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A novel cyclic trimer and tetramer of protecteggiglycamino acids were synthesized and investigated on
conformation and assembly formation. A characteristic point of these cgdligcamino acids is their better
solubility than other cycligg-amino acids due to the pyranose rings. Thus, the assembling process of the cyclic
molecules could be examined by CD or NMR spectroscopy. FT-IR and NMR measurements and geometry
optimization revealed a highly symmetric and planar conformation for each @rpleptide with alltransamide

groups. The amide groups in the cyclic peptides took a vertical orientation against the cyclic skeleton to be
suitably arranged for intermolecular hydrogen bonds, which should promote formation of molecular assembly in
a columnar structure through molecular stacking. These cpetieptides were successfully crystallized to yield
rod-shaped molecular assemblies in nanometer sizes. Evidence for the columnar structure in the crystals was
obtained by electron diffraction analysis, which showed a layer spacing of ca. 4.8 A. Interestingly, the molecular
assembly of the cyclic trimer showed a high aspect ratio, width less than 40 nm, and length moreuthan 2
suggesting stable molecular stacking in the column.

Introduction the solubility problem is still required for applications of the
nanotubes to wide aspects.

Sugar amino acids (SAAs) are pyranoid or furanoid contain- ~ Under these backgrounds, we designed here novel cyclic
ing amino and carboxyl grougs? In recent decades,-SAAs 8 pB-peptides composed gESAAs and investigated their molec-
B-SAAs? 11 y-SAAs!? §-SAAs3716 and alkylated-SAAY ular assembling propertie8:SAA with a pyranose ring as the
have been investigated widely on synthesis, conformation, side chain is expected to improve solubility of its cyclic
secondary structures of their homooligomers, and biological oligomers due to the multiple hydroxyl groups. Further, the
activities. Especially, cyclic SAAs attract much attention in pyranose ring has a merit for chemical modification to func-
terms of biological activities and hesguest chemistry on the  tionalize the exterior of the molecular assembly. Herein we
basis of their pyranose or furanose rifg£* Since cyclic SAAs describe synthesis, conformation, and assembly formation of
belong to the category of cyclic peptides, which have been novel cyclic homotrimer and homotetramer giglycamino
shown as useful building blocks for molecular assembiyijs acids, which are protected with acetyl groups on the hydroxyl
interesting to explore the ability of cyclic SAAs for the groups (GA(OAc)) (Figure 1).
molecular architecture with biological activities or functions.

Cyclic -peptides are known to form unique and interesting Experimental Section
nanotube assemblies due to the molecular stacking by intermo-
lecular hydrogen bond®$.We have reported that cycljg-trip- Measurements.NMR spectra were recorded with a Bruker DPX-

eptide with cyclohexyl rings at the side chains formed bundles 400 spectrometer. Fast-atom bombardment (FAB) mass spectra were
of the nanotube¥’ Interestingly, the molecular columns were obtained on a JEOL JMS HX-110A spectrometer using 2, 4-dinitroben-
arranged in a parallel way to enhance dipole moment of all the zyl alcohol_ as ma_trix. FT-IR measurements were performed by the KBr
amide groups in the bundle. However, it is generally difficult method with a Nicolet 6700 FT-IR spectrometer.

to investigate on conformation of the component in the  ©Optical and Dark Field Microscopy. Optical microscopy was
molecular assemblies (especially cyclic peptides) and to control Performed using an Olympus IX70 with polarizing filters. Compound
the morphology of assemblies because of a severe Solubilitylwas recrystallized slowly from 2,2,2-trifluoroethanol/ethanol (2/1 v/v)
problem?6:28 To overcome this problem, previous reports (ca. 1 mg/mL). The crystals were sandwiched between two glass slides

showed some strategies: (i) replacement ethyl-amide and observed in the cross-nicol configuration with a sensitive tint plate
derivatives to inhibit ?_]y dr.ogen-gon d formatidhgii) irzltro duc- positioned between the polarizers. Dark field microscopy was performed

. e . i using an Olympus BX 51 equipped with a 20®il immersion lens

tion of hydrophilic side chains (such as WHor CG;"),* and and mercury bpulb uv iIIurr?ingt?on. For this measuremedtwas

(iif) addition of Li* ions for shielding carbonyl groups from o v stallized from pyridine/methanol (3/1 viv) (ca. 1 mg/mL), and the

intermolecular interaction®.However, another way to improve  rystals were sandwiched between two glass slides. Photomicrographs

were taken using a camera directly mounted on these microscopes.
*To whom correspondence should be addressed. Fa&1-75-383- Transmission Electron Microscopy and Electron Diffraction. The

2401. Tel: +81-75-383-2400. E-mail: shun@scl.kyoto-u.ac.jp. images and diffractions were taken by using a JEOL JEM-2000EXI|
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Linear Trimer (6). The Boc group of dimeb (364 mg, 0.41 mmol)
was deprotected by treatment with TFA (3.6 mL)/anisole (263
Obtained trifluoroacetate salt was washed with diethyl ether and dried
up in vacuo for 2 h. The salt art] (178 mg, 0.41 mmol) were dissolved
in DMF (3 mL), and DIEA (235uL, 1.35 mmol) was added. The
mixture was cooled to OC, and then HATU (187 mg, 0.49 mmol)
was added. After being stirred afQ for 3 h and at room temperature
for 24 h, the mixture was concentrated, diluted with Cil@hd washed
with 4% aqueous KHSO(three times), 4% aqueous NaHE@hree
times), and saturated aqueous NaCl. The organic layer was dried over
MgSO;, and evaporated, and the residue was washed with diethyl ether
to provide6 (371 mg, 77%) as a white solidR 0.54 (20:1 CHG/
MeOH). H NMR (400 MHz, CDCh): 6 7.90, 7.61, 7.48 (d, t, t, 5H,
phenyl), 7.46 (d, 1H, amide), 7.07 (d, 1H, amide), 5.77 (t, 1H), 5.49
5.38 (dd, 2H, CGCH,CO), 5.35 (t, 1H), 5.145.02 (m, 4H), 4.77 (d,
1H, urethane), 4.423.93 (m, 7H), 3.98-3.90 (m, 2H), 3.83-3.56 (m,
6H), 2.08-1.93 (m, 27H, acetyl), 1.39 (s, 9H, Boc). FAB-MS (matrix:

RQ

Figure 1. Chemical structures of cyclic timer 1 and tetramer 2 having
pyranose rings.

(JEOL, Japan) at an accelerating voltage of 100 kV. For the observation
along the column axis, the crystal @&for 2 was dispersed in 2,2,2-
trifluoroethanol/ethanol (1/2 v/v) or pyridine/acetonitrile (1/4 viv) (ca. . ) "
0.1 mg/mL). A drop of dispersed suspension was mounted on a Carbon_rigg;bgg.zylbaldcorgg 4'(2/12 caled for GaHeNsOzeNa [(M + Na)'],
coated Cu grid and stained negatively with 2% uranyl acetate containing o 0 .s ’ T
1% trehalose. Cyclic Trimer (1). The pac group and the Boc group of compound
The electron diffraction diagrams were obtained in the microdif- 6 (214 mg, O'_20 mmol) was deprgtected by zmc-catalyzed (10 mmol)
fraction mode®?3 A small condenser with an aperture of 2t was hydrogenolysis and treatment with TFA (2.2 mL)/anisole (229,

inserted in the second condenser lens, and the first condenser lens wakeSPeCtively. Obtained trifluoroacetate salt was washed with diethyl

fully overfocused to achieve an electron probe of approximately 100 ether and dried up i_n vacuo for 2 h. The salt was di_ssolved in DMF
nm at the sample level. The samples were observed atx250@er (20 mL), and a solution of BOP (133 mg, 0.30 mmol) in DMF (0.5 M)

extremely low-dose conditions, at the limit of the dark current, with and @ solution of HOAT (41 mg, 0.30 mmol) in DMF (0.5 M) were
the help of an image intensifier (Fiber Optics Coupled TV, Gatan). @dded. Then a solution of DIEA (214, 1.20 mmol) in DMF (0.1
After proper zone identification, the beam was manually blanked. The M) was added slowly (ovel h via syringe pump). The reaction mixture
beam intensity was then set to the desired value, and the electronWas stirred gt room temperature'for 12 h. The mixture was conpentrated,
microscope was switched to the diffraction mode. The beam was de- @nd the residue was washed with hot methanol*pseveral times,
blanked, followed immediately by the opening of the mechanical shutter 91Ving rise to acetylated cyclic compoudd132 mg, 70%) as a white
and the recording of the diffraction diagram on a preset film. The sample S0lid- ‘H NMR (400 MHz, DMSOde): 6 8.03 (d, 3H,J = 9.0 Hz,
to camera length was calibrated with the (111) diffraction ring of @mide), 5.13 (dd, 3HJ)3 = 10.0 Hz,J3.4 = 9.5 Hz, H-3), 4.79 (dd,
evaporated Au particles. 3H, Jus= 9.5 Hz, H-4), 4.13-4.09 (m, 3H, H-2), 4.094.00 (dd, 6H,
Theoretical Calculation of Molecular Energies. The molecular 9 — 12:6: 2.5 Hz, H-6), 3.87 (d, 3H] = 10.5 Hz, H-1), 3.853.80
energies (internal energy) dfand2 were calculated as follows. The (m, 3H, H-5), 1.98, 1.96, 1.86 (s, 27H, acetyiC NMR (400 MHz,
initial geometry was generated by the CAChe software (Fujitsu Co., DMSO-d): 0 170.2, 170.1 (CKCO,, C3, C4), 169.5 (CHCO,, C6),
Ltd., Japan), and was optimized by a semiempirical Austin Model 1 166.1 (amidecarbonyl), 77.2, 74.7, 73.7, 68.5, 62.5, 50.4 (C1, C3, C5,

(AM1) method in the MOPAC 2002 packa&tUsing the obtained C4, 96’ C2), 20.7, 20.60H;CO,, C3, C4), 20.4 CHCO,, C6). IR
geometry as input, ab initio calculation was carried out using Gaussian (KB:?' 3336, 3298, 28_84’ 17_49’ 1686, 1550, 1389, 1231, 1109, 1034
03 progran®® The geometry was further optimized at the Hartree cm. FAB-MS (matrix: " nitrobenzyl alcohol) z):  calcd for
Fock (HF) level with frequency calculation for the zero-point energy. CasH=:NaOzaNa [(M + Na)'], 968.27; obsd, 968.24.
With the optimized geometry at the HF level, the single-point energy ~ Linear Tetramer (7). The Boc group of dimeb (300 mg, 0.346
was calculated based on density functional theory with the Becke’s mmol) was deprotected by treatmentfwit N HCI/1,4-dioxane (2.60
three_parameter hybnd functional and Eééang—Parr correlation mL, 10.4 mmol) Obtained hydrochloride salt was washed with dlethyl
(B3LYP) method. The 3-21G(d) basis set was used in both calculations. €ther and dried up in vacuo for 2 h. The salt and the C-terminal free
Finally, the internal energy of the molecule was obtained as the sum dimer (285 mg, 0.381 mmol) were dissolved in DMF (6 mL), and DIEA
of the zero-point energy and single-point energy. (156 uL, 0.894 mmol) was added. The mixture was cooled t&CO
Synthesis. Linear Dimer (5).The Boc group of compoundl (644 and then HATU (174 mg, 0.457 mmol) was added. After bging stirred
mg, 1.17 mmol) was deprotected by treatment with TFA (6.4 mL) and &t 0°C for 3 h and at room temperature for 24 h, the mixture was
anisole (644.L). Obtained trifluoroacetate salt was washed with diethyl ~ concentrated, diluted with CHg;land washed with 4% aqueous KHEO

ether and dried up in vacuo for 2 h. The salt ad560 mg, 1.29 (three times), 4%.aqueous NaHQ@hree times), and saturated aqueous
mmol) were dissolved in DMF (3 mL), and DIEA (71, 3.26 mmol) NaCl. The organic layer was dried over Mgsénd evaporated, and
was added. The mixture was cooled té@and then HATU (590 mg, the residue was purified by silica gel column chromatography (50:1

1.55 mmol) was added. After being stirred &t®for 3 h and atroom  CHClJ/ MeOH) to provide7 (471 mg, 0.315 mmol, 81%) as a white
temperature for 24 h, the mixture was concentrated, diluted with gHCl  Solid: R 0.69 (10:1 CHG/MeOH). *H NMR (400 MHz, CDC}): 6

and washed with 4% aqueous KHSQ@hree times), 4% aqueous  /-92, 7.61,7.49 (d, t, t, 5H, phenyl), 6.96 (m, 2H, amide), 5.57 (t, 1H),
NaHCQ; (three times), and saturated aqueous NaCl. The organic layer 2-50-5.42 (dd, 2H, CQCH,CO), 5.40 (m, 1H), 5.144.99 (m, 6H),
was dried over MgS@and evaporated, and the residue was washed 4-46 (d, 1H), 4.3+4.12 (m, 8H), 4.05 (m, 2H), 3.973.86 (m, 4H),
with diethyl ether to provid® (842 mg, 77%) as a white soli& 0.40 3.74-3.63 (m, 6H), 2.16-1.93 (m, 36H, acetyl), 1.38 (s, 9H, Boc).
(20:1 CHCYMeOH).'H NMR (400 MHz, CDC}): 6 7.90, 7.61, 7.49 FAB-MS (matrix: nitrobenzyl alcohol)n/z): calcd for GeHgaN4Oss

(d, t, t, 5H, phenyl), 6.83 (d, 1H, amide), 5.50 (t, 1H), 54536 (dd, Na [(M + Na)*], 1519.47; obsd, 1519.47.

2H, CO.CH,CO), 5.32 (t, 1H), 5.184.99 (m, 3H), 4.68 (d, 1H), 4.45 Cyclic Tetramer (2). The pac group and the Boc group of compound
(d, 1H), 4.28-4.04 (m, 5H), 3.87 (d, 1H), 3.793.67 (m, 2H), 3.66- 7 (278 mg, 0.19 mmol) was deprotected by zinc-catalyzed (9.3 mmol)
3.50 (m, 1H), 2.09-1.93 (m, 18H, acetyl), 1.36 (s, 9H, Boc). FAB-  hydrogenolysis and treatment with TFA (2.8 mL)/anisole (289,

MS (matrix: nitrobenzyl alcohol)nfyz): calcd for GgHs:N2Oz [(M respectively. Obtained trifluoroacetate salt was washed with diethyl

+ H)*], 866.30; obsd, 867.35. ether and dried up in vacuo for 2 h. The salt was dissolved in Dé/BV
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60°. However, for the square structure of the cyglitetrapep-

o tide, the bond angle differs from the inner angle of squarg, 90
which will cause distortion of the cyclic skeleton from the
60° planarity and/or of the pyranose ring from a stable chair
NH co conformation.
CO/ \NH Peptide SynthesisA key residue, 3-amino-2,6-anhydoe-
glycerop-gulo-hepturonic acid hydrochlorid was synthesized
O 600 60° via 11 steps fromp-glucosamine hydrochloride according to
NH—CO the literatureé®. Phenacyl ester (pac) group atett-butoxycar-
bonyl (Boc) group in a protected sugérsynthesized fron8
0 were removed by zinc-catalyzed hydrogenolysis and TFA/
Figure 2. Schematic illustration of the bond angle between the amino anisole o 4 N HCI/1,4-dioxane treatment, respectively. When
group and the carboxyl group of f-amino acid in the cyclic trimer 1. we attempted deprotection of pac group by Pd/C-catalyzed

_ ) hydrogenolysis according to ref 9, an undesirable compound
(15.7 mL), and a solution of BOP (97 mg, 0.22 mmol) in DMF (0.5 haying a reduced phenacy! derivative was obtained as a major
M) and a solution of HOAT (30 mg, 0.30 mmol) in DMF (0.5 M) hroquct. Therefore, we adopted the Zn/acetic acid (AcOH)
were added. Then a solution of DIEA (18, 0.88 mmol) in DMF v qroqenolysis method to avert this problem. Elongation
(0.1 M) was added slowly (ovel h via syringe pump). The reaction o inns 10 the linear di; tri-6, and tetrapeptideBwere carried
mixture was stirred at room temperature for 12 h. The mixture was out usingO-(7-azobenzotriazol-1-yl)-1,1,3,3-tetramethyluronium
concentrated, and the residue was washed with hot methan6C{50 hexafluorophosphate (HATU) as a coupling reagent. Cyclization

several times, giving rise to acetylated cyclic compo@n@d 65 mg, . . . . A
69%) as a white solidH NMR (400 MHz, pyridineds): o 10.62 (d, reaction was carried out using 1-benzotriazolyloxytris(dimethy-

4H,J = 8.0 Hz, amide), 5.93 (dd, 4H, H-3), 5.24 (dd, 4H, H-4), 4-92 Iamino)phosphonium hexaﬂuorophosphate (BOP), '1-hydroxy-
4.89 (m, 4H, H-2), 4.094.00 (dd, 8H, H-6), 3.87 (d, 4H] = 11.5 _7-azabenzotr|azole (HOAT), and d||sopropylethylam|ne_(DI!EA)
Hz, H-1), 3.76-3.73 (m, 4H, H-5), 2.12, 2.06, 1.96 (s, 36H, acetyl). in DMF (10 mM) (Scheme 1). The yields of the cyclization
13C NMR (400 MHz, pyridiness): ¢ 170.6, 170.3 (CECO,, C3, C4), reactions of linear trimers and tetramers were relatively high,
169.8 (CHCO,, C6), 168.3 (amidecarbonyl), 79.9, 77.0, 74.4, 69.3, because the linear oligomers are reported to take helical
63.1, 52.3 (C1, C3, C5, C4, C6, C2), 20.8, 20CH(CO,, C3, C4),  structures?
20.5 CHsCO,, C6). IR(KBr): 3336, 3298, 2884, 1749, 1686, 1550,  The trimerl was soluble in DMF, DMSO, TFE, 1,1,1,3,3,3-
1389, 1231, 1109, 1034 cth FAB-MS (matrix: nitrobenzyl alcohol) hexafluoro-2-propanol (HFIP), and TFA. On the other hand,
(mV2): caled for GHeaN4OsNa [(M + Na)'], 1283.37; obsd, 1283.40.  the tetramel was soluble in DMF, DMSO, HFIP, AcOH, and
pyridine. Both compounds showed remarkable improvement of

Results and Discussion fé);gtr){g%g}/sg?lrzganson with cyclig-peptides in the previous

Peptide Design.\We are interested in molecular assemblies ~_SPectroscopic Analysis and Assembly FormationThe
with dipole moment, which may lead to functionalized trimer1was soluble in TFE, which made it possible to analyze
materials6-38 Cyclic S-peptides are a prerequisite for obtaining @ssembly formation by CD spectroscopy. With the addition of
nanotube assembly, especially with intrinsic dipole moment from €thanol tol in TFE, a dramatic change was observed in the
the following reports: (i) cyclic peptides composed ff or region from 1/1 to 3/4 (TFE/ethanol v/v) (Figure 3). The excess
d-amino acids may have essential dipole moment due to parallel2ddition of ethanol beyond 1/2 (TFE/ethanol v/v) decreased the
orientation of amide bonds against the cyclic skeléfoapd ~ intensity of CD signal due to the precipitation. The CD change
(i) the cyclic trimer of glucosyluronic acid methylamine, which 1S ascribed to molecular assembling of the cyclic peptide.
is a family of cyclic 5-amino acids, no longer stuck up via 'H NMR spectrum ofl in DMSO-ds at room temperature
intermolecular hydrogen bonds due to the flexible ring struc- showed three sharp peaks corresponding to H-4, H-6, and acetyl
ture0 Further, taking the solubility problem of cyclgamino groups (CHCO-) in the glycamino acid residue and broad
acids into consideration3-SAA was chosen here for the peaks of the rest protons. With elevating the temperature up to
component of cyclic peptides to build up tubular assemblies 80 °C, all signals became narrow and one signal appeared for

with dipole moment. each proton of the glycamino acid residue, indicatin@€s
Cyclic tri- and tetras-peptides are known to have a rigid symmetric conformation. There are two interpretations for the
and planar structure with altansamide group$®.28.30.31.43y/e line-width narrowing; dissociation of the molecular assembly

therefore designed a novel cyclic trimer and tetramer having at the higher temperature or existence of multiple conformations
glucosamine units as shown in Figure 1. The dihedral angles With exchange rate comparable to the NMR time scale at room
of C*—~C—N—C? (amide groups) in the cyclic trimer and temperature. The former may be plausible, because the slightly
tetramer generally take 18Qtrans).42420n the other hand, the  hazy solution at room temperature became transparent at higher
dihedral angle HN—C/—H? in cyclic S-peptide having cy- temperature. Further, the sharp signals are assigned to peripheral
clohexyl rings at the side chains was found to be nearly’180 protons of the cyclic structure, which should be less influenced
due to the favorable chair form of the six-membered ring Py intermolecular hydrogen bonds at the center of the cyclic
structure?” When the cyclic trimer or tetramer is assumed to structure in the case of assembly formation.

take the highly symmetrical conformation under these two  From the spectrum at 80C, the spin coupling constants
preferences, their molecular geometry would be equilateral between amide proton and’tand between Hand H in the
triangle (Figure 2) or square where the SAA units and peptide glycamino acid residue were obtained as 9.04 and 10.5 Hz,
bonds would occupy the apexes of the triangle or the squarerespectively. With applying these values to the Karplus equa-
and the sides, respectively. Since the bond angle betwe@fN  tion,*445the dihedral angles d@f;(H—N—CFf—HF) and §(H*—

and CG—C(=0) will favorably be 60, the cyclic trimer will be Co—CFP—HP) were calculated to be 172and approximately
stably formed because the inner angle of equilateral triangle is 18%°, showing an anti relationship between the correspon@'Eﬂl
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Scheme 1. Synthetic Scheme of the Cyclic Trimer and Tetramer of Glycamino Acid?
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Figure 3. CD spectra demonstrating the assembly formation process
of 1 in a mixed solution of 2,2,2-trifluoroethanol and ethanol.

H-atoms as the discussion in the peptide design sectf@n.
NMR spectrum ofl in DMSO-ds at 80°C showed 13 carbon
signals for one unit of GA(OAc), supporting again Gy
symmetric conformation of on an NMR time scale.
Assembly formation of the tetram@&rcould not be followed
by CD spectroscopy, becaugwas not soluble in optically
transparent solvents. Howevelti NMR spectroscopy was
applicable to analysis of assembly formation 2f'H NMR
spectrum of the tetramex in DMSO-ds at room temperature

0.06
0.05 A
e —o— acetyl
0.04 <
= - —>-C3
£ 0.03 ,
2 }3/ —+-ca
% 0.02 .
© ~A-C5
“ 0.01 ce
0 - q&% ;// ! T ﬁ
~ O NH
0.0 +¥———F——F—————

0 002 004 0.06 0.08 0.1
concentration (mM)

Figure 4. Concentration dependence of IH NMR chemical shifts of
the cyclic tetramer 2 in a mixed solution of pyridine-ds and acetonitrile-
ds (3/1 viv).

was examined (Figure 4). When the concentratio etceeded
over 0.25 mM, the chemical shift moved to a lower magnetic
field with increasing the concentration. Intermolecular hydrogen
bonds should be formed under these conditions probably to form
molecular assembly.

In pyridine, the spin coupling constant between amide proton
and H in the glycamino acid residue, and betweehatd H,
were obtained as 8.0 and 11.5 Hz, respectively, and the dihedral
anglesf1(H—N—CP—H?P) and 9,(H*—C*—CP—HP), were cal-
culated to be 159and approximately 180 respectively. The
anti relationships of the corresponding H-atoms are also
established in the tetram2r The dihedral anglé,(H—N—CF—

showed broad peaks, which became narrow at elevated tem-H?) of the cyclic tetrame@ was 159, which was smaller than

peratures, suggesting th& forms molecular assembly in

DMSO-ds at room temperature as well ds and that the

that of 172 of the cyclic trimerl, suggesting thal is distorted
with respect to the cyclic skeleton from the planarity and/or of

molecular assembly dissociates at the elevated temperatures. Othe pyranose ring from a stable chair conformation as the

the other handiH NMR spectrum of the tetramérin pyridine-

discussion in the peptide design section. T @&NMR spectrum

ds gave sharp peaks even at room temperature, suggesting thadf 2 in pyridine-ds showed 13 carbon signals for one unit of
2 should be soluble in pyridine without association. With the GA(OAc) as well as the trimet, indicating that2 took aCy
addition of acetonitrile, however, the solution became hazy symmetric conformation.

probably due to assembly formation. Concentration dependence FT-IR spectra ofl and 2 in a solid state showed amide |

of NH chemical shift o in pyridine-ds/acetonitrileels (3/1 v/v)

absorption (mainly &0 stretching mode) at 1672 and 168%\/
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Figure 5. Energy-minimized structures of 1 (left) and 2 (right).

cm™1, respectively, and amide Il absorption (mainly-N
bending and €N stretching mode) at 1570 and 1564 ©m

respectively, which may be assigned to absorptions of a parallel
pB-sheet structure. Both spectra of the two compounds showed

a sharp N-H stretching absorptions (3298 cirfor 1 and 3294
cmt for 2), suggesting that the hydrogen bonds should be
formed homogeneously throughout the crystald @ind 2.

Geometry Optimization. The conformations of and2 were
studied further by computational geometry optimization. In the
case of compound, the optimized conformation havingGs
symmetry axis was obtained as shown in Figure 5 (left).
CompoundL has a planar conformation with threans-amide
groups orienting perpendicularly to the ring plane. This ring
conformation coincides with that of cyclic trimer tfans-2-
aminocyclohexylcarboxylic acid (ACHC) in our previous wark.
The dihedral angl@;(H—N—Cf—H#) in this optimized con-
formation is 1638, which agrees well with the value calculated
from the spin coupling constant between amide proton ahd H
in the glycamino acid residue. The optimized conformation of
2 is aC4 symmetrical molecule with the dihedral anglgH—
N—CP—HP) of 159, which is also consistent with the result of
NMR analysis (Figure 5, right). Seebach et al. have reported
that cyclof3-HAla), took a C, symmetrical conformatioff
while Ghadiri et al. have shown that cyghHTrp), took aCy
symmetrical conformation with a hole of ca. 2.7 Ain diameter,
which is large enough to allow passage of small atoms.
Compound? is similar to the latter in terms of the symmetric
property*! However, the planarity of peptide bonds #is
slightly distorted in comparison with the regular tetragon
previously reported for cyclic tetramers/@famino acids without
a pyranose ring'#?

The calculated dipole moments were 12.4 D fcaind 12.1
D for 2. These large dipole moments are derived from amide
groups with orientation perpendicular to the ring skeleton. The
similar values ofl and 2 despite the difference in the number
of amide groups may be due to the different contribution of the
dipole moment of acetyl groups betweg&rand 2. When the
compound2, whose internal cavity is estimated to be ca. 2.0
A, forms a tubular assembly through face-to-face molecular
stacking via hydrogen bond&2! the nanotube with a large
dipole moment will be a candidate of a conduit for vectorial
ion or electron transfett:46-50

Microscopic Observation. The compoundl formed rod-

Fujimura et al.

Figure 6. Optical microscopic observation without (A) and with a
sensitive tint plate (B) in the cross-nicol configuration of 1 crystal.
The double-headed arrow shows the orientation of the Zz' axis of a
sensitive tint plate.

Figure 7. Dark field microscopic image of the molecular assembly
of 2.

tint plate and vertical relation between them, respectively (Figure
6B). The short axis of the crystals has a larger refractive index
(np) than that of the long axisy) (ng > ny), which is an opposite
relation fip < ny) observed in the case of cyclo(ACHCZY
Although the amide groups, which are the major factor for the
refractive index, should orient parallel to the long axis, acetyl
groups at the side chains bfwould make the refractive index

of the short axis larger.

The compound2 did not grow large enough for optical
microscopic observation. As discussed above, the molecular
structure of2 is distorted with respect to the cyclic skeleton
from the planarity and/or of the pyranose ring from a stable
chair conformation in comparison with that ®f Thus,2 may
not grow into large crystals. However, the crystals in a size of
sub-micrometers were successfully observed by a dark field
microscopy (Figure 7). Interestingly, the rod-shaped crystals
took a partially helical arrangement. There are four hydrogen
bonds formed between the stacking two cyclic peptides. A
straight arrangement about-N¥---O=C is most energetically
stable, which may induce twist in the tubular structure. The
twisting tubes will then assemble into bundles with helical sense.
Similar speculation was proposed by Liu et al. for the case of
cyclo[(=p%HGly)s—] .*

The TEM image for the dispersion of fine crystals of
compoundl contains rod-shaped assemblies with high aspect
ratio (Figure 8A). The morphology of the assemblies is relatively
homogeneous especially on its width distribution (the most
frequent width= ca. 35 nm). More than 50 microdiffraction
patterns were obtained by using an incident electron beam

shaped crystals of several hundred micrometers in length andperpendicular to the long axis. A typical diffraction pattéris
micrometer-order diameter, which are bundles of thinner needlesshown in Figure 9A. The molecular assembly was so fragile

from precise optical microscopic observation (Figure 6A). When
the crystals ofl were observed under the cross-nicol configu-
ration with a sensitive tint plate inserted at°4%he crystals
showed yellow color (subtraction retardation) and blue color
(addition retardation) in the cases of parallel relation between
the long axis (optical axis) of the crystals and thexis of the

with an electron beam that the spots only on the meridian were
observed. However, it is clearly shown that the unit cell has an
axial spacing of ca. 4.8 A, which is agreeable with the spacing
between stacking two cyclic peptides in the tubular structure.
The TEM image of the tetramé& showed crystals with low
aspect ratio (Figure 8B), but the helical arrangement WaSSB{)/
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Figure 9. Electron diffraction patterns obtained with an incident electron beam perpendicular to the long axis of the molecular column of 1 (A)
and 2 (B).
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