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Structure and Reactivity in Langmuir Films of Amphiphilic Alkyl and Thio-alkyl Esters of
o-Amino Acids at the Air/Water Interface

1. Introduction

The emergence of peptides of single handedness and homoz
chiral sequence (isotactic) from racemi@mino acids in abiotic
times is one of the most interesting riddles in the field of the
origin of life.12 Recently, we have presented an experimental
model for the formation of enantiopure isotactic oligopeptides
from nonracemic mixtures of activated amino acids bearing long
hydrocarbon chains at their-carbon®~7 This methodology is
comprised of two sequential steps: self-assembly of the
amphiphilic amino acids into two-dimensional (2D) crystallites
on the water surface or in a phospholipid environment, followed
by a lattice-controlled polymerization to form the corresponding
oligopeptides. In these systems, however, the oligopeptides
products bear long hydrocarbon chains.

Previously, it has been reported that Langmuir and Lang-
muir—Blodgett films of long-chain alkyl esters of amino acids
both in their enantiopure and racemic forms undergo polycon-
densation by a simple “unzipping” mechani8n! as illustrated
in Scheme 1. Based on kinetic studies, it was proposed that, in
these systems, the reaction rate was enhanced by the later
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The structure and reactivity of alkyl esters of severalmino acids self-assembled at the air/water interface

have been investigated as part of our studies on mechanisms that are possibly relevant for the generation of
homochiral prebiotic peptides. Grazing incidence X-ray diffraction (GIXD) studies of monolayers of racemic

and enantiopure alkyl esters and thio-esters of alanine on the water surface demonstrated that these racemates
self-assemble in the form of mixed solid solutions, because of disorder of the headgroups of the two enantiomers
(enantiomeric disorder) within the two-dimensional (2D) crystallites. Matrix-assisted laser-desorption ionization
time-of-flight Mass Spectrum (MALD+ TOF MS) analysis of the products collected from the air/water interface
indicated the formation of low-molecular-weight oligopeptides (primarily dimers) and, in the case of some of

the thioesters, small quantities of trimers and tetramers. Mass spectrometric studies on the diasterecisomeric
distribution of the oligopeptides, starting from deuterium enantio-labeled monomers, demonstrated binomial
statistics, such as that in reactions occurring in an isotropic environment. The alkyl esters of phenylalanine
and tyrosine did not form 2D crystallites at the air/water interface, and, upon polycondensation, they yielded
only dipeptides. The enantiomeric disorder within the 2D crystallites of the monomers of the alkyl esters and
thioesters of racemic serine was absent. Polycondensation of these esters, however, yielded only dipeptides
and tripeptides and they were not investigated further. In contrast to previous reports, the present studies
demonstrate that this reaction does not proceed beyond the dipeptide stage and, therefore, cannot be regarded
as a plausible system for the generation of prebiotic peptides.

such monomers can provide ideal intermediates for the genera-
tion of natural oligopeptides by a process of their unzipping
from membranes or from vesicles. The reported formation of
the peptide bond was demonstrated either by infrared (IR)
spectroscopy; 13 ninhydrin analysis, or surface viscosity.
Although these analytical methods reveal the formation of a
peptide bond, they do not provide information regarding the
molecular weight and enantiomeric composition of the peptides.
To probe the potential future application of this reaction as a
useful reaction model system in prebiotic chemistry, we
reinvestigated the reactivity of several molecules previously
reportec® 12 as well as some additional alkyl esters and thio-
esters ofx-amino acids. We applied the grazing incidence X-ray
diffraction (GIXD) technique to determine the packing arrange-
ment of the monomer molecules within the 2D self-assemblies
and matrix-assisted laser-desorption ionization time-of-flight
mass spectrometry (MALBITOF MS) for the determination
of the molecular weight distribution of the peptides. For some
of the systems, the diastereoisomeric composition of the
agligopeptides was deduced by polymerizing monomers enan-
oselectively labeled with deuterium.

molecular order within the film, yielding peptides in the form
of a-helixes or 8-sheetd?13 The formation of secondary 2. Experimental Section

structure implies that these peptides contained at least eight 3 1 Materials. Materials that were used in this study include

repeating unitd#15Based on these reports, we considered that protected amino acids (BACHEM AG and NovaBiochem),

L-alanine(d) (MSD ISOTOPES), all solvents and reagents
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SCHEME 1: Proposed Mechanism of the “Unzipping”
Polymerization, According to Fukuda et allt

AN
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NH, ~ NHp ~ NHp ~ NH

Polycondensation

}o HO
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further purified by column chromatography (silica gel, ethyl
acetater-hexane:acetone ratio of 5:4.5:0.51 NMR (CDCls
250 MHz): 6 = 0.88(t, 3H; CH—[CH3]15—), 1.30(br m, 33H;
CH3_[CHQ]15_; —CHCthHz), 1.64(m, 2H;—Cﬂ2CHzoOC—
), 3.54(q, 1H;—CHCH:NHy), 4.11(m, 2H;—CH,CH,O0C-);
ESI-MS: m/z. 364.58 [M" + Na]. Silica gel TLC,n-hexane:
acetone ratio of 1:1R = 0.75.

2.1.2.L.- andpL-Phenylalanine Octadecyl Ester (Phg)CThe
free amine was prepared according to Penney é¢ ahd
purified by column chromatography (silica gel, ethyl acetate:
n-hexane ratio of 2:3). ESI-MSm/z. 418.64 [M" + H], 440.62
[M* + Na]. Silica gel TLC, ethyl acetatehexane ratio of 2:3,
R: = 0.30.

2.1.3.0- andL-Tyrosine Octadecyl Ester (Tyr4€). The HCI
salt was prepared according to Penney éf dlhe free amine
was released from the hydrochloride salt by extraction with a
triethylamine/water mixture and recrystallized framhexane.
IH NMR (5% CD;0D in CDCk, 250 MHz): 6 = 0.88(t, 3H;
CHs;—[CH2]15—), 1.25(br m, 30H; Cl—[CH2]15—), 1.60(m, 2H;

—CH,CH,O0C-), 2.8-3.1(br m, 2H; —CH,PhOH), 3.73-
(double d, 1H;~CHNH,COO-), 4.09(t, 2H;—CH,CH,OOC—
), 7.15-7.35(br m; aromatic hydrogens); ESI-M8Vz 434.43-
[M* + H], 456.40[M" + Na]. Silica gel TLC, ethyl acetate:
n-hexane:acetone ratio of 5:4:0&, = 0.50.

2.1.4.L- andpL-Glutamic Dioctadecyl Ester [Glu-(g)2]. The
methylsulfonate salt was prepared according to Penneyet al.
and recrystallized from C}Cl,. The free amine was released
from the hydrochloride salt by extraction with a triethylamine/
water mixture and recrystallized from mB-hexane/CHCI,
mixture. ESI-MS: m/z. 652.96[M" + H], 674.92[M" + Nal).
Silica gel TLC, ethyl acetate:hexane:acetone ratio of 2:7:1,
R = 0.6.

2.1.5. Octadecanamidé-Ethanol (Gs-AE). N-Hydroxysuc-
cinimide ester of stearic aciti(5.29 g, 13.86 mmol, 1 equiv)
and 2-aminoethanol (2.70 g, 44.2 mmol, 3.2 equiv) were
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dissolved in 140 mL of dry CbCl. Triethylamine (2.10 g, 20.80
mmol, 1.5 equiv) that was dissolved in 5 mL of g, was
added to the solution, resulting in the precipitation of a white
solid. The reaction was allowed to stir for 2.5 h and then 500
mL of diethyl ether and 100 mL of ethanol were added to form
a clear solution. The organic solution was washed with 0.5 M
HCI (50 mL, three times), water (50 mL, two times) and dried
with magnesium sulfate, and the solvent was evaporated in a
vacuum. The resulting crystalline material was recrystallized
from CH,Cl, to give 4.01 g (88% yield) of pure octadecanamide
N-ethanthiol.’H NMR (CDCl; 250 MHz): ¢ = 0.88(t, 3H;
CHs—[CH2]14—), 1.25(br m, 28H; Cl—[CHa]14—), 1.64(m, 2H;
—CH,CH,CONH-), 2.21(t, 2H;—CH,CH,CONH-), 2.67(q,
2H; —CONHCH,CH,SH), 3.43(q, 2H;—CONHCH,CH,SH),
5.86(br s, 1H;—CONH-); ESI-MS: m/z. 328.30[M" + H],
350.27[M + Nal.

2.1.6. Octadecanamide-Ethanthiol (Gs-ATE). Same pro-
cedure as above, except that 3 equiv of triethylamine and 1.5
equiv of 2-aminoethanthiol chloride were used, and the product
was recrystallized from a-hexane/CHCl, mixture.'H NMR
(CDCls, 250 MHz): 6 = 0.88(t, 3H; CH—[CH2]14—), 1.25(br
m, 28H; CH—[CH,]14—), 1.63(m, 2H; —CH,CH,CONH-),
2.19(t, 2H; —CH,CH,CONH-), 2.66(br s, 1H; OH), 3.46(q,
2H; —~CONHCH,CH,OH), 3.75(m, 2H;~CONHCH,CH,OH),
5.91(br s, 1H;:~CONH-); ESI-MS: m/z. 344.52 [M" + H],
366.54 [M" + Na], 342.39[M" — H]. Silica gel TLC, ethyl
acetate:CHClI; ratio of 1:9,R; = 0.5.

2.1.7. Boct-alanine(d). Boc--alanine(d) was prepared
according to Itoh et a® 'H NMR (CDClz, 250 MHz): 6 =
1.45(s, 9H), 6.55(s, 1H-CONH-), 7.65(br s, 1H;:—=COOH);
ESI-MS: m/z 192.08 [M~ — H].

2.1.8.p-Octadecyl-phenol (¢-PhOH). p-Octadecyl-phenol
(C1e-PhOH) was prepared according to Hanabusa &% #H
NMR (CDCls, 250 MHz): 6 = 0.88(t, 3H; CH), 1.25(br m,
30H; [CHy]15), 1.56(m, 2H;—CH,CH,Ph), 2.52(t, 2H;—CH,-
CH,Ph), 4.68(s, 1H;-PhOH), 6.75/7.04(double d, 4H; aromatic
hydrogen); ESI-MS:m/z. 369.51[M" + Na], 385.52[M" +
K], 354.34[M~ — H]. Silica gel TLC, 10% ethyl acetate in
n-hexaneRs = 0.28.

2.1.9.p-Alanine p-Octadecyl-phenyl Ester Trifluoroacetate
Salt (Ala-Gg-Ph). Esterification of the-alaninep-octadecyl-
phenyl ester trifluoroacetate salt (AlagPh) was accomplished
by following the method of Neises and Stegliép-Octadecyl-
phenol (0.080 g, 0.19 mmol, 1 equiv), Boealanine (0.036 g,
0.19 mmol, 1 equiv), and DCC (0.060 g, 0.28 mmol, 1.5 equiv)
were placed in a 25-mL round-bottom flask that was equipped
with a magnetic stirring bar and a drying tube. The materials
were dissolved in 10 mL of CKLl, through the application of
gentle heat, and the solution was placed over an ice-water bath.
White material precipitated, and the solution was further cooled
for 10 min. N,N-dimethyl 4-amino pyridine (0.0023 g, 0.019
mmol, 0.1 equiv) dissolved in a small amount of £H, was
added to the stirring mixture. The reaction was continued for 1
h at 0°C, and then the ice was allowed to melt and the reaction
was continued for another hour. The white precipitate (DCU)
was filtered off and 100 mL of CpCl, were added to the
solution. The solution was washed with 0.5 M HCI (10 mL, 2
times) and sodium bicarbonate (20 mL, 2 times), dried with
magnesium sulfate, and the solvent evaporated. The resulting
material was transferred into a 10-mL round-bottom flask
equipped with a drying tube and a magnetic stirring bar. The
flask was placed over an ice-water bath, and 3 mL oLClK
and 5 mL of trifluoroacetic acid were added. The solution was
stirred fa 1 h and then the solvent was evaporated by bubbling
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air through the solution. Another portion of GEl, was added
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(axy)) associated with eachk reflection. Bragg rod intensity

and evaporated in the same manner. The remaining oil wasprofiles are the intensity distribution alorng 1(q), derived by
transferred to high vacuum for 1 h, and then diethyl ether was integrating across they, range for each of the Bragg peaks.
added (7 mL); the oil was dissolved and, after a short time, a The full width at half-maximum of the Bragg rod intensity
white material precipitated. The mixture was kept at a temper- profiles, fwhmg,), gives a first estimate of the thickness of the
ature of 4°C overnight and the precipitate was filtered, washed 2D crystallites:L,~ 0.9(2t/fwhm(q,)). For chainlike molecules,

with 10 mL of diethyl ether, recrystallized from mhexane/
CHCI, mixture, and dried in a vacuum to give 0.080 g (80%
yield) of pure Ala-Gg-Ph.*H NMR (5%CD;0D in CDCk, 250
MHz): ¢ = 0.88(t, 3H; CH—[CH2]15—), 1.25(br m, 30H; Cht
[CH]15—), 1.60(m, 2H;—CH,CH,Ph-), 1.70(d, 3H,—CHCHs-
NHs"), 2.60(t, 2H; —CH,CH,Ph-), 4.22(q, 1H; —CHCH;-
NH3"), 6.99/7.19(double d, 4H; aromatic H); ESI-M3wz
418.52[M" + H], 440.53[M" + Na].]. Silica gel TLC, ethanol/
CH,ClI, ratio of 1:9,R: = 0.4.

Note: All of the following materials were synthesized in the
same manner as Ala;gPh from the corresponding alcohols
or thio-alcohols andN-Boc protected amino acids.

2.1.10. p- and pL-Alanine Octadecanamid-Ethyl Ester
Trifluoroacetate Salt (Ala-G-AE). 'H NMR (5% CD;0D in
CDCls, 250 MHz): 6 = 0.88(t, 3H; CR—[CH]14—), 1.25(br
m, 28H; CH—[CHa]14—), 1.57(br d, 5H;:-CHCH;NH,; —CH,-
CH,CONH-), 2.16(t, 2H; —CH,CH,CONH-) 3.50(m, 2H;
—CONHCHCH,0-), 4.04(q, 1H;—CHCH:NH>), 4.1—-4.4(br
m, 2H; —CONHCHCH,O—-), 6.77(t, 1H; —CONH-); ESI-
MS: m/z 399.55[M" + H], 421.55[M" + Nal].

2.1.11.-Alanine(d;) Octadecanamiti-ethyl Ester Trifluoro-
acetate Salt (Ala-G-AE). IH NMR (CDClz, 400 MHz): 6 =
0.88(t, 3H; CH—[CH3]14—), 1.26(br m, 28H; Ch—[CH2]14—
), 1.58(m, 2H; —CH,CH,CONH-), 2.17(t, 2H; —CHCH>-
CONH-) 3.51(m, 2H;—CONHCHCH,0—), 4.15-4.35(br m,
2H; —CONHCH,CH,O—), 6.68(m, 1H;—CONH-); ESI-MS:
m/z. 403.82[M" + H], 425.86[M" + Na].

2.1.12.p- andbL-Alanine Octadecanamill-ethyl Thioester
Trifluoroacetate Salt (Ala-G-ATE). 'H NMR (5% CD;0D in
CDClz, 250 MHz): 6 = 0.88(t, 3H; CH—[CH2]14—), 1.25(br
m, 28H; CH—[CH2]14—), 1.61(m, 5H;—CHCH:sNHy; —CH,-
CH,CONH-), 2.16(t, 2H;—CH,CH,CONH—), 2.9-3.2(br m,
2H; —CONHCH,CH,S—), 3.39(m, 2H;—CONHCH,CH,S-),
4.13(q, 1H;—CHCH;NH,), 6.68(t, 1H;—CONHCH,CH,S-);
ESI-MS: m/z 415.61 [M" + H], 437.59 [M" + Na]. Silica
gel TLC, ethanol/CHCI, ratio of 1:9,R; = 0.5.

2.1.13.L.-Alanine(dy) Octadecanamidi-ethyl Thioester Tri-
fluoroacetate Salt (Ala--ATE). ESI-MS: m/zz 419.74[M*
+ H], 441.71[M" + Na].

2.1.14.p- and L-Serine OctadecanamNethyl Thioester
Trifluoroacetate Salt (Ser«@ATE). *H NMR (CDCl;, 400
MHz): ¢ = 0.82(t, 3H; CH—[CH2]14—), 1.25(br m, 28H; Cht
[CH2)14—), 1.71(m, 2H;—CH,CH,CONH-), 2.60(t, 2H;—CH,-
CH,CONH-), 3.33(m, 2H;—CONHCH,CH,S—-), 3.76(t, 2H;
—CONHCHCH,S—), 4.42(br m, 2H,—CH,OH), 4.67(m, 1H;
—CHNHz"—); m/z 431.79[M" + H], 453.76[M" + Nal.

2.2. GIXD Measurements.GIXD measurements were per-
formed using the liquid-surface diffractometer at the BW1
synchrotron beamline at HASYLAB, DESY facility in Ham-

such as aliphatic hydrocarbons, precise information on the
molecular chain orientation in 2D crystals may be obtained from
the positions of the maxima of Bragg rods, if the chains are
uniformly tilted. The tilt anglet between the molecular axis
and the surface normal is given by the equatidh

qO
cosyy, tant = m

Wherqu is the position of the maximum along the Bragg rod
andyn is the azimuthal angle between the chain tilt direction
projected onto thay-plane and the reciprocal vectaot. More
accurately, the intensity at a particular valuegefin a Bragg

rod is determined by the square of the molecular structure factor,
IFhk(@2)|2 The 2D packing arrangements were determined by
performing X-ray structure factor calculations, using atomic
coordinate molecular models constructed using the CERIUS
molecular packag® and rigid-body structure refinement, using
the SHELX-97 prograf adapted for 2D structures.

2.3. Polymerization Experiments.The materials were dis-
solved in chloroform, benzene, or chloroform with 4% methanol
to give a solution concentration of 0.5 mM. The solution was
spread on the subphase to the desired area per molecule and
allowed to react for different periods of time, from a few minutes
up to 20 h (see Table 1). The subphase for the different
compounds were as follows: pure water; 0.01 M phosphate
buffer, pH 8.0 (3.4 mL 61 M NaH,PO, + 183 mL of 0.2 M
NaHPQ, into 4 L of water); 1 mM or 0.1 mM copper chloride
(CuCh); 0.01 M carbonate/bicarbonate buffer, pH 10.0 (88 mL
of 0.2 M NgCQOs; + 112 mL of 0.2 M NaHCQ into 4 L of
water). In some cases, the material was spread on pure water
and then copper chloride was injected from a concentrated
solution to give the desired final concentration; for example, 1
mM (50 mL of 28 mM injected into 1350 mL (the trough
volume)). In these cases, the chloroform was allowed to
evaporate for 1615 min prior to the injection of the catalyst.

2.4. MALDI —TOF MS. After the reaction, the monolayer
films were compressed with the barrier and the material was
collected from the liquid surface, transferred to a glass vial,
and dried by a stream of dry nitrogen. Samples for the MALDI
TOF MS analysis were then prepared by dissolving the dry
material in chloroform containing 5% trifluoroacetic acid. A
small amount (0.%L) of this solution was deposited on top of
a matrix deposit (1:1 v:v of dithranol solution in chloroform
and Nal saturated solution in tetrahydrofuran (THF)) on the
instrument holder. The MALDH+TOF positive-ion mass spectra
were obtained in reflector mode from two different instruments
at the Weizmann Institute (Bruker Reflex Il1) that were equipped
with a N, laser. External calibration of the mass spectra was

burg, Germany. Details about the experimental technique andachieved using a calibrating peptide (Substance P, ACTH 8-39)

the instrument were reported elsewh&&he measured GIXD

in the studied mass range. Only singly charged ions;H{M)™*

patterns are represented as 2D contour maps presenting thand (M + Na)t with the expected isotopic pattern, were

scattered intensityl(0xy, ;) as a function of the horizontal
(axy) and vertical ¢,) components of the scattering vector. The
unit cell dimensions of the 2D lattice are derived from the
positions of the Bragg peaks. The full width at half-maximum

of the Bragg peaks (corrected for instrument resolution), fwhm-

(ax). gives the crystalline coherence lengtig~ 0.9(2z/fwhm-

observed. Mass spectra resulted from a signal average of at least
a few hundred laser shots in different spots of the target to get
reliable statistics about the ion peak. Good statistics are obtained
when the isotopic distribution of an ion species corresponds to
that expected from calculation. Mass assignments were made
using bothm/z measurement and isotopic distribution.
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TABLE 1: Experimental Conditions for Polymerization Experiments

mean area, temperature,

materiaf solven? Ma(A2)e duration T(°C) catalyst
Ala-Cyg 1,3 25, 28 10 min, 3 h,5h 20 water, pH 8, CuQl mM
Ala-Cys-TFA® 1 35 20h 20 water
Phe-Gg 1 49 3h 20 CuGl1 mM
Tyr-Cis 1 38,35 10 min, 3 h,5h 20 Cugl mM
Ala-Cig-AE-TFA® 2 35 10 min, 2.5 h 20 Cugh mMf
Ala-C1-ATE-TFA® 2 35 10 min, 3 h 3 CuGIl0.1 mM
Ala-Cig—Ph-TFA® 1 35 10 min, 3.5 h 20 water
Ser-Gg-ATE-TFA® 2 35 10 min, 2.5 h 3 water
GlU-(Cls)z 1 45 3h 3 CUC;j 1 Mm
Glu-(Cypg)2-MSA? 1 45 3h,24h 30 water, pH 10

aSee Scheme £.The solvents are as follows: 1, chloroform; 2, chloroform/4% methanol; and 3, beriZBmemean area per molecule over

which the material was spreatiThe material was spread over an area of 30mblecule and compressed to 28 or 28molecule.© The material
was spread on the surface as a salt with trifluoroacetic &gicconcentrated catalyst solution was injected under the monolayer to achieve the
reported final concentratiod.The material was spread as a salt of methyl-sulfonic acid.

SCHEME 2: Molecular Formulas of the Monomers Investigated

(0] O H H
N~ N~
170)1\( ZSO)K( /HEH/ OH /HW SH
NH, NH, o o
Ala—Clg Ala-C26 Clg-AE C]g-ATE
H i H i o & 0
/I/\l\”/N\/\O)H/ /H\WN\/\S)H/ HOJK\/ \n/ j<
16 16
NH, o) NH; CD3 O
Ala-C3-AE Ala-C3-ATE Boc-Ala(dy)
[e] (0] H (0]
N
/H;o 50 *\)@( \/\s)\/\or{
NH, NH» OH (o] NH»
Phe-Clg Tyl‘-Clg Ser-Clg-ATE
(0] (0] O
’H?OWOHF WOH m@o)k(
NH, NHz
Glu-(Cyg)2 Ala-C3-Ph

We use the following notation code for the oligopeptide
molecules: [4,d) designates a molecule comprisirty b-
(protonated) repeat units and.(deuterated) repeat units, with
n= h + d, being the total number of repeat units. The relative
abundance (r.a.) of each type of oligopeptitigl) is obtained
by dividing the intensity of all the ions from a particular
molecule to the total intensity of the ions from all the molecules
of the same lengthy. For example, the relative abundance of
a tetrapeptide (4,0) which is composed of four (protonated)
p-alanine molecules, is calculated from the equation

Intensity(4,0)
Intensity{ (4,0) + (3,1) + (2,2) + (1,3) + (0,4}

The relative abundance of the tetrapeptide (2,2), which is
composed of two (protonated)-alanine molecules and two
(deuterated)-alanine molecules is calculated from the equation

r.a.(4,0)=

Intensity(2,2)
Intensity{ (4,0)+ (3,1)+ (2,2)+ (1,3)+ (0,4}

The ionization yield is expected to be very similar for the
(h,d) oligopeptides of the same length= h + d. In view of

r.a.(2,2)=

C,5-PhOH

3. Results and Discussion

3.1. Ala-Cig and Ala-Cye. The first system we investigated
was Ala-Gg (Scheme 2). The GIXD patterns measured from
monolayers obL- andL-Ala-C;g are shown in Figure 1la and
1b, respectively, as 2D contour plots of intendifgy,0.), as a
function of the horizontady, and verticalkl, components of the
scattering vector. A relatively strong diffraction was obtained
at a mean molecular area of 28 and 2% (Kigure 2). At this
surface coverage, the reported polymerization reaction was
optimal?® At lower surface coverage, the diffraction intensity
was very weak. Assignment of the,K) Miller indices to the
GIXD pattern measured fromL-Ala-Cyg yielded a rectangular
unitcell @=5.0 A,b=10.5 A, A, = 26 A2 see Table 2) that
contained two molecules whose hydrocarbon chains are tilted
along theb-axis by an angle of 40from the normal to the water
surface (calculated from theg, position of the maximum
intensity of the Bragg rod"??see Experimental Section). The
unit cell has typical dimensions for a herringbone packing motif
of the two molecules that are related by glide symmetry along
the b-axis. The GIXD pattern measured frormAla-Cig was
assigned according to an oblique subcadl€ 5.0 A, b, = 5.4

the very similar masses of the compounds and the resulting veryA, y, = 115.5, Ay, = 24 A?) that can be transformed into a

similar ion velocities in the TOF mass spectrometer, we may
assume similar detection efficienci®&sThus, the ion intensity

of the different £,d) oligopeptides are directly and reliably
comparable.

cell with almost rectangular (pseudo-rectangular) dimensions:
a=50A b =98A y =917, A, =24 A2 The latter
contains two independent molecules whose hydrocarbon chains
are related by pseudo-glide almost parallel to lkexis. Note
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Figure 1. GIXD patternsl(d.,d,) measured from the two-dimensional (2D) crystallites off{@)Ala-Cis and (b)L-Ala-Cyg at a mean molecular
area of 24 & and (c)bL-Ala-Cys and (d)p-Ala-Cys at a mean molecular area of 38.A

50,
GIXD
E 40
4 !
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3
2
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Figure 2. Surface pressuremean molecular area isothermmf-Ala-

Cis at 20°C, showing the points where GIXD and polycondensation
reactions were performed. No diffraction was obtained at the points
marked with an asterisk, * (at 50 and 36/olecule).

that the GIXD patterns measured from the two-dimensional (2D)
crystallites ofbL- andL-Ala-Cyg are significantly different from
that measured for the octadecanol precuféamdicating that

to obtain a reasonable fit between the measured and calculated
Bragg rod intensity profiles (Figure 3a). The refined 2D packing
arrangement is shown in Figure 3b, viewed perpendicular to
the water surface.

The GIXD pattern (Figure 1d) measured franfla-Cys was
analyzed in terms of a pseudo-rectangular unit @e#(5.0 A,
b=19.8A,y =92.C%, A, = 24 A?) that contains two molecules
related by a pseudo-glide plane along theaxis. The refined
model that best fitted the Bragg rod intensity profiles (Figure
3c) is shown in Figure 3d, viewed perpendicular to the water
surface.

Polymerization experiments performed with andpL-Ala-

Cas at 35 and 25 Amolecule showed that the higher degree of
crystalline order did not contribute to the formation of longer
oligopeptides and, again, only dimers were obtained, according
to the MALDI-TOF MS analysis.

3.2. Ala-CigAE. According to the GIXD resultspL-Ala-

the two 2D packing arrangements are dependent on the chiralCis andbL-Ala-Cps pack in a racemic plane group containing

alanine moiety.
Polymerization experiments performed usmg andL-Ala-
Cis spread over a mean molecular area of 3@&Ad compressed
to 28 or 25 R yielded only dimers, as determined by MALBI
TOF MS analysis of samples taken from the water surface. A

both enantiomers in the same crystallite. In such systems, the
polymerization can occur between either homochiral or hetero-
chiral molecules, depending on the molecular arrangement,
distance, and orientation of neighboringbd versuso—L pairs.

A simpler way to obtain homochiral peptides would be when

possible reason for this result could be the lower tendency of racemic monomers separate on the water surface into a mixture
these molecules to form ordered crystallites. Therefore, we of enantiomorphous domains, each containing molecules of a
investigated Ala-Gs (Scheme 2), which we expected to self- single-handedness. To achieve such a separation, we introduced
assemble on the water surface into 2D domains with a higheran amide group into the hydrocarbon chain because, as shown
degree of order, because of stronger interactions between thepreviously?’ this group can promote hydrogen bonding between
longer hydrocarbon chai#8.Indeed, the GIXD patterns mea- molecules related by translation, thus enhancing the possibility
sured frompL- andp-Ala-Cys, spread over a surface coverage Of spontaneous separation of the racemate into a mixture of
of only 70% (mean molecular area of 3%)Ashowed a strong  enantiomorphous domains.

diffraction (see Figure 1c, d). The racenmic-Ala-Cys packs in Ala-Cig-AE (Scheme 2) contains an amide group separated
a rectangular unit cell(= 5.0 A,b = 9.6 A, A, = 24 A2 that by a—(CHy),— “spacer” from the alanine-ester moiety. GIXD
contains two molecules tilted along tlheaxis by an angle of patterns measured from self-assembled 2D crystallites. of

39° from the normal to the water surface. The molecules are andp-Ala-C;g-AE are presented in Figure 4a and b, respectively.
related by a-glide symmetry in a herringbone packing motif For comparison, a significantly different GIXD pattern was
as racemic 2D crystallites. To determine the 2D packing measured from self-assembled 2D crystallites of the AE
arrangement, X-ray structure factor calculations were performed precursor alcohol (Scheme 2), as shown in Figure 4c. Initially,
with the Shelx9%* program adapted for 2D crystals. Using an an attempt was made to index the GIXD patternbofAla-
atomic coordinate molecular model, the structure was refined C15-AE, according to a pseudo-rectangular unit cejl€ 4.9
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TABLE 2: Unit Cell Dimensions and Molecular Tilt Angles, as Deduced from the GIXD Measurements at the Air/Water
Interface

Coherence Lengthn (A)"

materiaf Ma(RA)P a0 (R)e bo(R)e 7o()° a(A)? bR y () An(R2e t(O) ya(°)9 Lo Lio Li
L-Ala-Cyg 24 5.0 5.4 115.5 5.0 9.8 91.7 24 35 91 140 170 180
pL-Ala-Cig 24 5.0 10.5 90 26 40 90 100 140
D-Ala-Cye 35 5.0 5.4 115.4 5.0 9.8 92.0 24 40 95 100 260 110
pL-Ala-Cye 35 5.0 9.6 90 24 39 90 140 240
D-Ala-Cig-AE 29 4.9 5.4 115.8 4.9 9.8 90.9 24 37 93 250 500 320
pL-Ala-Cig-AE 29 4.9 5.4 115.0 4.9 9.9 91.8 24 37 80 130 340 300
L-Ala-C1-ATE 29 4.9 5.4 113.8 4.9 9.9 93.2 24 38 79 160 280 320
pL-Ala-Cig-ATE 29 4.9 5.4 113.8 4.9 9.9 93.2 24 38 79 170 280 280
L-Ala-Cig—Ph 35 5.1 5.3 113.9 5.1 9.8 94.7 25 36 85 120 250 230
pL-Ala-C;s—Ph 35 5.1 5.3 112.6 5.1 9.8 96.3 25 37 88 110 120 90
D-Ser-GgATE 35 4.9 5.4 114.2 4.9 9.9 92.9 24 39 79 250 450 310
DL-Ser-GgATE 35 4.9 9.1 90 22 33 90 400 500
L-Glu-(Cig)2 55 5.0 8.6 90 43 25 0 340 80
DL-Glu-(Cig)s 55 5.0 8.6 90 43 25 0 340 70
DL-Glu-(Cyg)2* 45 5.0 8.3 90 42 18 90 80 110
CiAE 29 4.9 9.0 90 22 32 90 470 560
CigATE 29 4.9 9.0 90 22 32 90 410 510
Ci1g—PheOH 35 5.1 9.0 90 23 32 90 510 560
hexacosanol 35 5.0 7.4 90 18 7 90 420 360

a2 Chirality is as indicated? Mean area per molecule at which the diffraction was meastd@ulique unit cell parameteréRectangular or
pseudo-rectangular unit cell parameters calculated from the oblique celawith-a, andb:, = a, + 2b,. © Area per molecule calculated from the
diffraction data.f Molecular tilt angle from the normal to the water plafézimuthal angle between the projection of the long molecular axes on
the water plane and theaxis of the unit cell (ag, = —a,, this is the same angle for the rectangular and oblique unit céls).deduced from
the full width at half maximum, fwhia. ' Lo, andLi1111, respectivelyl Rectangular subcell containing one molectlil8ubphase is 1 mM Cugl
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Figure 3. (a) Bragg rod intensity profiles {) measured and-) calculated) and (b) the refined 2D packing arrangements (viewed perpendicular
to the water surface) afL-Ala-Cy, (C) Bragg rod intensity profiles §) measured and~) calculated) and (d) the refined 2D packing arrangements
(viewed perpendicular to the water surface)pefla-Czs. Note that, for clarity, only portions of the hydrocarbon chains are shown.

A b=99A y, =918, A, = 24 A? that contained two  the b-axis. However, this unit cell cannot accommodate two
molecules. The calculated molecular tilt angle iS 86m the molecules that are related by a pseudo-glide, because the tilt
normal to the water surface in an azimuth angle of t@m direction is not along a crystallographic axis. The tilt direction

‘.
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Figure 4. GIXD patternsl(gy,d;) measured at a mean molecular area of 2drdm the 2D crystallites of (apL-Ala-Cig-AE, (b) p-Ala-Cig-AE,
(C) Cis-AE, (d) CigATE, (9) pL-Ala-C.¢-ATE, and (f) L-Ala-Cg-ATE.

indicates that Ala-¢-AE molecules can be related by translation molecules, tilted by 37from the normal to the water surface,
symmetry in the corresponding chiral oblique subcell, of in a direction almost parallel to the-axis. This tilt direction
dimensionsa, = 4.9 A b, =5.4 A, y, = 115.0. The proposed indicates that hydrocarbon chains can pack in a pseudo-
2D packing arrangement is presented in Figure 5b together with herringbone packing motif via a pseudo-glide plane whereas
the calculated and measured Bragg rods intensity profiles (Figurethe Ala-headgroups are related by pseudo-translation. The 2D
5a). In such a molecular arrangement, we can envisage enanmolecular packing arrangement, determined by X-ray-structure-
tiomeric disorder within the chiral domains via an interchange factor-constrained least-squares refinement, is shown in Figure
between the Ckigroup and the H atom at the stereogenic carbon 5c, together with the calculated and measured Bragg rods
to yield a random solid solution of the two enantiomers. profiles (Figure 5d).
Polymerization experiments of -Ala-C,g-AE at 20°C for 2.5 3.3. Ala-C;g-ATE. The polymerization of the alanine long-
h, initiated by an aqueous solution of Ca@l mM), yielded chain esters described previously yielded only dipeptides. We
only a mixture of diastereoisomeric dipeptides, as determined expected that longer oligopeptides should be obtained using the
by MALDI—-TOF MS analysis of samples prepared using an more-reactive corresponding thio-esters. For this purpose, Ala-
L-enantiomer with deuterated-Ala(ds) (see Experimental  C;eATE (Scheme 2, as trifluoroacetate salt) was investigated.
Section). The experimental relative abundance of each of theThe GIXD patterns measured from the 2D crystallites self-
dipeptides is given in Figure 6a, in comparison to the theoretical assembled fronoL- andL-Ala-C1ATE at a mean area of 29
values expected for a random polymerization process. The AZmolecule (Figure 4e, f) are very different from the GIXD
composition of the three diastereoisomeric dipeptides follows pattern (Figure 4d) measured from the correspondingATE
a binomial distribution, as would be expected for self-assembly thio-alcohol precursor is isostructural tag8E. The diffraction
of thepL-Ala-Cg-AE into a random 2D solid solution. We also  patterns in Figure 4e and f are very similar, indicating that the
note that the GIXD pattern ob-Ala-Cig-AE (Figure 4b) is Ala-C1g-ATE racemate might have spontaneously separated into
different. a mixture of enantiomorphous 2D domains. The diffraction
The GIXD diffraction patter?? of b-Ala-Cyg-AE (Figure 4b) patterns were both indexed according to an oblique ee#(
was indexed according to a pseudo-rectangular unit eet ( 49A,b=54A,y=113.8, An= 24 A?). The molecules are
49 A b=98A y =902, A, =24 A? that contained two tilted by 38 from the normal to the water surface, with an
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Figure 5. (a) Bragg rod intensity profiles afL-Ala-CisAE ((x) measured and=) calculated); (b) refined 2D packing arrangementsicfila-
Ci16AE, viewed perpendicular to the water surface; (c) refined 2D packing arrangemenfd@iCisAE, viewed perpendicular to the water surface;
and (d) Bragg rod intensity profiles afAla-CisAE ((x) measured and-) calculated).

azimuthal direction of 79 from the a-axis. X-ray-structure- signals in the MALD-TOF MS analysis, whereas the intensi-
factor-constrained least-squares refinement of the atomic coor-ties of the trimer, unreacted monomer, and tetramer were in a
dinate model yielded the 2D packing arrangement given in descending order (Figure 6¢). The experimental results are very
Figure 7b, together with the Bragg rod intensity profiles (Figure close to the binomial distribution in a random process, indicating
7a). the occurrence of enantiomeric disorder in the 2D crystallites

MALDI —TOF MS of samples collected from the aqueous self-assembled from the racemate. Such disorder can occur via
surface afte3 h on a 1 mMCuCk subphase at 4C revealed an interchange of the methyl group with the H atom attached
the formation of a mixture of diastereoisomeric dipeptides, to the asymmetric C atom. This type of disorder cannot be
tripeptides, and tetrapeptides. The experimental relative abun-determined on the basis of our GIXD data. Another possibility
dance of each of the oligopeptides is given in Figure 6b and may be that the polymerization reaction occurred primarily at
compared with the theoretical binomial distribution expected the grain boundaries or in the amorphous portion of the
for a random process. Note that the dimer gave the strongestmonolayer and not within the 2D crystallites.
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Figure 6. Relative abundance of oligopeptides obtained at the air/water interface, as determined by MAABMS using deuterium-labeled
L-monomer: (a) Ala-G-AE (35 A2/molecule, 10 mM CuG| 4 °C, 3 h) and (b) Ala-G-ATE (1 mM CuC}, 4 °C, 3 h), average of four independent
samples. (c) MALD+TOF MS peak intensity of the different oligopeptides and unreacted monomer as formed from thg-AlGBEormalized
to that of the intensity of the dipeptide.
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Figure 7. (a) Bragg rod intensity profiles af-Ala-C,1g-ATE 2D crystallites self-assembled from eitleor bL-amphiphiles (&) measured and~)
calculated). Also shown are the refined packing arrangemerisAdé-C,s-ATE 2D crystallites self-assembled from eitheor pL-amphiphiles,
viewed (b) perpendicular and (c) parallel to the water surface.

3.4. Ala-Cig-Ph. Both Ala-Cig-AE and Ala-GgATE were monomers, we used another reactive system exhibiting a phenyl
unsuitable for our purposes, because, apparently, both formedester as a good leaving group: AlasPh (Scheme 2). The
2D crystallites comprising enantiomeric disorder. Nevertheless, GIXD patterns measured from the 2D crystallites self-assembled
the introduction of a thio-ester moiety in Alaf£ATE increased from pL-andL-Ala-Cis—Ph at a mean area of 3%/#nolecule
the length of the longest oligopeptide products obtained from are shown in Figure 8a and b, respectively. For comparison,
two to four repeating units. To enhance the reactivity of the the GIXD pattern measured from the corresponding-®hOH
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Figure 8. GIXD patternsl(gy,0,) measured at a mean molecular area of 35rdm the 2D crystallites self-assembled from (ayAla-C;gPh, (b)
L-Ala-Cy1gPh, and (c) @-PhOH.

(Scheme 2) alcohol precursor is very different (Figure 8c), = 4.9 A, b= 9.1 A, A, = 22 A2, see Table 2) containing two
demonstrating again that the packing arrangement of the alaninemolecules related byb-glide symmetry in a racemic 2D
long-chain esters is dependent on the chiral alanine moiety. Thecrystallite.
diffraction pattern in Figure 8a was indexed according to a chiral ~ This monomer proved to be reactive and the best polymer-
oblique unit cella=5.1 A,b=53 A,y = 112.6, A, = 25 ization results were obtained by spreading the monomer on pure
A2 The molecules are tilted by 37rom the normal to the water ~ water at 4°C when dimers and trimers were formed after 2.5
surface in an azimuthal direction of 8&om the a-axis. The h.
GIXD data cannot give information on the degree of order of  The addition of a catalyst (AgN$or CuC}) did not give
the alanine moieties in the crystallites. The unit cell of the any longer oligopeptides. However, there was a strong peak in
L-crystallites (Figure 8b) are of similar dimensions to the the MALDI-TOF MS that corresponds to the disulfide bridge
racemate:a=5.1A b=53A,y=113.9, A, =25 A2 The formation between two G-ATE thio-alcohol molecules after
2D packing arrangement of the enantiomearystallites is given possible monomer hydrolysis.
in Figure 9, together with the measured and calculated Bragg 3.7. Glu-(Cyg)2. The diester-Glu-(Cyg)2, Which represents a
rod intensity profiles. Polymerization performed on samples different class of esters bearing two hydrocarbon chains, was
prepared fronpL- and L-Ala-Cg-Ph yielded only dimers, as  reported? to yield long oligopeptides; therefore, we reinvesti-
determined by MALD+TOF MS analysis. gated the polymerization of films of this monomer. This
3.5. Phe-Gg and Tyr-C 15. The monomers derived from the ~ compound was prepared both as a methylsulfonate salt and as
alanine esters or thio-esters formed 2D crystallites comprising @ fréé amine. The GIXD patterns measured from the 2D
enantiomeric disorder. Such disorder would not be expected in cTystallites self-assembled from the- andL-Glu-(Cig), methyl-
systems where the-amino acid side chain is bulky, e.g., Phe- su_lfonate salt at a mean mqlecular area of 551#_‘& very S|m|la_r _
Cig and Tyr-Gg (Scheme 2). Our polymerization experiments (Figure 11a and b, respectively). T_he free amine gave a similar
with these compounds, performed under the same conditionsGIXD pattern (not shown). They yielded a rectangglar subcell
as previously reportéd? to yield oligopeptides in form of (a= 5.0'A, b = 8.6 A) that contained one molecule tilted along
a-helix and/or random coif>1? led to the formation of only the a-axis by 23 from the normal fo the water surface. An

dimers and unreacted monomer, as determined by MALDI atomic coordinate molecular model containing a pseudo-
. herringbone arrangement of the hydrocarbon chains was con-
TOF MS analysis.

structed. The 2D packing arrangement obtained by X-ray-
The GIXD measurements performed on monolayers of Phe- strcture-factor-constrained least-squares refinement of the
Cig and Tyr-Gg did not produce diffraction at any molecular  model is shown in Figure 12b and c, together with the
area. The lack of crystalline order in such monolayers is corresponding measured and calculated Bragg rod intensity
presumably due to the steric hindrance introduced by the bulky profiles (Figure 12a).
Phe and Tyr headgroups. We also measured the GIXD patterns fram-Glu-(Cyg)2
3.6. Ser-Gg-ATE. Another system where we would expect spread on an aqueous solution of Cu@ImM). No diffraction
the enantiomeric disorder to be reduced is the long-chain esterwas observed at a mean molecular area of 35uhlike that
of serine Ser-G-ATE (see Scheme 2). The GIXD patterns observed for the water subphase. The film was then compressed
measured from 2D crystallites self-assembled from and to a mean molecular area of 4% And gave the GIXD pattern
L-Ser-Gg-ATE are given in Figure 10a and b, respectively. The shown in Figure 11c. The calculated subcell is rectangaar (
L-crystallites display a diffraction pattern very similar to that = 5.0 A, b = 8.3 A) and contains alkyl chains tilted along the
of the Ala-Gg-ATE (see Figure 4e, f) with molecules packed b-axis by an angle of 1'8from the normal to the water surface.
only by translation. By contrast, the GIXD pattern measured  Polymerization experiments performed on the water surface
from the racemic amphiphile yielded a rectangular unit ll ( under conditions as previously reportegiielded only dimers
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Figure 9. (a) Bragg rod intensity profiles af-Ala-Cis-Ph ((x) measured and) calculated). Also shown is the refined packing arrangement of
the p-Ala-Cyg-Ph viewed (b) perpendicular and (c) parallel to the water surface.
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Figure 10. GIXD patternsl(gx,0) measured at a mean molecular area of 35rdm the 2D crystallites self-assembled at the air/water interface
from (a)bL-Ser-Gg-ATE and (b)L-Ser-GgATE. Note that the GIXD patterns of the racemate and the corresponding alcab@TE, Figure 4d)

are very similar but not identical.
(Scheme 3), as demonstrated by MALDIOF MS analysis.

the polymerization on an aqueous subphase &€ 4where,
again, even in the presence of 1 mM Cp@$ a catalyst, only
dimers were formed.

4. Conclusions

provide suitable architectures for the generation of peptides by
The degree of order on the water surface under these conditions condensation reactions within a structured environifiét.
(30 °C) is expected to be low. Therefore, we also performed Here, we report a reinvestigation of some of these reactions by
applying grazing incidence X-ray diffractometry (GIXD) and
matrix-assisted laser deesorption ionization time-of-flight mass
spectroscopy (MALD+TOF MS) techniques. The packing
arrangements of the two-dimensional (2D) crystallites formed
by self-assembly at the air/solution interface; both of the
Previous reports have suggested that amphiphilic alkyl estersamphiphiles reported previously and the new ones were
of a-amino acids self-assemble at the air/solution interface and determined by GIXD. The molecular weights were determined
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from the MALDI-TOF MS analysis. In all the studied systems,
it was found that the polycondensation reaction of the alkyl
esters does not proceed beyond the formation of dipeptides.

0j6 018
ey -1
q,(A") q,(A")

SCHEME 3: Dimerization of Glu-(C 1g),, in Contrast to
a Previously Proposed Polycondensatid#

A

Water /\o /—\d),_J /\d

O NHz ¢ NH, O NHp
XI Dimerization

Polycondensatior‘% \\ \

o)
20
VR
N

\

o o) o
0. 208 Xo 7=0
‘b\ 4 py ﬁo;) 9~
----- 0 N N NH---- O N NH, O NH;
O HO HO o

labeled racemic monomers is binomial, suggest that the racemate
self-assembles in the form of enantiomerically disordered 2D
crystallites. It is most plausible that the origin of this disorder
is due to the possibility of a methyl group of an Ala moiety of
single-handedness to occupy a sitedd atom attached to the
stereogenic center of the other enantiomer. It was anticipated
that such disorder would not be present in the alkyl esters of
o-amino acids such as Phe, Tyr, and Ser, where the side chains
are bulkier than those in Ala. However, the esters of racemic
and enantiomerically pure Phe and Tyr did not form 2D

To generate longer oligopeptides, we investigated also a few crystallites at the air/water interface. The Ser esters formed true
alkyl thio-esters, where the alkanethiol is a much better leaving racemic 2D crystallites; however, they did not react beyond the
group than the corresponding alkoxy group. In these systems,formation of the corresponding dipeptides and tripeptides.

trimers and tetramers were obtained, in addition to dimers.

To rationalize the formation of low-molecular-weight pep-

To probe the feasibility of generating homochiral oligopep- tides, several possible reasons may be considered. First, these
tides by taking advantage of differences in the packing arrange- monomers can undergo hydrolysis in addition to polyconden-
ment of racemic versus enantiomorphous 2D crystallites, we sation. The formation of the dipeptides and the alcohol byprod-
have investigated the packing arrangement of several racemicuct may induce defects in the crystallites during the early stages

and enantiopure compounds. In the case of AlgAE, the
packing arrangements of andpL-crystallites were similar and,
in the case of Ala-G-ATE, almost identical. These results,

of the reaction and change the position of the ester group of
the dipeptide-vis a vis, the neighboring amine grottgnd, thus,
hinder further propagation. The product distribution seems to

together with the observation that the distribution of the short be independent of the coherent length of the various 2D

oligopeptides formed in the polycondensation of the enantio-

crystallites (Table 2).
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Finally, the present results demonstrate that, in contrast to  (6) Weissbuch, I.; Rubinstein, I.; Weygand, M. J.; Kjaer, K.; Leiser-
the polycondensation process of amphiphilic thioestersNgad ~ ©Witz, L. Lahav, M.Helv. Chim. Acta2003 86, 3867.
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