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C*-Methyl,C*-allylglycine (Mag) Homooligomers
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ABSTRACT: A complete series of N*-protected, monodispersed homooligopeptide esters to the pentamer
level from L-C*-methyl,C*-allylglycine (L-Mag) have been synthesized step-by-step in solution and fully
characterized. The solution preferred conformation of these homooligomers has been assessed by FT-IR
absorption and *H NMR techniques. Moreover, the molecular structures of the homodimer and trimer
have been determined in the crystal state by X-ray diffraction, and the conformational energy map of the
homotrimer has been computed. The results obtained point to the conclusion that right-handed, single,
or multiple -bends are preferentially adopted by the conformationally restricted L-Mag homooligomers.
In particular, 310-helices are formed by the longest homooligomer (pleionomer). The implications for the
use of the Mag residue in designing conformationally constrained peptide substrates for reactions involving
the side-chain C=C functionality are briefly discussed.

Introduction

The stabilization of specific ordered secondary struc-
tures has recently become a major issue in peptide
science, particularly in conjunction with the de novo
design of protein and enzyme mimetics. In connection
with this purpose one of the most effective strategies
pursued for increasing the tendency to fold into S-bends
and the 3jp-helical structure is C*-methylation of the
peptide chain.l~7

To gain a deeper understanding of the preferred
conformation of this family of C*-tetrasubstituted o-ami-
no acids, we recently embarked on a program directed
toward the structural analysis of the trifunctional C%-
methyl,C-allylglycine (Mag) peptides, characterized by
a side chain Cr=C? bond. By a chemoenzymatic ap-
proach, developed by DSM Research, we performed a
large-scale synthesis of the optically pure L-Mag enan-
tiomer.8 We also prepared a set of model peptides
containing L-Mag in combination with either Aib (a-
aminoisobutyric acid) or L-Ala.® From our solution and
crystal state conformational investigation it appeared
that the Mag-based peptides have a marked tendency
to fold into S-bends and 31p-helices.

In the present extension of the above study we
describe synthesis, characterization, and the results of
experimental and theoretical conformational analyses

* To whom correspondence should be addressed. Tel (+39) 049-
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(the former in solution by FT-IR absorption and H
NMR and in the crystal state by X-ray diffraction) of
the homooligomeric, homochiral series Boc-(L-Mag)n-
OMe (n = 2-5; Boc, tert-butyloxycarbonyl; OMe, meth-
oxy). A preliminary communication of part of this work
has been reported.®
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In recent years a number of methods on the synthesis
of Mag and its derivatives have been described.10-24
However, only a few papers have dealt with the incor-
poration of Mag into peptides.8?526 Mag derivatives and
peptides, along with those derived from other more
common C*-allyl substituted a-amino acid residues,?’—35
have been exploited in intramolecular C—C bond forma-
tion (ring-closing metathesis) and in the preparation of
“buit-into” compounds by taking advantage of the
readily available carbon—carbon double-bond function-
ality. Polypeptides have been prepared characterized by

10.1021/ma0019353 CCC: $20.00 © 2001 American Chemical Society
Published on Web 05/03/2001



4264 Peggion et al.

pendant carbon—carbon double-bond sites as handles
for cross-linking reactions.36:37

Experimental Section

Synthesis of Peptides. The synthesis and characterization
of the derivatives Boc-L.-Mag-OH?® and H-L-Mag-OMe?®° have
been described. Newly synthesized homopeptides are as fol-
lows.

Boc-(L-Mag),-OMe. This compound was synthesized from
Boc-L-Mag-OH and H-L-Mag-OMe [the latter obtained by
reacting the corresponding Boc-protected a-amino ester® with
a 30% solution of trifluoroacetic acid (TFA) in CH,CI, for 30
min, followed by treatment with N-methylmorpholine (NMM)]
in anhydrous CH,CI; in the presence of N-ethyl,N'-(3-dim-
ethylamino)propylcarbodiimide (EDC) hydrochloride and 1-hy-
droxy-7-azabenzotriazole (HOAt),%8 as the hydroxylamine-
based additive, at room temperature for 1 day: yield 79%; mp
107-108 °C (from ethyl acetate—light petroleum). TLC (silica
gel plates 60F-254 Merck): Rsl (CHCIls—ethanol 9:1) 0.95, R
Il (1-butanol—acetic acid—water 3:1:1) 0.95, R¢lll (toluene—
ethanol 7:1) 0.65; [a]*°» —16.3° (c 0.5, methanol). IR absorption
(KBr): vmax 3397, 3296, 1728, 1708, 1660, 1516 cm™1. *H NMR
(CDCl3, 10 mM): ¢ 7.09 (s, 1H, Mag NH), 5.70 (m, 2H, 2 Mag
yCH), 5.12 (m, 4H, 2 Mag 6CHy), 5.06 (s, 1H, Mag NH), 3.74
(s, 3H, OMe CHg), 2.90 and 2.59 (m, 4H, 2 Mag fCH,), 1.57 (s,
3H, Mag CH3), 1.47 (s, 3H, Mag fCH3), 1.44 (s, 9H, Boc CH3).

Boc-(L-Mag)s-OMe. This compound was prepared from Boc-
L-Mag-OH and H-(L-Mag),-OMe [the latter obtained by react-
ing the corresponding Boc-protected dipeptide ester (see above)
with a 30% solution of TFA in CH,CI; for 30 min, followed by
treatment with NMM] in anhydrous CH,CI; in the presence
of EDC/HOAt at room temperature for 5 days: yield 43%; mp
130—131 °C (from diethyl ether—light petroleum). TLC Ryl
0.90, R¢ll 0.95, R¢lll 0.40; [0]*°> —60.1° (c 0.5, methanol). IR
absorption (KBr): vmax 3410, 3293, 1736, 1689, 1650, 1534
cm~1. 'H NMR (CDCl3, 10 mM): 6 7.46 (s, 1H, Mag NH), 6.65
(s, 1H, Mag NH), 5.79 (m, 3H, 3 Mag yCH), 5.24—5.04 (m, 6H,
3 Mag 0CHy), 4.85 (s, 1H, Mag NH), 3.70 (s, 3H, OMe CH3),
2.70—2.44 (m, 6H, 3 Mag SCHy), 1.57 (s, 3H, Mag SCHs3), 1.55
(s, 3H, Mag fCHs3), 1.46 (s, 3H, Mag CH3), 1.44 (s, 9H, Boc
CHs).

Boc-(L-Mag)4-OMe. This compound was prepared from Boc-
L-Mag-OH and H-(L-Mag)s-OMe [the latter obtained by react-
ing the corresponding Boc-protected tripeptide ester (see
above) with a 30% solution of TFA in CH.CI, for 30 min,
followed by treatment with NMM] in anhydrous CH,ClI; in the
presence of EDC/HOAt at room temperature for 6 days: yield
25%; mp 167—168 °C (from ethyl acetate—light petroleum);
TLC R¢l 0.85, Rfll 0.95, R¢ll 0.35; [a]*> —79.6° (¢ 0.5,
methanol). IR absorption (KBr): vmax 3322, 1732, 1681, 1528
cm~1 'H NMR (CDCls, 10 mM): 6 7.34 (s, 2H, 2 Mag NH),
6.53 (s, 1H, Mag NH), 5.71 (m, 4H, 4 Mag yCH), 5.20—5.02
(m, 8H, 4 Mag 6CH>), 4.82 (s, 1H, Mag NH), 3.69 (s, 3H, OMe
CHg), 2.55 (m, 8H, 4 Mag SCHy), 1.57 (s, 3H, Mag fCH3), 1.47
(s, 3H, Mag fCHg3), 1.45 (s, 9H, Boc CHg), 1.40 (s, 3H, Mag
BCHj3), 1.38 (s, 3H, Mag CHj).

Boc-(L-Mag)s-OMe. This compound was synthesized from
Boc-L-Mag-OH and H-(L-Mag),-OMe [the latter obtained by
reacting the corresponding Boc-protected tetrapeptide ester
(see above) with a 30% solution of TFA in CH.CI, for 30 min,
followed by treatment with NMM] in anhydrous CH,CI; in the
presence of EDC/HOALt at room temperature for 10 days: yield
30%; mp 175—177 °C (from ethyl acetate—light petroleum);
TLC R¢l 0.85, R¢ll 0.95, R¢ll 0.35; [a]®5 —21.0° (c 0.2,
methanol). IR absorption (KBr): vmax 3298, 1733, 1680, 1659,
1532 cm™%. 'H NMR (CDCl3, 10 mM): 6 7.66 (s, 1H, 1 Mag
NH), 7.42 (s, 1H, 1 Mag NH), 7.16 (s, 1H, 1 Mag NH), 6.22 (s,
1H, Mag NH), 5.72 (m, 5H, 5 Mag yCH), 5.17—5.02 (m, 10H,
5 Mag 0CHy), 4.83 (s, 1H, Mag NH), 3.69 (s, 3H, OMe CHy),
3.11-2.52 (m, 10H, 5 Mag fSCH,), 1.67—1.18 (m, 15H, 5 Mag
BCHS3), 1.45 (s, 9H, Boc CHs).

Infrared Absorption. The solid-state infrared absorption
spectra (KBr disk technique) were recorded with a Perkin-
Elmer model 580 B spectrophotometer equipped with a Perkin-
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Table 1. Crystal Data and Diffraction Parameters for the
Boc-(L.-Mag)n-OMe (n = 2,3) Homooligomers

parameter Boc-(L-Mag),-OMe Boc-(L-Mag)s;-OMe
mol formula Ci18H30N20s5 C24H39N30s
mol wt, amu 354.4 465.6
crystal system orthorhombic tetragonal
space group P2,2121 P4,
Z, mol/unit cell 4 4
a(A) 23.296(1) 9.619(5)
b (A) 8.604(2) 9.619(5)
c(A) 10.418(1) 31.724(5)
V (A3 2088.2(5) 2935(2)
d(calcd), g/lcm—3 1.127 1.054
radiation CuKa (1.541 78 A) Cu Ka (1.541 78 A)
data collect method  6/26 6120
crystal size, mm 0.3x0.2x0.3 02x03x04
6 range, deg 1-70 1-70
indep refls 2290 2832
obs refls 1892 [I > 20(1)] 2509 [I > 20(1)]
goodness-of-fit 1.446 1.635
solved by SIR 9739 SIR 9739
refined by SHELXL 9740 SHELXL 9740
final R indices [I > R;=0.0780, wR, = R;=0.0669, wR, =
20(1)] 0.181 0.194

R indices (all data)

R; = 0.0904, wR, =
0.193

R1 =0.0726, wR, =
0.202

Ap, elA3 0.425/—0.499 0.594/—0.193

temp, K 293 293

crystallization EtOAc/PE? EtOAc/PE?
solvent

a EtOAc, ethyl acetate; PE, petroleum ether. ® Vapor diffusion.

Elmer model 3600 IR data station and a model 660 printer.
The solution spectra were recorded using a Perkin-Elmer
model 1720 X FT-IR spectrophotometer, nitrogen-flushed,
equipped with a sample-shuttle device, at 2 cm~ nominal
resolution, averaging 100 scans. Cells with path lengths of 0.1,
1.0, and 10 mm (with CaF, windows) were used. Spectrograde
deuteriochloroform (99.8% d) was purchased from Merck.
Solvent (baseline) spectra were obtained under the same
conditions.

1H Nuclear Magnetic Resonance. The *H NMR spectra
were recorded with a Bruker model AM 400 spectrometer.
Measurements were carried out in deuteriochloroform (99.96%
d; Aldrich) and dimethyl-ds sulfoxide (Me,SO) (99.96% ds;
Acros Organics) with tetramethylsilane as the internal stan-
dard. The free radical TEMPO (2,2,6,6-tetramethylpiperidinyl-
1-oxy) was purchased from Sigma.

X-ray Diffraction. Colorless single crystals of Mag ho-
modimer and trimer were grown at room temperature from
the solvents reported in Table 1. The X-ray data were collected
on an Enraf-Nonius CAD4 diffractometer of the Biocrystal-
lography Research Center, CNR, at the University of Naples
“Federico 11”. During data collections three standard reflections
were periodically measured in order to check the stability of
crystals and the electronics. The observed intensity variations
were within 3%. The intensities were corrected for Lorentz and
polarization factors, but no absorption correction was applied.
Unit cell determinations were carried out for all crystals by
least-squares refinement of the setting angles of 25 high angle
reflections accurately centered.

Both structures were solved by direct methods using the
programs mentioned in Table 1. The solution with the best
figure of merit revealed the coordinates of all non-H atoms.
Refinement of the two structures was performed by full-matrix
least-squares procedures with the programs listed in Table 1.
All non-H atoms were refined anisotropically. H atoms of the
two oligomers were calculated, and during the refinement they
were allowed to ride on their carrying atoms with Ujs, set equal
to 1.2 times the U, of the attached atom. The scattering factors
for all atomic species were calculated from Cromer and
Waber.*! Details of the crystallographic data and diffraction
parameters for the two structures are given in Table 1. Further
details of the crystal structures, including final atomic pa-
rameters for the non-H atoms, have been deposited with and
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Chart 1
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Boc OMe
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Boc OMe
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Boc OMe

Conditions: (1) EDC/HOAYNMM in GH ,Cl,. (2) dil. TFA in CH ,Cly, followed by NMM.

are available on request from the Director of the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ (England), on quoting the full journal citation.

Conformational Energy Computations. The theoretical
conformational analysis of Boc-(L-Mag)s-OMe was performed
using the parameters extracted from the X-ray diffraction
structure of the homotrimer. Conformational energy computa-
tions were performed using the INSIGHT/DISCOVER package
with the consistent valence force field CVFF.42744 A dielectric
constant of 1 was assumed in all calculations. The conforma-
tional space was mapped by calculating the conformational
energy at 20° intervals for the ¢, y torsion angles. In all
conformational search, the w torsion angles were fixed at 180°,
and the ¢ and y angles of the Mag? residue were fixed at —60°
and —30°, respectively. Minimum-energy conformations were
obtained in the low-energy regions located in the above search,
minimizing the energy using the Conjugate Gradients algo-
rithm.*5 Conformational energy is expressed as AE = E — E,,
where E, is the energy of the most stable conformation. All
computations were performed on O2 Silicon Graphics worksta-
tions of the Biocrystallography Research Center (CNR), Uni-
versity of Naples.

Results and Discussion

Peptide Synthesis. An economically attractive and
generally applicable chemoenzymatic synthesis devel-
oped by DSM Research!1-1446.47 was used for the large-
scale production of the optically pure L-Mag enanti-
omer.8 At first, we performed a phase-transfer catalyzed
allylation of N*-benzylidene-pL-alanine amide for the
preparation of the racemic a-amino amide which was
purified by distillation. Then, we used a broadly specific
amino amidase from Mycobacterium neoaurum ATCC
25795 to achieve optical resolution, affording the free
L-amino acid and the p-amino amide,**~*4 which were
separated by ion-exchange chromatography. Alkaline
hydrolysis of the p-amino amide gave the corresponding
free b-amino acid. Since the enzymatic resolution is not
fully enantioselective (E-ratio: 40), a final optical
purification was performed by crystallization from
2-propanol/water 3:1. Thus, the L- and p-Mag were
obtained in enantiomeric excess >99%. Then, the prepa-
ration and full characterization of the terminally pro-
tected homooligomeric, homochiral Boc-(L-Mag),-OMe
peptides (to the pentamer level) were performed. The
synthesis was carried out step-by-step in solution,
beginning from the C-terminal a-amino methyl ester
(Chart 1). Peptide bond formation was achieved by the
EDC/HOALt C-activation procedure3® in methylene chlo-

Mag Homooligomers 4265

Absorbance

3500 3400 3300 3200
Wavenumbers (cm-—1)

Figure 1. FT-IR absorption spectra in the N—H stretching
region of the Boc-(L-Mag),-OMe (n = 2—5) homooligomers in
CDCl; solution. Peptide concentration: 1 mM.

ride in the presence of a tertiary amine (NMM). Using
this methodology, the sterically hindered L-Mag-L-Mag
peptide bonds were formed in variable yields, generally
decreasing with increasing peptide size. Removal of the
Boc N*-protection was carried out by mild acidolysis
(diluted TFA) without disturbing the side-chain C=C
double bond(s).

Solution Conformation. The conformational prefer-
ences of the Boc/OMe protected L-Mag homooligomers
were investigated in a structure-supporting solvent
(CDCl3) by FT-IR absorption and 'H NMR over the
peptide concentration range 10—0.1 mM.

The FT-IR absorption spectra in the N—H stretching
(amide A) region (peptide concentration: 1 mM) are
illustrated in Figure 1. The curves are characterized by
bands (shoulders) at 3439—3426 cm™ (free, solvated NH
groups),*® 3404—3400 cm~1 (weakly H-bonded NH groups
of fully extended conformations),*® and 3351—3339 cm~?
(strongly H-bonded NH groups of folded conforma-
tions).*® The intensity of the low-frequency band relative
to those of the high-frequency bands increases signifi-
cantly as main-chain length increases. We have also
been able to demonstrate that even at 10 mM concen-
tration self-association via intermolecular N—H-:-O=C
H bonding is negligible (less than 5%) for all oligomers
(results not shown). Therefore, the observed H bonding
should be interpreted as arising almost exclusively from
intramolecular N—H---O=C interactions.

The present FT-IR absorption analysis has provided
evidence that intramolecular H bonding typical of folded
conformations is the predominant feature of the termi-
nally protected, longer L-Mag homooligomers (pleiono-
mers)® in CDCl3, a solvent of low polarity.

To get more detailed information on the preferred
conformation in CDClI; solution of Boc-(L-Mag)s—OMe,
the longest and most significant homopeptide of this
series, we carried out a 400 MHz 'H NMR investigation.
All five NH proton resonances were assigned by means
of a 2D ROESY experiment beginning from the ure-
thane N(1)H proton at higher field. An analysis of the
spectra as a function of peptide concentration (not
shown) indicates that a 10-fold dilution (from 10 to 1
mM) produces a variation, albeit small (Appm = 0.02,
to higher fields), only of the chemical shift of the N(1)H
proton. For the N(2)H—N(5)H protons the concentration
effect is negligible. In agreement with the FT-IR ab-
sorption results discussed above, we conclude that at
10 mM concentration in the modest self-association



4266 Peggion et al.

M_.___,./a 80
Mag 60-

" Mag’

6 /
/' Mag'

1 Mag’ .,

20 h /M/ag

/ Mag® Ve

T 0+ T r T
0.00 0.05 0.10 00 01 02 03
% DMSQO in CDClI, % TEMPO in CDCI,

Figure 2. (1) Plot of NH chemical shifts in the *H NMR
spectra of the Boc-(L-Mag)s-OMe homooligomer as a function
of increasing percentages of Me,SO to the CDCl; solution (v/
v). (I1) Plot of the bandwidth of the NH protons of the same
homooligomer as a function of increasing percentages of
TEMPO to the CDClIj3 solution (w/v). Peptide concentration:
1.0 mM.
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Figure 3. X-ray diffraction structure of the Boc-(L-Mag),-OMe
homooligomer with numbering of the atoms.

phenomenon the urethane N(1)H group plays the role
of the H bonding donor.4851

In the absence of self-association (peptide concentra-
tion: 1 mM) the delineation of inaccessible (or intramo-
lecular H bonded) NH protons was carried out with use
of solvent (Me,S0)>2 dependence of NH proton chemical
shifts and free-radical (TEMPO)>%® induced line broaden-
ing of NH proton resonances. Figure 3 (parts | and 11)
graphically describes the results obtained. Two classes
of NH protons were clearly observed: (1) The first class
[N(1)H and N(2)H protons] includes protons whose
chemical shifts are sensitive to the addition of the strong
H bonding acceptor solvent Me,SO>* and whose reso-
nances significantly broaden upon addition of TEMPO.
Interestingly, the sensitivity of the N(1)H proton is
significantly higher than that of the N(2)H proton. (2)
The second class [N(3)H—N(5)H protons] include those
displaying a behavior characteristic of shielded protons
(relative insensitivity of chemical shifts to solvent
composition and of line widths to the presence of the
paramagnetic agent TEMPO).

The present 'H NMR data support the view that at
low concentration (1 mM) in CDClIj; solution the N(3)H—
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Figure 4. X-ray diffraction structure of the Boc-(L-Mag)s-OMe
homooligomer with numbering of the atoms. The intramolecu-
lar H bond is represented by a dotted line.

Table 2. Torsion Angles (deg) for the Boc-(L.-Mag),-OMe
(n = 2, 3) Homooligomers

torsion angle Boc-(L-Mag),-OMe Boc-(L-Mag)s-OMe

o1 170.0 (4) —177.4 (4)
wo -173.1(3) —163.4 (4)
¢ ~55.0 (4) ~63.0 (5)
Y1 —42.8(3) ~26.8 (5)
w1 -172.7 (3) —178.6 (3)
b2 56.1 (4) —63.7 (5)
V2 34.7 (4)2 —28.1 (5)
w2 179.9 (4)° -176.9 (3)
#3 47.7 (5)
V3 42.4 (5)°
ws —176.2 (4)
yal —176.9 (3) 58.6 (5)
P 130.4 (6) 123.2 (8)
x2t -58.7 (5) 49.0 (7)
22 -114.1 (6) -113.3 (8)
%3t —51.5 (6)
732 —116.4 (10)

a N,—C%—C',—0(2). b C%—C',—0(2)—C(5). ¢ N3—C%—C'3—
0(2). 4 C%5—C'5—0(2)—C(5).

N(5)H protons of the pentamer are inaccessible to
solvent and perturbing agents and therefore, most
probably, intramolecularly H bonded. The intramolecu-
lar H bonding scheme of the pentamer does not appear
to change upon self-association [involving the N(1)H
proton as the donor of the intermolecular H-bond]. Since
all NH protons, beginning from the N(3)H proton of Boc-
(L-Mag)s-OMe form intramolecular H bonds, we are
inclined to conclude that the structure predominantly
adopted in CDClI;3 by these peptides is the 310-helix>® (a
series of consecutive, type 111 $-bends)®¢58 rather than
the a-helix, which would require the NH protons
involved in the intramolecular H bonding to begin from
the N(4)H proton.5® These more detailed conclusions are
in full agreement with the preliminary indications
extracted from the FT-IR absorption study discussed
above.

Crystal-State Conformation. We determined by
X-ray diffraction the molecular and crystal structures
of two Boc/OMe protected L-Mag homooligomers, namely
the dimer and the trimer. The molecular structures with
the atomic numbering schemes are shown in Figures 3
and 4, respectively. Protecting groups, backbone, and
side-chain torsion angles®® are given in Table 2. In Table
3 the intra- and intermolecular H-bond parameters are
listed.
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Table 3. Intra- and Intermolecular H-Bond Parameters for the Boc-(L.-Mag),-OMe (n = 2, 3) Homooligomers

peptide donor acceptor

symmetry operation N -+

O distance, A C'=0---N angle, deg

Boc-(L-Mag),-OMe N1H (O]
N2H Oz
Boc-(L-Mag)s;-OMe N3H Op X, Y, 2
N1H Oz

Bond lengths and bond angles (deposited) are in
general agreement with previously reported values for
the geometry of the tert-butyloxycarbonyl-amino ure-
thane® and methyl ester®! moieties, the Mag residue,®
and the peptide unit.6263 In particular, the bond angles
indicate an asymmetric geometry for the C* atom of all
Mag residues. More specifically, the bond angles involv-
ing the CA* atom are narrower than those involving the
Ch2 atom. This observation is common to Aib and other
Ce-tetrasubstituted o-amino acids.®%4 The average value
for the conformationally sensitive N—C*—C' (z) bond
angle is 110.4°, comparable to that exhibited by the C¢-
tetrasubstituted a-amino acids forming regular bends
and helices.55

All five L-Mag residues populate the helical region (A
or A*)% of the conformational (¢, v) space.® The average
value for the ¢, ¥ backbone torsion angles of the Mag
residue are £57.1° and +35.0°, close to those expected
for a 310-helix.5® In the dimer the two sets of ¢, v torsion
angles have opposite signs. The same behavior holds
true for the ¢, y values of the third residue of the trimer
with respect to those of the preceding ones. This
observation is quite common in the X-ray diffraction
structures of peptides heavily based on C*-methylated
a-amino acids.® The 1-2 sequence of the tripeptide is
folded in a 1<—4 C'=0---H—N intramolecularly H-bonded
B-turn conformation of the helical (I11) type.>6-58 The
C'o=00°-*H—Nj3 intramolecular separation is within the
limits expected for such H-bonds.67-69

In the two molecules only one significant deviation
of the w torsion angles (|JAw | > 8°) from the ideal value
of the trans-planar urethane, peptide, and ester units
(180°) is observed: the urethane wg value of the trip-
eptide, which differs by 16.6°. The trans arrangement
of the 6 ! torsion angle of the Boc—NH— moiety found
for both homooligomeric molecules is that commonly
reported for Boc-protected peptides (type b conforma-
tion).5% The methyl ester conformation of both dimer and
trimer with respect to the preceding C*—N bond is
intermediate between the anticlinal and antiperiplanar
conformations.” In the five L-Mag residues of the two
compounds examined the N—C*—CF—C» (y!) torsion
angle is either in the g* conformation (twice) or in the
g~ (twice) and t (once) conformations; i.e. no clear side-
chain conformation bias is observed for this parameter.8
Conversely, the values for the y2 (Ce—CF—C»—C?) torsion
angle are in the rather restricted range +110—130°
(skew conformations).

The Boc-(L-Mag),-OMe molecules pack together along
the b direction, generating rows of molecules stabilized
by N—H---O=C intermolecular H bonds (N;—H:--O;=
C'; and Np—H---0,=C’,). Then, hydrophaobic interactions
link together rows of peptide molecules running in the
a and c directions.

The packing mode of the Boc-(L-Mag)s;-OMe molecules
is characterized by one intermolecular H bond between
the (urethane) N—H group of the first residue and the
(peptide) C'=0 group of the second residue (N;—H---
0,=C'y). This H bond is established along the ¢ direc-
tion, giving rise to rows of molecules aligned in a head-
to-tail fashion. The crystal structure is further stabilized

X+ 3, -y, z+ 1
X+ 3, -y —1,z2+ Y,

-y, —X+2,2+1,

2.940 (4)
3.055 (4)
2.964 (4)
2.933 (4)

142.0 (2)
1635 (3)
133.8 (3)
164.8 (3)

-180 +prrirr—

1

L

W

180 ; T
-180 0 180

Figure 5. Rigid-rotor (¢, 1) map of Boc-(L-Mag)s-OMe with
the Mag* and Mag? conformations set to —60°, —30°.
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Figure 6. Rigid-rotor (¢, 1) map of Boc-(L-Mag)s-OMe with
the Mag? conformation set to —60°, —30° and the Mag?
conformation to 60°, 30°.

by van der Waals interactions between the hydrophobic
groups along the other crystallographic directions.

Conformational Energy Computations. Confor-
mational energy maps have been computed for the
tripeptide Boc-(L-Mag)s-OMe using the crystallographic
parameters reported here. Two rigid-rotor (¢, y) maps
of this peptide were computed: the first keeping fixed
the Mag! and Mag? residues in a folded conformation
(¢ = —60°, v = —30°) and the second keeping fixed the
Mag? residue at ¢ = —60°, v = —30° and the Mag?®
residue in a helical conformation of opposite handedness
(¢ = 60°, v = 30°). The two rigid-rotor maps of the Mag?
and Mag! residues are shown in Figures 5 and 6,
respectively. The minimum-energy conformations from
the rigid-rotor maps after the full minimization proce-
dure are given in Table 4.

The ¢, v torsion angle values in the minimized
conformations are in good agreement with the experi-
mental values found in the crystal state. These theoreti-
cal results show that the folded backbone conformation
is the preferred conformation for the Mag residue in
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Table 4. Minimum-Energy Conformations for the
Boc-(L-Mag)s-OMe Homooligomer

residue ¢ (deg) 1 (deg) AE (kcal/mol)
L-Mag?® 72 54 0.0
72 -126 14
—162 90 33.8
—162 —126 35.2
L-Mag?t =72 —36 0.0
180 54 7.7
180 —36 8.0
—72 72 9.4

isolated homopeptides. It is also interesting to note that
the folded conformation with the C-terminal L-Mag
residue in the opposite handedness with respect to the
preceding L-Mag residues is the lowest energy structure.
Taken together, these data indicate that bulky, chiral
residues (such as Mag) show a conformational behavior
similar to that observed for smaller, achiral C*-tetra-
substituted a-amino acids (such as Aib).6 In addition,
this structural propensity is not attributable to molec-
ular self-assembling as that operative in the presence
of crystal packing forces.

Conclusions

In this work we have described the successful step-
by-step solution synthesis of the sterically hindered
L-Mag homooligomers to the pentamer level using the
EDC/HOAt method for activation of the carboxyl com-
ponent in the coupling reactions. Furthermore, the
results of the solution conformational analysis, com-
bined with those extracted from the crystal-state X-ray
diffraction study and conformational energy computa-
tions, also reported here, definitely confirm our earlier
findings® that Mag is a conformationally constrained
amino acid and has a remarkable propensity for s-bend
and 31p-helix formation. This conclusion strictly paral-
lels those already reported for other C*-methylated
a-amino acids.” As for the relationship between Mag
a-carbon chirality and the screw sense of the bend/helix
that is adopted by its peptides, the X-ray diffraction data
available from this investigation strongly support the
view that this structural property is analogous to that
exhibited by protein amino acids, i.e., L-amino acids fold
into right-handed bends/helices.

It is reasonable to foresee that the strong conforma-
tional bias of peptides rich in the C*-methylated L-Mag
residue for right-handed $-bends and 33,- (or the closely
related o-) helices would have an influence on rate,
yield, and stereochemistry of complexation and chemical
reactions of the side-chain carbon—carbon double-bond
function.?6.71 An investigation along this line is currently
in progress in our laboratories.

Supporting Information Available: Tables of positional
parameters, bond distances, bond angles, and torsion angles
for the X-ray diffraction structures of Boc-(L.-Mag).-OMe and
Boc-(L-Mag)s-OMe. This material is available free of charge
via the Internet at http://pubs.acs.org.
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