.; Gellman, S. H.Am. Chem. Soc
2007, 129, 417-428.
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is restricted to allow for different stereoisomé$s he BINOL
building blocks required for the present study were synthesized
in an optically pure form by starting from 3-hydroxy-2-naphthoic
acid in 12 steps. The oligomets—d were then assembled by

a segment doubling strategy as described in Scheme 1. The
racemic BINOL ested, obtained by the oxidative coupling of

a methyl ester of 3-hydroxy-2-naphthoic agidvas saponified

to furnish the BINOL bis-acid, which was subjected to kinetic
resolution using a leucine methyl ester as the base to afford
both R and S antipodes 06.17 Both R and S antipodes of the
BINOL acid 6 were subjected to a series of transformations
involving Curtius rearrangement as a key step to furnish the
BINOL bis-amines R)-9 and §)-9. The oligomerd were made
accessible by coupling excess BINOL aminB§-9/(S)-9 with

the acid chloridesS)-7/(R)-7 followed by capping the terminal
amines as trifluoroacetamides (Scheme 1).

All efforts to investigate the solid-state conformation of the
trimersla—d by X-ray studies did not succeed since diffraction-
quality crystals could not be grown in any of the cases. There-
fore, NMR and quantum chemical studies were performed to
obtain insight into the conformational features of the oligomers.

All oligomers are highly soluble in nonpolar organic solvents
(>>100 mM in CDC}) at ambient temperature. Thus, it can be
concluded that the polar hydrogen-bonding groupssefd are

(10) (a) Hayen, A.; Schmitt, M. A.; Ngassa, F. N.; Thomasson, K. A,;
Gellman, S. HAngew. Chem., Int. EQ004 43, 505-510. (b) De Pol, S;;
Zorn, C.; Klein, C. D.; Zerbe, O.; Reiser, @ngew. Chem., Int. EQ004
43,511-514. (c) Sharma, G. V. M.; Nagendar, P.; Jayaprakash, P.; Krishna,
P. R.; Ramakrishna, K. V. S.; Kunwar, A. 8ngew. Chem., Int. ER005
44, 5878-5882.

(11) (a) Baldauf, C.; Gunther, R.; Hofmann, H.Biopolymers2006
84, 408-413. (b) Baldauf, C.; Gunther, R.; Hofmann, H3JOrg. Chem.
2006 71, 1200-1208.

(12) Kendhale, A.; Gonnade, R.; Rajamohanan, P. R.; Sanjayan, G. J.
Chem. Commurk00§ 2756-2758.

(13) Srinivas, D.; Gonnade, R.; Ravindranathan, S.; Sanjayan, G. J.
Tetrahedron2006 62, 10141-10146.

(14) Baruah, P. K.; Sreedevi, N. K.; Gonnade, R.; Ravindranathan, S.;
Damodaran, K.; Hofmann, H.-J.; Sanjayan, GJ.JOrg. Chem2007, 72,
636—639.

(15) For a review, see: Harding, M. M.; Anderberg, P. |.; Haymet, A.
D. J.Eur. J. Biochem2003 270, 1381-1392.

(16) Williams, P. L.; Giralt, EChem. Soc. Re 2001, 30, 145-157.

(17) Cram, D. J.; Helgeson, R. C.; Peacock, S. C.; Kaplan, L. J.; Domeier,
L. A.; Moreau, P.; Koga, K.; Mayer, J. M.; Chao, Y.; Siegel, M. G.;
Hoffman, D. H.; Dotsevi, G.; Sogah, Y. Org. Chem1978 43, 1930~
1946.
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SCHEME 1. Synthesis of BINOL-Based 2-D Foldamers lad?
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(R)-6 (X = CO2H, Ry= Me)
|: (R)-7 (X = COCI, Ry= Me)
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(S)-5 (X = CO2H, R{= H)
(S)-6 (X = CO2H, R4= Me)
> (S)-7 (X =COCl, Ry= Me)
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/
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R}7 ——> [R)(R)R)Ma
(8)-7 0 [(S)(S)(S)-1b P SN

R7 X (RYS)RIHG

H.
N
O)\CF3 F3C/&O
1

aReagents and conditions: (i) MeOHx$, (cat.), reflux, 24 h; (ii) Cu(OH)CITMEDA (cat.), MeOH, reflux, 48 h; (iii) KOH, MeOH, reflux, 2 h; (iv)
leucine methyl ester (resolution); (v) (a) dimethyl sulfateCKs, acetone, refluxé h and (b) KOH, MeOH, reflux, 2 h; (vi) oxalyl chloride, DCM, DMF
(cat.), rt, 2 h; (vii) NaN, acetone, water, 15 min; (viii) benzene, reflux, 1 h; (ix) NaOH, benzene, water, reflux, 1 R){8)X4 equiv), triethylamine, DCM;
(xi) TFA, DCC, DCM; and (xii) ©-9 (4 equiv), triethylamine, DCM.

strongly involved in intramolecular hydrogen bonding, prevent-  Conformational investigations in solution by 2-D NOESY
ing the formation of polymeric aggregat®sThe 'H NMR studies (400 MHz, CDG) clearly support the existence of
spectra (400 MHz) of all oligomers show well-resolved single bifurcated hydrogen-bond arrangementsla-d. One of the
sets of signals in CD@lat ambient temperature, which confirm  most characteristic NOE interactions that can be anticipated for
that these oligomers exist in a single conformation. The signal such a bifurcated hydrogen-bonded network w8h%- and -
assignments were made using a combination of 2-D COSY, 6-type arrangement$would be the dipolar coupling between
HMBC, HSQC {H—13C), HSQC {H—5N), and NOESY NMR the aryl NH and the adjacent aryloxy methyls. The analysis of
experiments (for details, see the Supporting Information). It the 2-D NOESY data (Figure 1) indeed revealed the existence
should be mentioned that the pairs of enantiomers of the of such dipolar couplings. Furthermore, the characteristic NOE
oligomers R)(RI(R/(S((9 and R)(S(R/(G(R)I(S show

identical’H spectra, suggesting their mirror-image architecture.  (18) Etter, M. C.Acc. Chem. Re<.99Q 23, 120-126.

J. Org. ChemVol. 72, No. 14, 2007 5079
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FIGURE 1. Partial 2-D NOESY spectra dfb (400 MHz, CDC}) showing characteristic NOE interactions. The chemical structure with selected

labeled atoms is also shown to facilitate the signal assignments.

[(S)SNS)H1b

[(SHR)S)He

FIGURE 2. Structural architecture of the oligomets—d obtained
at the HF/6-31G* level of ab initio MO theory. The positioning of the
BINOL enantiomers R and §) is given along with the compound
number.

interactions between aryl-NH and the adjad@raryloxymethyls

0X10*(degreesM 'cm™)

U
450 500

T
400

U
350
Wavelenth(nm)

T
300

FIGURE 3. CD spectra of the oligomersa—d (8.019 x 107 M,
acetonitrile).

Additional support for the prevalence of intramolecular hydro-
gen bonds came from DMSG@ titration studies oflaand1d
as representative examples (for details, see the Supporting Infor-
mation). All the NH signals appear downfield, suggesting their
involvement in extensive hydrogen-bonding interactions. They
show little shifting when the solutions dfa and1d were gra-

strongly suggest their syn orientation, thereby making space for dually titrated with DMSOds (Ad < 0.09 ppm), which confirms
the (§-5-type hydrogen-bonded arrangement. This is a common their involvement in strong intramolecular hydrogen bonding.

feature in O-alkoxy arylamines and a prerequisite for the

bifurcated hydrogen bondi#jin (S-5- and §)-6-type arrange-

To obtain insight into the backbone structures lafd,
guantum chemical calculations at the HF/6-31G* level of ab

ments!® A strong support of the perpendicular disposition of initio MO theory and the B3LYP/6-31G* level of density

the napthyl rings in BINOLs, as seen in their crystal structre,

functional theory (DFT) were performed. It is noteworthy that

is the characteristic nOes observed between the methoxy anddoth approximation levels are reliable enough to describe the

the peripheral aryl protons of the adjacent napthyl rings.

(19) Sanford, A. R.; Yamato, K.; Yang, X.; Yuan, L.; Han, Y.; Gong,
B. Eur. J. Biochem2004 271, 1416-1425.

(20) Li, X.; Hewgley, J. B.; Mulrooney, C. A.; Yang, J.; Kozlowski, M.
C. J. Org. Chem2003 68, 5500-5511.
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conformational characteristics of peptides and peptide foldam-
ers?122

Both formalisms, the HF/6-31G* level of ab initio MO theory
and the B3LYP/6-31G* level of DFT, provide the conformers
visualized in Figure 2, in perfect agreement. Their detailed
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SCHEME 2.

(0]
(S)7 + HZN/Q\NJ\OK

t

10

JOC Article

Synthesis of BINOL Pyridine-Based Hybrid Foldamers 2a,b

C Py €D
<D

L &S

e} o 3 0o
C{NH H-N
N\H H/ N\Rz

R{
i

:11 R1=R2="'BOC
! 12R1=180C, R2 = H

iii
B —

(87 + 12

[(S)(S)(S)I-2a

R+ 12 [(S)(R)(S)l-2b 2

aReagents and conditions: (i) triethylamine, THF, rt; (ii) Nal, TMSCI, acetonjtéila and then MeOH reflux, 1 h; and (iii) triethylamine, THF, 8D,
4 h.

structural data are given in the Supporting Information. The backbone structure of the oligomers, alleviating alternate
calculations validate two sets of intramolecular bifurcated conformers. A closer inspection further reveals that the four
hydrogen bonds with §)-5- and ©-6-type arrangements, oligomer sets are composed of two oligomer subsets with their
as evidenced from NMR studies (vide supra). It should be noted non-superimposable mirror-image&)(R)(R) vs (9(S(S and

that conformational alternatives of the methoxy groups do not (R)(9(R) vs (9(R)(9); a fact that is clearly vindicated by their
influence the backbone conformation as long as the intramo- mirror-image circular dichroism (CD) profiles (vide infra).
lecular hydrogen bonds are allowed to be maintained. Obviously, To obtain insight into the CD signature of these novel

the bifurcated hydrogen-bonded networks wigr%- and §)-
6-type arrangemenitsand the conformationally locked naphthyl

rings restrict the conformational space considerably and fix the

(21) (a) Head-Gordon, T.; Head-Gordon, M.; Frisch, M. J.; Brooks, C.
L.; Pople, J. AJ. Am. Chem. S0d991 113 5989-5997. (b) Ramek, M.;
Cheng, V. K. W.; Frey, R. F.; Newton, S. Q.; Sééa L. J. Mol. Struct.
1991, 231, 1-10. (c) Bdhm, H.-J.; Brode, SJ. Am. Chem. S0d991, 113
7129-7135. (d) Frey, R. F.; Coffin, J.; Newton, S. Q.; Ramek, M.; Cheng,
V. K. W.; Momany, F. A.; Scher, L. J. Am. Chem. S04992 114, 5369
5377. (e) Gould, I. R.; Kollmann, P. Al. Phys. Chem1992 96, 9255~
9258. (f) Rommel-Male, K.; Hofmann, H.-JJ. Mol. Struct.1993 285
211-219. (g) Alema, C.; Casanovas, J. Chem. Soc., Perkin Trans. 2
1994 563-568. (h) Endredi, G.; Perczel, A.; Farkas, O.; McAllister, M.
A.; Csonka, G. |.; Ladik, J.; Csizmadia, |. G. Mol. Struct.1997, 391,
15-26.

oligomers, we recorded their CD spectra (Figure 3). CD

(22) (a) Wu, Y.-D.; Wang, D.-PJ. Am. Chem. Sod.998 120, 13485~
13493. (b) Wu, Y.-D.; Wang, D.-Rl. Am. Chem. S0d.999 121, 9352
9362. (c) Zanuy, D.; Aleritg, C.; Mufoz-Guerra, Sint. J. Biol. Macromol.
1998 23, 175-184. (d) Mdnle, K.; Hofmann, H.-JJ. Peptide Resl998
51, 19-28. (e) Mdhle, K.; Ginther, R.; Thormann, M.; Sewald, N.;
Hofmann, H.-JBiopolymersl999 50, 167—184. (f) Gunther, R.; Hofmann,
H.-J.J. Am. Chem. So®001, 123 247-255. (g) Gunther, R.; Hofmann,
H.-J. Helv. Chim. Acta2002 85, 2149-2168. (h) Baldauf, C.; Guher,
R.; Hofmann, H.-JHelv. Chim. Acta2003 86, 2573-2588. (i) Baldauf,
C.; Ginther, R.; Hofmann, H.-JI. Org. Chem2004 69, 6214-6220. (j)
Baldauf, C.; Gather, R.; Hofmann, H. J1. Org. Chem?2005 70, 5351~
5361. (k) Baldauf, C.; Guther, R.; Hofmann, H.-Angew. Chem., Int. Ed.
2004 43, 1594-1597. (I) Beke, T.; Csizmadia, I. G.; Perczel, AComput.
Chem.2004 25, 285-307.
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FIGURE 4. Structural architecture of the hybrid oligometa (left)
and2b (right) obtained at the HF/6-31G* level of ab initio MO theory.
The two oligomers consisting of three BINOL building blocks differ
only in the positioning of the BINOL enantiomeiR &ndS). 2a: [(9-
(9(9] and 2b: [(S(R(S)].

spectroscopy is a useful tool to investigate the secondary
structure of peptides and synthetic oligom&$he CD spectra

of the BINOL foldamersla—d were recorded in acetonitrile at
8.019 x 1074 M. As expected, mirror-image CD profiles are
clearly evident for the oligomers with opposite chirality. It
should be mentioned that the pairs of enantiom&)$R)(R)/
(999 and R(SR/(Y(R)(9), respectively, show identical
IH NMR spectra, which further confirms their mirror-image
architecture at the oligomer level.

For a further demonstration of the overwhelming ability of
BINOL foldamer building blocks to breed dazzling structural
architectures, we designed and synthesized the BINOL pyridine-
based hybrid foldamer structura and2b, which differ only
in their chirality (Scheme 2).

Baruah et al.

organic solvents$100 mM in CDC}) at ambient temperature,
suggesting the involvement of the pre-organized hydrogen-
bonding groups in intramolecular hydrogen-bonded interactions.
Thus, the formation of polymeric aggregates can again be
excludedt?

The characteristic nOes supporting the bifurcated hydrogen-
bonding arrangement and the perpendicular orientation of the
napthyl rings in BINOLSs are clearly visible (for details, see the
Supporting Information). Besides, the strong involvement of all
amide NHs in intramolecular hydrogen bonding is supported
by DMSO-ds titration studies (for details, see the Supporting
Information).

The structures obtained at the HF/6-31G* and B3LYP/6-31G*
levels are in good agreement. Figure 4 shows that the hybrid
oligomers2a and 2b have strongly different shapes, although
they only differ in the chirality of the same building block. In
both foldamers, extensive hydrogen-bonding interactions of the
three-centeredyj-4-type are visible, which is a common feature
found in bis-acylated 2,6-aminopyridin&sin addition to the
(9-4-type interactions, bifurcated hydrogen-bonding interactions
can also be seen involving the amino pyridine NHs.

Conclusion

It is shown that aromatic oligoamide foldamers based on
BINOL building blocks are able to form conformationally
ordered structures even in short oligomers. By different
combinations of the enantiomers of the same building block, it
becomes possible to induce controlled changes of the direction
of the oligomeric strands obtaining access to a great number of
diverse structural architectures distinct from those classically
observed. In principle, such an immense conformational diver-
sity could be achieved by all rigid aromatic building blocks,
whose backbones are inherently chiral. Apart from the vast
family of conformationally restricted biaryf8,spirobiindanol%®
and conformationally restricted aryl amidésnight also be
suited for the design of such novel foldamer structures.

Again, the synthesis was based on the segment doublingCurrently, we are working in this direction.

strategy. Reaction of excess mono-boc-2,6-diaminopyribiiie
with the (§-BINOL acid chloride §)-7 gave the bis-boc-
protected diaminé& 1, which after mono-boc-deprotection with
trimethy! silyl iodide followed by coupling with the BINOL
acid chloride §-7 provided the hybrid foldame2a, wherein
all three BINOLs are in th& configuration. The hybrid foldamer

Experimental Section

N3,N?-Bis-(R,R)-(2,2-dimethoxy-3-(2,2,2-trifluoroacetamido)-
1,2-binaphthyl-3-yl)-(R)-2,2-dimethoxy-1,1-binaphthyl-3,3'-di-
carboxamide 1a.To a solution of 2,2dimethoxy-1,1-binaphthyl-
3,3-dicarboxylic acid R)-6'728(0.52 g, 1.3 mmol, 1 equiv) in dry

2b was made accessible by reacting the mono-boc-protectedpcM (5 mL), oxalyl chloride (0.45 mL, 5.2 mmol, 4 equiv) and a

amine 12 with BINOL acid chloride R)-7. Herein, the three
BINOL building blocks have anS)(R)(S) configuration. Also,

for the oligomer2a and2b, single crystals suitable for X-ray
studies could not be obtained. Thus, their conformation was
investigated again on the basis of NMR and quantum chemical
studies.

The arguments for the existence of an extensive intramo-
lecular hydrogen-bonding network coming from experimental
studies on the oligomerka—d can be repeated for the hybrid
foldamers2a and 2b. Both are highly soluble in nonpolar

catalytic amount of DMF were added. The reaction mixture was
stirred fa 2 h atroom temperature. The solvent was stripped off
under reduced pressure and dried under high vacuum. The resulting
acid chloride was dissolved in dry DCM (3 mL) and slowly added
to a solution of 2,2dimethoxy-1,1-binaphthyl-3,3-diamine R)-

929 (1.78 g, 5.2 mmol, 4 equiv) in dry DCM (10 mL) containing
triethylamine (0.9 mL, 6.5 mmol, 5 equiv). The reaction mixture
was stirred at room temperature for 12 h. The solvent was stripped
off under reduced pressure, and a solution of dry DCM (10 mL)
containing trifluoroacetic acid (1.15 mL, 15.5 mmol, 12 equiv) and
dicyclohexylcarbodiimide, DCC (3.20 g, 15.5 mmol, 12 equiv) was

(23) (a) Buffeteau, T.; Ducasse, L.; Poniman, L.; Delsuc, N.; Huc, I.
Chem. Commun2006 2714-2716. (b) Woody, R. W. InCircular
Dichroism Principles and Applicationdlakanishi, K.; Berova, N.; Woody,
R. W., Eds.; VCH Publishers: New York, 1994; Ch. 17. @ircular
Dichroism and the Conformational Analysis of Biopolymdfasman, G.
D., Ed.; Plenum Publishing: New York, 1996.

(24) Berl, V.; Huc, I.; Khoury, R. G.; Lehn, J.-MChem—Eur. J.2001
7, 2798-2809.
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(25) Hassan, J.;"'S@non, M.; Gozzi, C.; Schulz, E.; Lemaire, @hem.
Rev. 2002 102, 1359-14609.

(26) Molteni, V.; Rhodes, D.; Rubins, K.; Hansen, M.; Bushman, F. D.;
Siegel, J. SJ. Med. Chem200Q 43, 2031-2039.

(27) Ates, A.; Curran, D. PJ. Am. Chem. So@001, 123 5130-5131.

(28) Nakajima, M.; Miyoshi, |.; Kanayama, K.; Hashimoto, 5.0rg.
Chem.1999 64, 2264-2271.

(29) Hungerhoff, B.; Metz, PTetrahedron1999 55, 14941-14946.
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added to the residue at°C. After stirring the reaction mixture for
12 h at room temperature, DCU was filtered off, and the solvent

JOC Article

60.9; MALDI-TOF MS: 1270.2 (M+ Na); Anal. Calcd for
C7oHs50FeN4O10: C = 69.34, H= 4.20, N= 4.49; Found: C=

was evaporated under vacuum to afford a crude product, which 69.29, H= 4.35, N= 4.67.

was further purified by column chromatography. Yield: 2.13 g
(68.7%); mp 229-231°C; [o]p = —124.6 € = 1.01, THF); IR
(CHCly) v (cm™1): 3396.4, 3305.8, 3018.4, 2935.5, 2856.4, 1726.2,
1699.2, 1664.5, 1529.5, 1350.1, 1309.6, 1215.1, 100R. MR
(400 MHz, CDC¥): 6 10.85 (s, 2H), 9.41 (s, 2H), 9.06 (s, 2H),
8.95 (s, 2H), 8.88 (s, 2H), 8.13 (m, 2H), 7.99 (m, 2H), 7.90 (m,
2H), 7.54 (m, 2H), 7.42 (m, 6H), 7.20 (m, 6H), 7.10 (m, 4H), 3.53
(s, 6H), 3.30 (s, 6H), 3.11 (s, 6H)*C NMR (100 MHz, CDC}):

tert-Butyl 6-(3'-(6-(tert-Butyloxycarbonylamino)pyridin-2-yl-
carbamoyl)-(S)-2,2-dimethoxy-1,1-binaphthyl-3-carboxamido)-
pyridin-2-ylcarbamate 11. To a solution of 2,2dimethoxy-1,1-
binaphthyl-3,3-dicarboxylic acid §-6'72° (2.5 g, 6.2 mmol, 1
equiv) in dry DCM (15 mL), oxalyl chloride (2.17 mL, 24.9 mmol,
4 equiv) and a catalytic amount of DMF were added. The reaction
mixture was stirred fo2 h atroom temperature. The solvent was
stripped off under reduced pressure, and the residue was dried under

0 163.6, 155.2, 154.9, 154.5, 154.1, 153.3, 147.2, 146.4, 135.7, high vacuum. The resulting diacid chlorid§){7 was dissolved in
134.6,131.3,131.0, 130.3, 130.2, 129.7, 128.9, 128.4, 127.7, 126.6dry THF (10 mL) and added slowly to a solution of mono-boc-
126.1, 126.0, 125.9, 125.7, 125.5, 125.4, 125.1, 123.1, 122.6, 119.92,6-diaminopyridinel(?* (2.6 g, 12.4 mmol, 2 equiv) in dry THF

118.9, 118.8, 117.0, 114.2, 111.3, 62.1, 61.0, 60.7; MALDI-TOF
MS: 1270.3 (M + Na), 1286.4 (M+ K); Anal. Calcd for
C72H52F6N4010: C = 69.34, H= 4.20, N= 4.49; Found: C=
69.09, H= 4.01, N= 4.62.
N3,N¥-Bis-(S,9)-(2,2-dimethoxy-3-(2,2,2-trifluoroacetamido)-
1,2-binaphthyl-3-yl)-(S)-2,2-dimethoxy-1,1-binaphthyl-3,3'-di-
carboxamide 1b.Compoundlb was synthesized according to the
procedure described fdra (Scheme 1). Yield: 2.3 g (74%); mp
223-226 °C; [a]p = +124.0 € = 0.91, THF); IR (CHC}) v

(cm™1): 3396.4, 3315.4, 3064.7, 3014.5, 2941.2, 2873.7, 1726.2,

(15 mL) containing triethylamine (2.6 mL, 18.6 mmol, 3 equiv).
After stirring the reaction mixture fo4 h atroom temperature, it
was filtered and directly purified by column chromatography.
Yield: 3.49 g (71.6%); mp 285C; [a]p = +186.2 € = 0.992,
THF); IR (CHCk) v (cm™%): 3423.4, 3330.8, 3018.4, 2979.8,
2937.4, 1730.0, 1672.2, 1585.4, 1504.4, 1454.2, 1303.8, 1215.1,
1155.3;'H NMR (400 MHz, CDC}): ¢ 10.31 (s, 2H), 8.96 (s,
2H), 8.11 (m, 4H), 7.75 (m, 2H), 7.69 (m, 2H), 7.52 (m, 2H), 7.39
(m, 2H), 7.14 (m, 2H), 3.41 (s, 5H), 1.49 (s, 18MC NMR (100
MHz, CDCk): ¢ 163.2, 153.2, 152.2, 150.5, 149.8, 140.5, 135.5,

1666.4, 1581.5, 1537.2, 1492.6, 1458.1, 1411.8, 1350.1, 1244.00,134.5, 130.2, 129.7, 128.9, 126.0, 125.6, 125.3, 125.2, 108.8, 108.0,

1211.2, 1151.4, 1002.9H NMR (400 MHz, CDC}): 6 10.84 (s,
2H), 9.40 (s, 2H), 9.05 (s, 2H), 8.94 (s, 2H), 8.87 (s, 2H), 8.12 (m,
2H), 7.99 (m, 2H), 7.89 (m, 2H), 7.54 (m, 2H), 7.42 (m, 6H), 7.2
(m, 6H), 7.09 (m, 4H), 3.52 (s, 6H), 3.29 (s, 6H), 3.10 (s, 6},
NMR (100 MHz, CDC): & 163.6, 155.2, 154.8, 154.5, 154.1,

80.9, 62.0, 28.1; ESI mass: 785.2 (M1), 807.2 (M+ Na); Anal.
Calcd for G4H44NgOs: C = 67.33, H=5.65, N= 10.71; Found:
C = 67.14, H=5.82, N= 10.69.

tert-Butyl 6-(3'-(6-Aminopyridin-2-ylcarbamoyl)-( S)-2,2-
dimethoxy-1,1-binaphthyl-3-carboxamido)pyridine-2-ylcarbam-

153.3,147.2,146.4, 135.7,134.6, 131.3, 131.2, 131.0, 130.3, 130.2ate 12.To a solution ofL1 (1.5 g, 1.9 mmol, 1 equiv) and sodium
129.7,128.9,128.4, 127.7, 126.6, 126.1, 126.0, 125.9, 125.7, 125.5jodide (0.86 g, 5.7 mmol, 3 equiv) in dry acetonitrile (20 mL), dry
125.4,125.3,125.1, 123.1, 122.6, 119.9, 118.9, 118.8, 117.0, 114.2TMSCI (0.37 mL, 2.9 mmol, 1.5 equiv) was slowly added, and the

111.3, 62.1, 61.0, 60.7; MALDI-TOF MS: 1270.3 (M Na),
1286.2 (M+ K), Anal. Calcd for GoHsoFsN4Oqp: C = 69.34, H
= 4.20, N= 4.49; Found: C=69.13, H= 4.31, N= 4.59.
N3,N¥-Bis-(S,9)-(2,2-dimethoxy-3-(2,2,2-trifluoroacetamido)-
1,2-binaphthyl-3-yl)-(R)-2,2-dimethoxy-1,1-binaphthyl-3,3'-di-
carboxamide 1c.Compoundlc was synthesized according to the
procedure described fdra (Scheme 1). Yield: 2.1 g (67.7%); mp
239-241°C; [o]p = —43.5 ¢ = 1.1, THF); IR (CHC}) v (cm™1):

mixture was stirred for 2 h. The reaction mixture was stripped off
the solvent, and the residue was dissolved in methanol (40 mL)
and heated to reflux fol h to decompose the unstable silylated
amine. The solvent was then evaporated under reduced pressure,
and the crude produdf2 obtained was dried and used for the next
step without further purification. ESI mass: 685.1 (M1).

tert-Butyl 6-(3'-(6-(3-(6-(3-(6-(tert-Butyloxycarbonylamino)-
pyridin-2-ylcarbamoyl)-( S)-2,2 -dimethoxy-1,1-binaphthyl-3-

3396.4, 3317.3, 3062.8, 3018.4, 2943.2, 2871.8, 2837.1, 1728.0,carboxamido)pyridin-2-ylcarbamoyl)-(S)-2,2 '-dimethoxy-1,1-
1666.4, 1581.5, 1537.2, 1492.8, 1454.2, 1411.8, 1350.1, 1309.6,binaphthyl-3-carboxamido)pyridin-2-ylcarbamoyl)-(S)-2,2-

1217.0, 1151.4, 1001.0H NMR (400 MHz, CDC): 6 10.69 (s,
2H), 9.40 (s, 2H), 9.03 (s, 2H), 8.97 (s, 2H), 8.90 (s, 2H), 8.10 (m,
2H), 8.00 (m, 2H), 7.92 (m, 2H), 7.47 (m, 6H), 7.36 (M, 2H), 7.24
(M, 4H), 7.18 (m, 4H), 7.10 (m, 2H), 3.55 (s, 6H), 3.32 (s, 6H),
3.22 (s, 6H)13C NMR (100 MHz, CDC}): 6 163.7, 155.1, 154.8,

dimethoxy-1,1-binaphthyl-3-carboxamido)pyridine-2-
ylcarbamate 2a.To a solution of 2,2dimethoxy-1,1-binaphthyl-
3,3-dicarboxylic acid §-6 (0.2 g, 0.5 mmol, 1 equiv) in dry DCM

(5 mL), oxalyl chloride (0.17 mL, 2 mmol, 4 equiv) and a catalytic
amount of DMF were added. The reaction mixture was stirred for

154.4,154.0,153.1, 147.4, 146.4, 135.5, 134.5, 131.3, 131.0, 130.92 h at room temperature. The solvent was stripped off under reduced
130.3,129.6, 128.7, 128.3, 127.7, 126.6, 126.2, 126.0, 125.9, 125.8 pressure, and the residue was dried under high vacuum. The
125.7,125.4,125.2,125.1, 123.2,122.4, 119.9, 119.1, 118.9, 117.0yesulting diacid chlorideS)-7 was dissolved in dry THF (5 mL)

114.1, 111.3, 62.1, 61.0, 60.9; MALDI-TOF MS: 1270.5 (M
Na), 1286.6 (M+ K); Anal. Calcd for G,HsFeN4O10: C = 69.34,
H = 4.20, N= 4.49; Found: C= 69.57, H= 4.29, N= 4.71.
N3,N¥-Bis-(R,R)-(2,2-dimethoxy-3-(2,2,2-trifluoroacetamido)-
1,2-binaphthyl-3-yl)-(S)-2,2-dimethoxy-1,1-binaphthyl-3,3'-di-
carboxamide 1d.Compoundld was synthesized according to the
procedure described fdra (Scheme 1). Yield: 1.9 g (61.3%); mp
242-244°C; [o]p = +40.9 €= 1.05, THF); IR (CHC}) v (cm™1):

and added slowly to a solution 2 (0.71 g, 1 mmol, 2.1 equiv)

in dry THF (10 mL) containing triethylamine (0.2 mL, 1.5 mmol,

3 equiv) at room temperature. The reaction mixture was warmed
at 50°C for 4 h, filtered, and directly adsorbed on silica gel and
purified by column chromatography. Yield: 0.59 g (68.4%); mp
>300°C; [a]p = —186.1 € = 1.3, THF); IR (CHC}) v (cm™Y):
3421.5, 3334.7, 3018.4, 2979.8, 2939.2, 1730.0, 1681.8, 1583.5,
1504.4, 1454.2, 1305.7, 1217.0, 1153 NMR (400 MHz,

3398.3, 3307.7, 3064.7, 3020.3, 2943.2, 1726.2, 1664.5, 1581.5,CDCl): 6 10.22 (s, 2H), 10.14 (s, 2H), 10.10 (s, 2H), 8.97 (s,
1541.0, 1492.8, 1458.1, 1411.8, 1350.1, 1309.6, 1215.1, 1001.0;2H), 8.90 (s, 2H), 8.85 (s, 2H), 8.26 (m, 4H), 8.04 (m, 8H), 7.89

IH NMR (400 MHz, CDC}): 6 10.69 (s, 2H), 9.39 (s, 2H), 9.02
(s, 2H), 8.95 (s, 2H), 8.89 (s, 2H), 8.08 (m, 2H), 7.98 (m, 2H),
7.90 (m, 2H), 7.44 (m, 6H), 7.34 (m, 2H), 7.20 (m, 8H), 7.09 (m,
2H), 3.54 (s, 6H), 3.31 (s, 6H), 3.21 (s, 6H3C NMR (100 MHz,
CDCl): 6 163.8, 155.2, 154.9, 154.5, 154.1, 153.1, 147.4, 146.4,

(m, 2H), 7.73 (m, 2H), 7.64 (m, 2H), 7.50 (m, 2H), 7.37 (m, 8H),
7.24 (m, 2H), 7.05 (m, 8H), 3.39 (s, 3H), 3.36 (s, 6H), 1.44 (s, 18
H); 13C NMR (100 MHz, CDC4): ¢ 163.0, 153.1, 152.9, 151.9,
150.1, 150.0, 149.4, 140.6, 135.4, 135.2, 134.5, 134.3, 130.1, 130.0,
129.7,129.6,128.9, 128.7, 126.1, 125.3, 125.1, 110.8, 110.5, 108.9,

135.6, 134.6, 131.4, 131.1, 130.9, 130.4, 130.3, 129.7, 128.7, 128.4107.9, 80.9, 61.9, 28.0; MALDI-TOF MS: 1758.4 (M- Na),
127.8,126.7,126.2, 126.1, 126.0, 125.9, 125.7, 125.5, 125.2, 125.11774.5 (M+ K); Anal. Calcd for GoHgeN12016: C = 70.58, H=
123.2,122.5, 119.9, 119.2, 118.9, 117.0, 114.2, 111.3, 62.1, 61.1,4.99, N= 9.68; Found: C= 70.40, H= 5.13, N= 9.46.
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tert-Butyl 6-(3'-(6-(3-(6-(3-(6-(tert-Butyloxycarbonylamino)- (m, 2H), 7.89 (m, 6H), 7.64 (m, 2H), 7.53 (m, 4H), 7.45 (m, 4H),
pyridin-2-ylcarbamoyl)-( S)-2,2-dimethoxy-1,1-binaphthyl-3- 7.39 (m, 2H), 7.31 (m, 6H), 7.03 (m, 6H), 3.36 (s, 6H), 3.32 (s,
carboxamido)pyridin-2-ylcarbamoyl)-(R)-2,2 -dimethoxy-1,1- 6H), 3.27 (s, 6H), 1.36 (s, 18 H)*C NMR (100 MHz, CDC}): ¢
binaphthyl-3-carboxamido)pyridin-2-ylcarbamoyl)-(S)-2,2 - 163.7,163.4, 153.0, 152.8, 152.7, 152.0, 150.2, 149.9, 140.7, 140.6,
dimethoxy-1,1-binaphthyl-3-carboxamido)pyridine-2- 135.7, 135.6, 135.3, 134.6, 133.5, 130.2, 130.1, 130.0, 129.7, 129.5,

ylcarbamate 2b. Compound2b was synthesized according to the  128.9, 128.8, 126.6, 126.2, 126.0, 125.5, 125.4, 125.3, 125.2, 110.8,
procedure described f@a (Scheme 2). Yield: 0.57 g (66%); mp  110.5, 108.9, 108.1, 81.0, 62.1, 62.0, 61.9, 28.0; MALDI-TOF
>300°C; [a]p = +62.3 € = 1.02, THF); IR (CHC}) v (cm™%): MS: 1758.5 (M + Na), 1774.6 (M+ K); Anal. Calcd for
3334.7, 3020.32, 2983.7, 2941.2, 1730.0, 1677.9, 1583.5, 1504.4,C;0HgeN120:6. C = 70.58, H= 4.99, N= 9.68; Found: C=
1454.2, 1303.8, 1215.1, 115534 NMR (400 MHz, CDC}): o 70.64, H= 5.06, N= 9.51.
10.06 (s, 2H), 10.00 (s, 2H), 9.95 (s, 2H), 8.99 (s, 2H), 8.90 (s, Quantum Chemical Calculations.All calculations were per-
2H), 8.45 (s, 2H), 8.30 (m, 2H), 8.24 (m, 2H), 8.11 (m, 2H), 8.03 formed employing the program package Gaussiaff 08imerical

data and structural details are given in the Supporting Information.
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