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Helically Chiral Ferrocene Peptides
Containing 1'-Aminoferrocene-1-
Carboxylic Acid Subunits as Turn
Inducers
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Turning point: Ferrocene amino acid
(Fca) was incorporated into peptides
with D- and L-alanine residues on the
carboxy or amino group, or both. The
helical chirality of ferrocene depends
on the chirality of the amino acid at
the N terminus of Fca (CD spectra,
center). The degree of substitution of

both Cp rings determines the H-bond-
ing patterns. In dipeptides with one
intramolecular H-bond (1), H-bonded
and open forms are in equilibrium.
Higher peptides, such as tetrapeptide
2, form two intramolecular H-bonds
stabilizing a single conformation.
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Helically Chiral Ferrocene Peptides Containing 1'-Aminoferrocene-1-
Carboxylic Acid Subunits as Turn Inducers

Lidija Barisi¢,” Mojca Caki¢,”! Khaled A. Mahmoud,™ You-nian Liu,™ !
Heinz-Bernhard Kraatz,*!* Hans Pritzkow,'! Sreéko I. Kirin,*!!!
Nils Metzler-Nolte,*'* ¢! and Vladimir Rapi¢+!*!

Abstract: We present a detailed struc-
tural study of peptide derivatives of 1'-
aminoferrocene-1-carboxylic acid (fer-
rocene amino acid, Fca), one of the
simplest organometallic amino acids.
Fca was incorporated into di- to penta-
peptides with p- and L-alanine residues
attached to either the carboxy or
amino group, or to both. Crystallo-
graphic and spectroscopic studies (cir-
cular dicroism (CD), IR, and NMR) of
about two dozen compounds were used
to gain a detailed insight into their
structures in the solid state as well as
in solution. Four derivatives were char-
acterized by single-crystal X-ray analy-
sis, namely Boc-Fca-Ala-OMe (16),
Boc-Fca-p-Ala-OMe (17), Boc-Fca-f3-
Ala-OMe (18), and Boc-Ala-Fca-Ala-
Ala-OMe (21) (Boc=tert-butyloxycar-
bamyl). CD spectroscopy is an ex-
tremely useful tool to elucidate the hel-

Introduction

The ability to control the secondary structure of peptides is
one of the key requirements for the systematic design of

ical chirality of the metallocene core.
Unlike in all other known ferrocene
peptides, the helical chirality of the fer-
rocene is governed solely by the chiral-
ity of the amino acid attached to the N
terminus of Fca. Depending on the
degree of substitution of both cyclo-
pentadiene (Cp) rings, different hydro-
gen-bonding patterns are realized.
"H NMR and IR spectroscopy, together
with the results from X-ray crystallog-
raphy, give detailed information re-
garding not only the hydrogen-bonding
patterns of the compounds, but also the
equilibria between different conform-
ers in solution. Differences in chemical
shifts of NH protons in dimethyl sulf-

Keywords: amino acids - bioorga-
nometallic chemistry - ferrocene -
hydrogen bonds - peptides

oxide ([Dg]DMSO) and CDCl,, that is,
the variation ratio (vr), is used for the
first time as a measure of the hydro-
gen-bonding strength of individual
CO-~HN bonds in ferrocenoyl pep-
tides. In dipeptides with one intramolec-
ular hydrogen bond between the pend-
ant chains, for example, in dipeptide
16, an equilibrium between hydrogen-
bonded and open forms is observed, as
testified by a vr value of around 0.5.
Higher peptides, such as tetrapeptide
21, are able to form two intramolecular
hydrogen bonds stabilizing one single
conformation in CDCl; solution (vr
~0). Due to the low barrier of Cp-ring
rotation, new and unnatural hydrogen-
bonding patterns are emerging. The
systematic work described herein lays a
solid foundation for the rational design
of metallocene peptides with unusual
structures and properties.

functional peptide materials that can either be responsive to

external stimuli or have properties!!! desirable for applica-
tions in bioelectronics or biophotonics. In addition, it in-
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creases our understanding of naturally occurring proteins
and enzymes.?

The use of molecular scaffolds is a common strategy to
impart a specific secondary structure to a peptide backbone.
For example, bipyridine—peptide conjugates adopt a B-sheet
conformation upon the addition of Cu**, which coordinates
to the bipy group and brings about significant structural
changes that ultimately lead to the interstrand hydrogen-
bonding and sheet formation. Other scaffolds hold great
promise to induce specific turns, such as heterocyclic sys-
tems that impose rigidity to the peptide backbone. In this
context, ferrocene derivatives are widely used as a redox-
active scaffold.®”! The two cyclopentadiene (Cp) rings are
separated by about 3.3 A, which is ideal for interstrand hy-
drogen-bonding interactions, as was first proposed by Her-
rick and co-workers.[*! The particular choice of the ferrocene
scaffold influences the ability to form hydrogen-bonded as-
semblies. For example, conjugates of ferrocenecarboxylic
acid (FcCOOH) often give rise to one-dimensional hydro-
gen-bonded chains, whereas ferrocene-1,1'-dicarboxylic acid
can give rise to a hydrogen-bonded f-sheet-like structure or
even engage in chiral helical arrangements (Figure 1).5%

Ol R H (0] ol R H (e]
@)LN&T j)k — @LNJ\(N%@
| H oo R | H o Rr
Fe Fe Y o) R
Iy LA
ferrocenecarboxylic acid O R (@)

ferrocene-1,1'-dicarboxylic acid

R o DR ooy
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ferrocene-1,1'-diamine
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1'-aminoferrocene-1-carboxylic acid

Figure 1. The ferrocene-derived peptide family. Arrows point from the C
to the N termini of the peptides.

Recently, the use of more-rigid cystamine cyclopeptides
based on ferrocene-1,1’-dicarboxylic acid and ferrocene-1,1'-
diamine building blocks have allowed the isolation of sys-
tems able to engage in well-defined intermolecular hydro-
gen-bonding." A derivative of ferrocene-1,1'-dicarboxylic
acid was used as a transition-state analogue in an antibody-
catalyzed Diels—Alder reaction.” The same group reported
an early synthesis of 1’-aminoferrocene-1-carboxylic acid
(“ferrocene amino acid”; Fca).[213]
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We reported recently on the efficient synthesis of Fca,!'*!
which can be readily coupled to amino acids and peptides to
give the corresponding Fca bioconjugates,™ and induces the
formation of a peptide turn. We have also reported on other
Fca derivatives."™“ We now expand our initial investiga-
tions and demonstrate the use of Fca to impose specific sec-
ondary-structural elements onto the peptide and present sys-
tematic spectroscopic (circular dicroism (CD), NMR, and
IR) as well as crystallographic conformational analysis.

Results and Discussion

Synthesis: Syntheses of compounds 2, 3, 5, and 7-10, which
serve as reference compounds in the following discussions,
are depicted in Scheme 1. Activation of ferrocenecarboxylic
acid 1 by 1-hydroxybenzotriazole (HOBt)/N-(3-dimethyla-
minopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) in
solution followed by coupling with CH;NH, or H-Ala-OMe
gave N-methylferrocenecarboxamide 2 and Fc-CO-Ala-
OMe 3, respectively. Ester 3 was hydrolyzed quantitatively
into the free acid 4 according to the procedure published by
Kraatz and co-workers,*) and was then coupled to H-Ala-
OMe to give Fc-CO-Ala-Ala-OMe S.

O Me H Me O
@kN)\[(OMe @N\H)\NXOTBU
' L ' o]
Fe Fe
3 9

Me O

H H
@/NW/LNJK;/N ofBu
Fle o M e \[O]/

o Me ., O
@AN/H(N_QJ\OMe
| :
Fe O Me

5 10

Scheme 1. Synthesis of the reference compounds. a) 1. EDC/HOBLt,
CH,Cl,, 2. CH;NH,-HCI/NEt;, CH,Cl,; b) 1. EDC/HOBt, CH,Cl,, 2. H-
Ala-OMe-HCI, CH,Cl;; c¢) NaOH, dioxane/H,O; d) 1. CICOOEt/NEt,,
acetone, 2. NaN;, H,O; e) Ac,0; f) rBuOH; g) 1. HCI (gas)/EtOAc, 2.
EDC/HOBt, CH,Cl,, 3. Boc-Ala-OH, CH,Cl,.
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Alternatively, ferrocenecarboxylic acid 1 can be converted
to the azide 6 in the presence of Et;N, CICOOEt, and
NaN,.l%! N-protected amides 7 (25% ) and 8 (68 %) were ob-
tained by Curtius rearrangement of the azide 6 in Ac,O or
BuOH solutions, respectively. Deprotection of Boc-NH-Fc
8 (Boc=tert-butyloxycarbamyl) was performed by the
action of gaseous HCI in EtOAc. The resulting hydrochlor-
ide was treated with excess NEt; and coupled with Boc-Ala-
OH to give 61% of Boc-Ala-NH-Fc 9, which was treated
analogously to compound 8 to obtain dipeptide Boc-Ala-
Ala-NH-Fc 10 in quantitative yield.

The syntheses of the peptide analogues 12 and 15 are de-
picted in Scheme 2. The starting compounds 11 and 13 were

o
@KNHMe
| b) | a) |
Fe o)  — F o) B — Fe o)
@HJ\OtBu é7\HJ\OtBu @”J\OtBu
13 14 15

Scheme 2. Synthesis of the peptide analogues. a) 1. EDC/HOBt, CH,Cl,,
2. CH;NH,-HCI/NEt;, CH,Cl,; b) NaOH, H,O0/MeOH.

prepared by the procedures described previously."*” Cou-
pling of 11 with CH;NH, by using the HOBt/EDC protocol
results in formation of the diamide 12. Hydrolysis of ester
13 gave 1'-(fert-butoxycarbonylamino)ferrocene-1-carboxy-
late (14, Boc-Fca-OH), which was transformed into the
amide-carbamate 15 in a manner described for the prepara-
tion of compound 12.

The preparation of the Fca-peptide conjugates 16-28
starting from Boc-Fca-OH 14 is summarized in Scheme 3.
Firstly, the acid terminus of Fca was activated by HOBt and
EDC and coupled with L-, p-, B-Ala, and H-Ala-Ala-OMe
resulting in the formation of the C-terminal peptide conju-
gates 16 (74 %), 17 (75%), 18 (79 %), and 19 (76 %), respec-
tively.

Peptides 16 and 17 can be N-modified after Boc-deprotec-
tion of the organometallic core, followed by coupling with
Boc-Ala-OH and Boc-p-Ala-OH to give the tripeptides 20
(72%) and 23 (72 %), respectively. In a similar manner, di-
peptide 17 was coupled with Boc-Ala-OH to yield tripeptide
24 (78 %), and tripeptide 19 was coupled with Boc-(Ala),-
OH, resulting in formation of the tetrapeptide 21 (y=1) and
the pentapeptide 22 (y=2), respectively. The peptide can be
elongated from the C- or the N-terminal side, followed by
coupling with the desired amino-acid derivative. To demon-
strate this approach, compound 25 was prepared from tri-
peptide 20, and tetrapeptide 26 was prepared from 23. N-
Deprotection of compound 25, followed by coupling with

4968
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22, Boc-Ala-Ala-Fca-Ala-Ala-OMe

21, Boc-Ala-Fca-Ala-Ala-OMe*
27, Boc-D-Ala-Ala-Fca-Ala-D-Ala-OMe

25, Boc-Ala-Fca-Ala-D-Ala-OMe
28, Boc-Ala-Ala-Fca-D-Ala-D-Ala-OMe 26, Boc-Ala-Fca-D-Ala-D-Ala-OMe

19, Boc-Fca-Ala-Ala-OMe

IC); dyy=1

Scheme 3. Syntheses of Fca peptides. a) 1M NaOH; b) 1. EDC/HOBt or
HBTU/HOBt, CH,Cl,, 2. H-(Aaa),-OMe-HCI/NEt;, CH,Cl,; c) HCl
(gas)/EtOAc or TFA; d)1. EDC/HOBt or HBTU/HOBt, CH,Cl,, 2.
Boc-(Aaa),-OH/NEt;, CH,Cl,. X-ray structures were obtained for com-
pounds marked *.

Boc-p-Ala-OH by using O-(benzotriazole-1-yl)-N,N,N',N'-
tetramethyl-uronium hexafluorophosphate (HBTU)/HOBt
results in formation of the pentapeptide 27. Analogously, N-
terminal-coupling of Boc-p-Ala-OH with compound 26 re-
sults in formation of the pentapeptide 28.

Crystallographic analysis: Single crystals suitable for X-ray
analysis were obtained for four compounds in this study.
Peptides 16 and 21 were crystallized by slow diffusion of
pentane into a solution of the compounds in chloroform
(y=10 mgmL™"). Slow evaporation of an ether/heptane sol-
vent mixture (3:1, y=2 mgmL™") was successful for 17 and
18. ORTEP diagrams of these compounds are shown in Fig-
ures 2-5. Although the intramolecular hydrogen-bonding
patterns differ significantly (see below), the structures show
a similar intermolecular hydrogen-bonding pattern. All four
compounds crystallize in the P2,2,2, space group and build

Chem. Eur. J. 2006, 12, 4965 —4980
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Figure 2. Crystal structure of dipeptide 16 showing L,M stereochemistry
with one 8-membered hydrogen-bonded ring. (L: L-Ala, M: helical chiral-
ity of Fc core.)

Figure 3. Crystal structure of dipeptide 17 showing D,P stereochemistry
with one 8-membered hydrogen-bonded ring. (p: p-Ala, P: Fc helical
chirality.)

Figure 4. Crystal structure of dipeptide 18 showing P conformation with
one hydrogen bond forming an 8-membered ring. Peptide 18 is a racemic
(M/P) mixture, the P isomer was selected by chance.

chains along the crystallographic ¢ (16, 17, and 21) or b axis
(18), connected through one hydrogen bond, as exemplified
for dipeptide 16 in Figure 6.

Chem. Eur. J. 2006, 12, 4965 —4980
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Figure 5. Crystal structure of tetrapeptide 21 showing L,P,L,L stereochem-
istry with 9- and 11-membered hydrogen-bonded rings (three L-Ala units
forming a P helical conformer of Fc).

Figure 6. Crystal packing of dipeptide 16, viewed down the crystallo-
graphic a axis.

The tetrapeptide 21 displays the peptide substituents in
the 1 and 2’ positions and has two intramolecular interstrand
hydrogen bonds (Figure 5)."*! Detailed conformational anal-
ysis revealed that the 1,2-disubstituted ferrocene peptides
can differ by the relative orientation of the NH and CO
groups that are attached directly to the Cp rings: These
groups can “point in” towards the cleft between the two
substituents or “point out”.’® Accordingly, different hydro-
gen bonds may form between the two peptide strands. This
approach gives four possible conformers for a given 1,2'-di-

— 4969
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substituted ferrocene peptide, as shown for tetrapeptide 21
(Figure 7).

@x o

ér e

@3\[2(N\ﬂ)k I Jﬁ(OMe
Lty

o b o Lo
@AN N OMe N OMe
H. 6 B! N
| RN o LM 0o

Fe ) o Fo T
| “H
éy/Nm/LNJ\OtBu {CérN | _N__ofmu
. Y
21D

Figure 7. Possible intramolecular hydrogen-bonding pattern in tetrapep-
tide 21. The numbering scheme for the specification of ring size in the
hydrogen-bonded species is exemplified for conformer A.

Initially, conformer 21B was expected, with an 8-mem-
bered ring next to the ferrocene moiety. This conformer
could be called “B-sheet-like”, as it resembles a [3-sheet with
antiparallel strands and would facilitate the use of peptides
derived from Fca as -sheet models. However, surprisingly,
conformer 21C was found in the crystal of 21, with two hy-
drogen bonds forming one 9-membered and one 11-mem-
bered ring (Figures 5 and 7). The stereochemistry of 21 is
L,PL,L, in which the three L describe the stereochemistry of
the Ala residues and P describes the helical chirality of the
ferrocene moiety.

Although the enantiomeric dipeptides 16 and 17 were
crystallized from different solvents (see above), the same
conformation was obtained. They represent the first exam-
ples in which the “B-sheet-like” conformer B was found in
the solid state (Figures 2, 3, and 8). The stereochemistry is
L,M for 16 and b,P for 17, with one 8-membered intramolec-
ular hydrogen bond. The similar P conformer was obtained
for the P-alanine derivative 18 (Figure 4). Because 18 is
achiral, a racemic mixture of M and P helical isomers was
formed. Both isomers crystallized separately from this mix-
ture and for the X-ray analysis a crystal of the P isomer was
selected by chance.

Bond lengths and angles measured in the X-ray structures
of 16-18 and 21 are within the expected range. A number of
more significant structural parameters is collected in Table 1
and explained in Figure 9. In all four compounds, the two
Cp rings are almost parallel to each other and consequently,
the tilt angles are very small, 6 <4°. The w angles are close
to the ideal value for a 1,2’-conformation (360°/5=72°) in
all cases. A more interesting parameter is provided by the
dihedral angle 8 and the pyramidalization of the amide ni-

4970 —— www.chemeurj.org
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Figure 8. Possible hydrogen-bonding pattern in dipeptide 16. The pattern
D has no intramolecular hydrogen bonds and would exist as an “open
isomer”. The numbering scheme for the specification of ring size in the
hydrogen-bonded species is exemplified for conformer A.

Table 1. Selected parameters in the crystal structures of 16-18 and 21.

Parameter 16 17 18 21
N51-O1[A] & 2.90 2.90 2.81 -
N51-02[A] 1! - - - 291
N1-052[A] & - - - 2.81
N1-051[A] ! 2.86 2.86 291 -
N52-O1[A] ! - - - 2.96
6[°] 2.0 1.9 3.8 3.0
Prn [°] 29.6 29.7 235 6.3
Beo [°] 9.3 9.3 339 5.4
o [°] 85.1 85.0 77.9 60.7
angle sum around N1 [°] 359.7 359.8 357.9 359.2
angle sum around N2 [°] - - - 359.9
angle sum around N51 [°] 352.1 353.9 358.5 359.4
angle sum around N52 [°] - - - 359.9

[a] Intramolecular hydrogen bond. [b] Intermolecular hydrogen bond.

trogen atoms. In tetrapeptide 21, both amide groups are
almost coplanar with the corresponding Cp rings (5~6°) and
the amide nitrogen atoms are not pyramidalized. This indi-
cates the lack of steric strain of the ferrocene moiety, result-
ing in a favorable overlap between the m-systems of the
amide and Cp groups. However, dipeptides 16-18 have
some strain. At the -CO-NH-Cp side a clear indication is
the large dihedral angle Byy>20°. At the Cp-CO-NH- side,
Pco is greater than 20° only in 3-Ala compound 18. In L-Ala
conjugate 16 and p-Ala compound 17 the g is about 10°,
however, the sum of angles around the amide nitrogen atom

Chem. Eur. J. 2006, 12, 4965 —4980
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Foo S Fe ’T
! or @)dl

Fe A

Figure 9. Tilt angle 0 is the dihedral angle between the two Cp rings; w is
the dihedral angle between the two ring-bound substituents: C(ipso)-Cp-
(centroid)-Cp(centroid)-C(ipso); f is the dihedral angle between the Cp
ring and the -NHR (fyy) or -COR’ (B() substituent.

N51 is only about 353°. It can be concluded that the two hy-
drogen bonds in tetrapeptide 21 are easily formed and do
not cause any sterical strain. On the contrary, dipeptides 16—
18 have to accommodate some sterical hindrance to gain
stabilization energy from the formation of one “B-sheet-
like” hydrogen bond.

CD spectroscopy: As established from the crystallographic
analyses of dipeptides 16-18 and tetrapeptide 21, intramo-
lecular hydrogen bonds are present in the solid state. This
raises the question of whether the hydrogen-bonded struc-
ture persists in solution. CD spectroscopy was used for con-
formational analysis of the ferrocene peptides 16-28 in
CH;CN solution. CD signals between 300-600 nm are char-
acteristic for metal-centered transitions. In particular, the
band at 480 nm was described as a strong indication for a
helically chiral ferrocene moiety.”™™ Molar ellipticities, [6],
were used to facilitate a comparison between different com-
pounds.

The CD spectra of ferrocene dipeptides 1618 and the tri-
peptide 19, all substituted at the C terminus only, are dis-
played in Figure 10. As expected, the CD spectra of enan-
tiomers 16 and 17 are a mirror image of each other. The
L,M-derivative 16 displays a negative CD signal for the
lowest-energy band at about 500 nm, whereas this signal is

0.5+

-1

[6]/deg mm™" cm
o
o
1

—0.54

300 ' 400 ' 500 ' 600
Alnm

Figure 10. CD spectra (CH;CN) of the dipeptides 16-18 and the tripep-
tide 19.
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positive for p,P-17. Dipeptide 18, containing the achiral {3-
alanine subunit, displays no CD signal in the ferrocene
region because a racemic mixture of M and P conformers is
present. Tripeptide 19, with two L-Ala subunits on the C ter-
minus of the Fca, shows a different pattern with significantly
weaker CD signals than those of 16.

The CD spectra of higher Fca peptides are shown in

6'; —20

It ---23

A —-—-24

44 -----28
J \
)
-]

6]/deg mm~" cm™
[6]/deg

o
1

24,

T T T T T 1
300 350 400 450 500 550 600
Alnm

Figure 11. CD spectra (CH;CN) of tripeptides 20, 23, and 24, as well as
pentapeptide 28.

Figure 11 with the examples of compounds 20, 23, 24, and
28. All spectra of the ferrocene peptides 20-28 are qualita-
tively alike in the region above 400 nm with one signal cen-
tered at 480 nm, and differ significantly from the dipeptide
16 in Figure 10. This indicates that the solution conforma-
tions of ferrocene peptides 20-28 are similar, although dif-
ferent from that of 16. However, an important finding is
that the helical chirality of Fca peptides is dominated only
by the chirality of the N-terminal amino acid on Fca: Boc-
Ala-Fca-Ala-OMe 20 displays a positive CD signal at about
480 nm that changes to negative in Boc-p-Ala-Fca-Ala-OMe
23 (Figure 11). On the other hand, the same change on the
C terminus of Fca has no effect on the helicity of the central
ferrocene core (20—24). The chirality of the outer Ala has
no influence on the helical chiraliy of the ferrocene. In addi-
tion, a non-monotonous correlation between the magnitude
of the CD signal and the number of Ala subunits was ob-
served. Generally, the intensity of the CD signals increases
as the length of the oligopeptides increases (20 or 23 —28).

Notably, CD spectra give rise to relatively broad signals.
Thus, signals arising from compounds that are structurally
related, but slightly different, such as those studied here,
will not be resolved. Also, dynamic equilibria are impossible
to detect by CD spectroscopy alone.

NMR spectroscopy: '"H NMR spectroscopy is a useful tool
that enables us to describe the hydrogen bonding in our Fc
peptides in solution in a more quantitative way. In general,
the chemical shift of the amide protons should be higher in
hydrogen-bonded structures than in the non-hydrogen-
bonded state. However, because the equilibrium between
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these states is too fast for the NMR timescale, we do not ob-
serve separate signals for these states. Rather, an average
value for 0 is observed at shifts higher than expected for the
putative non-hydrogen-bonded species. To assign 0 values to
a specific conformer of a particular Fc peptide, we make use
of reference compounds that cannot engage in hydrogen
bonding, and that have NH groups in chemical environ-
ments similar to the Fca peptides with intramolecular hydro-
gen bonding. In general, it can be expected that an equilibri-
um between intramolecular hydrogen-bonded and non-hy-
drogen-bonded conformers is present in solution. The posi-
tion of this equilibrium is strongly solvent dependent. Non-
polar aprotic solvents, such as CHCl; or CH,Cl,, favour
intramolecular hydrogen-bonded structures, whereas polar
solvents, such as DMSO, disrupt hydrogen bonding by com-
peting with the hydrogen-bonding sites. For our studies, we
compared NMR measurements in [D¢]DMSO to those
taken in CDCl;. The resulting chemical shift differences Ad
are used as a measure for the populations in the hydrogen-
bonded and non-hydrogen-bonded states.!'”!

As reference compounds, we chose simple Fc-carboxylic
acid and Fc-amino derivatives FcCO-X (X=-NHMe (2),
-Ala-OMe (3)) and Y-NHFc (Y=Ac- (7), Boc- (8), Boc-
Ala- (9)), which are unable to engage in intramolecular hy-
drogen bonding. In CDCl;, compounds 2, 3, and 7-9 exhibit
chemical shifts of the amide protons at positions below ¢ of
7.00 ppm. In [Dg]DMSO, chemical shifts of ¢ >7.00 ppm for
the amide protons are observed, indicative of intermolecular
hydrogen bonding to the DMSO molecules.

If the Ad of the NH proton of a putative hydrogen-
bonded system is smaller than the Ad of the reference com-
pound, which is free of intramolecular hydrogen bonding,
the system engages in intramolecular hydrogen bonding.
The ratio of the Ad values for the Fc peptide and its refer-
ence compound of each amide proton, the variation ratio

(vr), is particularly useful for measuring the extent to which
the amide proton is engaged in intramolecular hydrogen
bonding (vr=Ad of substrate/Ad of reference).l'’! Weak hy-
drogen bonds will have large values for vr. This is rational-
ized by the fact that DMSO will readily disrupt the intramo-
lecular hydrogen bonding, causing a large Ao for the amide
proton, which is of the same magnitude as that for the non-
hydrogen-bonded reference compound. Thus, vr values close
to unity are expected. In the case of strong intramolecular
hydrogen bonding, addition of DMSO will also cause dis-
ruption of the intramolecular hydrogen bond, however, the
A6 between CHCl; and DMSO will be significantly smaller
than that of the reference compound, resulting in a vr value
close to zero. This also addresses the position of the equili-
brium between the hydrogen-bonded and non-bonded state.
For vr values close to zero, the position of the equilibrium is
shifted significantly towards the hydrogen-bonded state,
whereas vr values close to unity indicate a shift to the non-
hydrogen-bonded state (Table 2).

A good example to demonstrate this approach is dipep-
tide 16. Figure 8 shows three potential intramolecular hydro-
gen-bonded conformers and one open conformer. In con-
former 16 A, CO and NH groups attached directly to the Fc
moiety are engaged in hydrogen bonding, resulting in a 6-
membered ring. Conformer 16 B has a hydrogen bond be-
tween the amide Fc-CO-NH and the CO-NH-Fc, forming
an 8-membered hydrogen-bonded ring. In conformer 16C,
the distal C=O group engages in hydrogen bonding with the
NH-Fc group giving a 9-membered ring. In CDCI; solution,
compound 16 exhibits two amide resonances: at 0=
6.77 ppm for the NH,,, and at §=6.40 ppm for the NHg,
group. In [D¢DMSO, the resonances at o=38.04 ppm
(NH,,,) and 8.43 ppm (NHg,) are observed. The differences
in chemical shift for the two amide protons in the two sol-
vents are A6=1.27 ppm for the NH,,, and A6=2.03 ppm

Table 2. Chemical shifts (0), chemical shift differences (Ad), and variation ratios (vr) of the amide protons for selected compounds.

Compd Formula o (CD,C 0 ([Dg]DMSO)t! AS vr=AJ substrate/
AJ standard (standard)

2 Fc-CO-NH-Me! 5.73 (brs) 7.73 (d) 2.00

3 Fc-CO-Ala-OMe 6.22 (brs) 8.07 (d) 1.85

5 Fc-CO-Alal-Ala2-OMe 6.27 (d), 6.86!! (d) 7.71 (d), 8.28 (d) 1.44,1.42

7 Ac-NH-Fc 6.49 (brs) 9.28 (s) 2.79

8 Boc-NH-Fc 5.55 (brs) 8.50 (s) 2.95

9 Boc-Ala-NH-Fc 5.55 (brs), 6.83 (brs) 7.00 (d), 928 (s) 1.45,2.45

10 Boc-Ala2'-Alal’-NH-Fc 5.09 (d), 6.78 (d), 7.03 (d), 8.00 (d), 1.94,1.22,
8.04 (brs) 9.35 (s) 1.31

12 Ac-Fca-NH-Mel! 7.48 (brs), 6.23 (brs) 9.20 (s), 7.46 (d) 1.72,1.23 0.62 (7), 0.61 (2)

15 Boc-Fca-NH-Me 5.88 (brs), 6.47 (brs) 8.42 (s), 7.62 (d) 2.54,1.55 0.86 (8), 0.58 (2)

16 Boc-Fca-Ala-OMe 6.40 (s), 6.77 (s) 8.43 (brs), 8.04 (d) 2.03,1.27 0.69 (8), 0.69 (3)

19 Boc-Fca-Alal-Ala2-OMe 7.28 (brs), 7.01 (s), 8.43 (brs), 7.71 (d), 1.15,0.7, 0.39 (8), 0.49 (5),
6.90 (brs) 8.29 (d) 1.39 0.98 (5)

20 Boc-Alal'-Fca-Alal-OMe 5.13 (d), 9.12 (s), 7.04 (d), 9.24 (s), 1.91, 0.12, 1.32 (9), 0.05 (9),
7.81 (d) 8.01 (d) 0.20 0.11 (3)

21 Boc-Alal’-Fca-Alal-Ala2-OMe 5.17 (d), 9.86 (brs), 7.25 (d), 10.02 (s), 2.08, 0.16, 1.43 (9), 0.07 (9),
7.96 (brs), 7.11 (d) 7.77 (d), 8.59 (d) —0.20, 1.48 —0.14 (5), 1.04 (5)

22 Boc-Ala2'-Alal’-Fca-Alal-Ala2-OMe 5.28 (s), 7.20 (brs), 7.00 (d), 8.12 (d), 1.72,0.92, 1.19 (9), 0.75 (10),
9.78 (brs), 8.06 (brs), 9.61 (s), 7.87 (d), —0.17, —0.19, —0.07 (9), —0.13 (5),
7.03 (brs) 8.53 (d) 1.50 1.05 (5)

[a] 5% 107 to 2x 10~*m. [b] Fc=ferrocenyl. [c] Fca=1
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for the Fc-NH group. For each of the two amide protons it
is important to choose an appropriate reference compound
that has comparable amide groups, but cannot engage in in-
tramolecular hydrogen bonding. The ideal reference com-
pound for the NH-Fc amide in 16 is compound 8. A good
reference compound for the Alayy group is compound 3,
which has an Fc-CO-Ala-OMe. Both amides NH have the
identical value for vr of 0.69, indicating the presence of
medium-strength hydrogen bonds in compound 16.

Tetrapeptide 21 is another good example to illustrate our
approach. In CDCl;, 21 displays four amide resonances at
0=5.17 (NHpy), 9.86 (NHg,), 7.96 (NH,,;), and 7.11 ppm
(NH,j,p)- In [Dg]DMSO, the resonances shift to 6 =7.25 ppm
for NH,p,y, 10.02 ppm for NHg,, 7.77 ppm for NH,,;, and
8.59 ppm for NH,;,,. The chemical shift of both proximal
NH protons (NHg, and NH,,,;) moves strongly downfield
in CDCl; solutions if both Cp rings are substituted by amino
acids, because of the formation of intramolecular hydrogen
bonds that involve these two protons. This hydrogen bond-
ing is disrupted in DMSO and as a consequence the order
of the Alal and Ala2 amide protons is reversed. The chemi-
cal shift differences Ao for the four amide resonances in 21
are 2.08, 0.16, —0.20, and 1.48 ppm. To evaluate the vr for
the C-terminal Ala NH resonances we used reference com-
pound 5, whereas we choose reference compound 9 for the
N-terminal side. For the presented order of amide resonan-
ces we obtained the following vr’s: 1.43, 0.07, —0.14, 1.04.
The vr values for the proximal NH groups of 0.07 and —0.14
indicate that the amides directly attached to the Fc group
are engaged in strong intramolecular hydrogen bonding in
CDCl.

IR spectroscopy: In the previous section it was emphasized
that the conformational equilibrium between the specific in-
tramolecular hydrogen-bonded and hydrogen-bond-free iso-
mers is too fast on the NMR timescale to be detected as dis-
tinct NH signals. However, it is slow enough to be detected
by IR spectroscopy and can be used as additional support
for the existence of hydrogen-bonded and non-hydrogen-
bonded isomers. In addition, IR spectroscopy allows us to
approximate the population ratio of these two states from
the relative intensities of the IR bands, which should be con-
sistent with vr values™ On the other hand, IR spectra are
more difficult to assign in detail than 'H NMR spectra.
Therefore, we will use some of the simpler compounds as
examples in the following discussion.

IR spectra of our compounds were recorded in dichloro-
methane solutions (c=10">ML™'). In accordance with
"H NMR data, reference compounds of the type Fc-COX (2,
3) and YNH-Fc (7, 8) showed only non-hydrogen-bonded
NH signals in the amide A range of 3436-3465 cm™'. The IR
spectrum of dipeptide 5 with two Ala units exhibited NH
stretching vibrations »(NH) at 3426 and 3309 cm™'. Upon di-
lution from 5 to 2.5 mwm, the second band assigned to the hy-
drogen-bonded state gradually weakened and disappeared,
indicating an intermolecular hydrogen-bonded species. In
contrast, the IR spectra of YNH-Fc-types 9 and 10 displayed
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two amide A bands at 3425/3336 and 3423/3336 cm™!, re-
spectively, however, the intensity ratio of these absorption
bands remained unchanged upon dilution, indicating that in
compounds 9 and 10 medium-strength intramolecular hydro-
gen bonds involving the NH-Fc group are present. Again,
this corresponds well to the NMR data presented in Table 2.

NMR data of peptide analogue 12 suggested a conforma-
tional equilibrium of two conformers A (6-membered hy-
drogen-bonded ring) and B (8-membered hydrogen-bonded
ring), in analogy to dipeptide 16. Okamura et al.’® per-
formed IR analysis of this compound in dilute CH,Cl, solu-
tion in comparison with the non-hydrogen-bonded reference
compounds 2 and 7 and assigned the band at lower wave-
number to hydrogen-bonded amide NH. The absorption at
higher wavenumber was assigned to non-hydrogen-bonded
amide NH of the forms A and B. The intensity ratio of the
two is close to unity, suggesting the presence of equal
amounts of these two conformers."*®! This finding is in ac-
cordance with the vr values of 0.61 and 0.62 that were de-
rived for 12 A and 12B.

We carried out a similar IR analysis of analogue 15 by
using non-hydrogen-bonded compounds 2 and 8 as referen-
ces. We observed two »(NH) bands at 3460 and 3433 cm™!
(corresponding to bands at 3465 and 3436 cm ™' in 2 and 8),
which are assigned to free non-hydrogen-bonded amide pro-
tons of B and A, respectively. Instead of two distinct hydro-
gen-bonded NH absorptions as in compound 12, we ob-
served only a single broad absorption centered at 3357 cm ™.
However, the intensities of the free and hydrogen-bonded
signals were approximately equal, corroborating our findings
from NMR analysis of a medium-strength intramolecular
hydrogen bond being present in peptide analogue 15. The
IR spectrum of compound 13 displays a single amide A
band at 3433 mcm ™, indicating a hydrogen-bond-free struc-
ture.

IR spectra of the dipeptides 16 and 17 show an amide A
band typical of non-hydrogen-bonded NH at 3433 cm™! and
one hydrogen-bonded NH at 3327 cm™!, of approximately
equal intensity. This result supports those from our NMR
measurements. Both NMR and IR analyses indicate that in-
tramolecular hydrogen bonding in the tripeptide 19 is stron-
ger than that of the related dipeptide 16, because the IR
band is slightly shifted to lower wavenumbers and its vr
ratio is slightly higher than that found in compound 16.

Our NMR analysis demonstrated that the higher peptides
20-22 belong to another structural type with very strong hy-
drogen bonds forming a 9-membered and an 11-membered
ring. Expectedly, the IR spectra of these oligopeptides were
very similar. They contained one relatively narrow band in
the range 3426-3438cm™!, assigned to non-hydrogen-
bonded NH and three broad signals at 3355-3373, 3283-
3322, and 3251 cm™! corresponding to intramolecular hydro-
gen bonding. The first absorption may be attributed to the
weak or medium intramolecular hydrogen-bonded NH sub-
units of Alal’, Ala2’, and Ala2. We assign the other absorp-
tions to the strongly hydrogen-bonded NHg,, group.
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Electrochemistry: The electrochemical behavior of com-
pounds 16, 17, and 23-28 was studied by cyclic voltammetry
(CV). All ferrocene-containing amino-acid and peptide con-
jugates discussed in this study exhibit a reversible electro-
chemical one-electron oxidation. For Fca peptide deriva-
tives, the half-wave potentials E;, are observed within a
range of 476-533 mV vs Ag/AgCl, with peak-to-peak sepa-
ration AE, of 63 to 98 mV, and with a Faradic current ratio
of close to unity. Importantly, we do not observe any amino-
acid- or peptide-specific trends. Such behavior has been
noted before for ferrocene amino-acid conjugates.”] All ex-
perimental values are listed in Table 3.

Table 3. Solution electrochemical results for compounds 16, 17, 23-28.1%

Compound En AE, I/
16 481 73 11
17 488 75 1.0
23 502 78 11
24 533 62 1.0
25 471 81 1.0
26 488 73 11
27 476 98 11
28 483 74 11

[a] Conditions: 1 mm in MeCN; glassy carbon working electrode (BAS),
Pt counter, Ag/AgCl reference, 0.1m TBAP; E in mV; errors in the meas-
ured potentials are +£5 mV from five independent measurements. [b] 7,/
1.= ratio of anodic to cathodic peak current.

Conclusions

Fca is one of the simplest organometallic amino acids based
on the ferrocene skeleton. We have provided a synthetic ap-
proach to amino-acid and peptide conjugates of Fca, giving
the desired compounds in good to excellent yields. We used
standard peptide-coupling techniques and two different syn-
thesis strategies: The first strategy uses attachment of amino
acids or dipeptides directly to either the C or N terminus of
Fca. The second strategy includes coupling of one amino
acid to Fca, its deprotection, and subsequent coupling of the
second amino acid. This second strategy can also be applied
to both Fca termini.

By using this synthetic approach, di- to pentapeptides
containing Fca as an organometallic amino acid were ob-
tained by peptide chemistry in solution. Depending on the
substitution pattern, these compounds exhibit turn-like pep-
tide structures that are stable in solution and in the solid
state. Characterization of the hydrogen-bonding patterns in
solution is particularly challenging and we have used a com-
bination of various spectroscopic techniques to obtain de-
tailed information about solution conformations. To distin-
guish between possible conformers we used a nomenclature
that indicates the relative orientation of the amide groups
directly bound to the ferrocene core (Figures7 and 8). A
more detailed description of a general nomenclature for
metallocene-based peptides has been proposed recently.*

The X-ray structures of dipeptides 16-18 and the tetra-
peptide 21 have been obtained and were examined in detail.
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The dipeptides show a conformer B in the solid state, with
one intramolecular interstrand hydrogen bond. In contrast,
conformer C with two intramolecular hydrogen bonds is
found in the crystal of the tetrapeptide 21.

Helical chirality of the metallocene core, a very important
property of the Fca peptides, was studied by X-ray crystal-
lography and CD spectroscopy. The representative examples
16 and 21 differ not only in their hydrogen-bonding pattern
(see previous paragraph), but also in helical chirality. Dipep-
tide 16 was found to be in the M,L stereochemistry in the
solid state. The CD spectrum of 16 shows a negative band at
about 500 nm. For 21, however, the crystal structure reveals
an L,PL,L stereochemistry and the CD spectrum shows a
positive signal at about 480 nm. CD spectroscopy has been
used previously to elucidate the metal-centered chirality in
peptide derivatives of ferrocene-1,1’-dicarboxylic acid.’™™!
Hirao and co-workers showed that peptides made from hy-
drogen bonding r-amino acids on both Cp rings induces P
chirality of the metallocene core. In a recent paper, one of
our groups could show that equilibrium mixtures of M and
P helicity exist if amino acids of different chirality are at-
tached to either ring in such systems.” For Fca peptides,
the situation is different again, as shown herein. Metallo-
cene chirality is purely dependent on the chirality of the
first amino acid attached to the Fca amino group.

"H NMR spectra were used to further elucidate the hydro-
gen-bonding pattern. Monosubstituted Fc derivatives were
used as reference points of non-hydrogen bonded structures.
The variation ratio vr was established, which reflects the
ability of the Fca-peptide conjugates to engage in hydrogen
bonding and, thus, provides information regarding the hy-
drogen-bond strength in the peptide conjugates. A vr value
close to zero is indicative for strong hydrogen bonding. It is
no surprise that the ability to maintain a conformation is
linked to the length of the peptide chain. Thus, short Fca
peptides, such as 16-18, are unable to establish more than
one single hydrogen bond in solution. As a consequence,
they exist as a mixture of conformers in solution. The longer
Fca-peptides 20-28 can form two intramolecular hydrogen
bonds between the pendant peptide chains, resulting in a
single conformer in the solid state as well as in solution.

Results of IR spectroscopy generally confirm the findings
from NMR spectroscopy. However, IR spectroscopy oper-
ates on a faster time scale than NMR spectroscopy. Hence,
signals for free protons (>3400 cm™, sharp signals) and hy-
drogen-bonded amide protons (<3400 cm™" and broader)
are clearly resolved. Integration of the amide IR signals
gives the ratio of free and hydrogen-bonded species directly.
This ratio correlates well with the parameter vr as defined
for '"H NMR spectroscopy for all systems investigated in this
study.

A number of organometallic amino acids have been syn-
thesized previously, such as ferrocenylalanine and (ferro-
cene-1,1'-diyl)bisalanine.”® Some of those compounds were
incorporated into peptides, mostly by solution chemistry.!®!
The peptides described herein differ from these systems in
that each Cp ring of the metallocene backbone is connected
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directly to either the amino or carboxylic acid. The energetic
barrier for rotation of the two Cp rings is small. This pro-
vides a degree of flexibility to such systems that is not ach-
ievable with the more-common organic peptide mimetics.
Janda and co-workers made use of this low rotational barri-
er in disubstituted ferrocenes to generate catalytic antibod-
ies for endo- and exo-stereoselective Diels—Alder reactions
from one single ferrocene hapten.'”! Therefore, oligopepti-
des derived from Fca possess special properties and may
form unique secondary and tertiary structures. The system-
atic work described herein lays a solid foundation for the ra-
tional design of such unique metallocene peptides.

Experimental Section

Most of the syntheses were carried out under argon. The CH,Cl, used for
synthesis and FTIR was dried (P,Os), distilled over CaH,, and stored
over molecular sieves (4 A). EDC, HOBt, HBTU (Aldrich), and Ala
(Merck) were used as received. Products were purified by preparative
thin layer chromatography (TLC) on silica gel (Merck, Kieselgel 60
HF,s,) by using the mixtures CH,Cl,/EtOAc and CH,ClL,/MeOH. Melting
points were determined by using a Buechi apparatus. Infrared spectra
were recorded as CH,Cl, solutions between NaCl windows or as KBr
disks by using a Bomem MB 100 mid FTIR, a Bruker Equinox55 FTIR,
or a Perkin—-Elmer model 1605 FTIR spectrometer. The 'H and *C NMR
spectra were recorded in CDCIl; and [Dg]DMSO solutions with Me,Si as
internal standard by using a Varian EM 360, Varian Gemini 300 spec-
trometer. NMR spectra were determined by using a Bruker AM 360
spectrometer, 'H at 360.14 MHz and "*C at 90.56 MHz. High field 1D-
and 2D-NMR spectra were recorded by using Bruker DRX 500 or
Bruker Avance-500 spectrometers, 'H at 500.13 MHz. Spectral assign-
ment for peptide oligomers was carried out by using standard 2D-NMR
spectroscopy. Peak positions are reported in ppm relative to TMS and
are referenced by using the residual undeuterated solvent signal. UV/Vis
spectra were measured by using a Varian CARY 100 instrument in 1-cm
quartz Suprasil cells thermostated at 20°C. Absorption maxima, A, and
molar absorption coefficients, &, are given in nm and m~'cm ™', respec-
tively. Mass spectra (MS) were run on MAT 8200 (EI, FAB) or Hewe-
lett—Packard HP 5989 (ESI). Only characteristic fragments with possible
composition are given in brackets. For fragments containing metals, only
the isotopomer with highest intensity was described. Crystallographic
analyses were performed by using a Bruker SMART-CCD difractometer.
CD spectra were recorded as CH;CN solutions (¢=1M) by using a CD-
spectropolarimeter Jasco-810 in 1-cm quartz Suprasil cells under inert at-
mosphere thermostated at 20°C. Ellipticity maxima, A,,,, are given in
nm. Molar ellipticity coefficients, [0], were calculated as [#] =100x 6/c x1,
in which ellipticity [6] is in degrees, concentration ¢ is in molL™" and
pathlength [ is in cm, to give units for [6] of degmM ™' cm™.""! Elemental
analyses were determined in-house. The numbering of Ala subunits is
presented in Table 2.

Synthesis of N-methylferrocenecarboxamide (2): EDC (367 mg,
1.91 mmol) and HOBt (266 mg, 1.91 mmol) were added to a suspension
of ferrocenecarboxylic acid 1 (400 mg, 1.74 mmol) in dichloromethane
(7mL). After stirring for 1 h at RT, the mixture was cooled to 0°C and
CH;NH, (3.48 mmol) (obtained from CH;NH,-HCI by treatment with
Et;N in CH,Cl,, pH~8) was added. The mixture was stirred for 1h at
RT, washed thrice with saturated solution of NaHCO;, 10 % aqueous so-
lution of citric acid, and H,O, then dried over Na,SO,, and evaporated in
vacuo. TLC purification of crude product with CH,CL/EtOAc (5:1) gave
orange crystals (321 mg, 76%). M.p 178.1-179°C;!*® 'H NMR
([Dg]DMSO): 6=17.73 (d, J=3.7 Hz 1H; NH), 4.75 (s, 2H; H-2, H-5, Fc),
4.32 (s, 2H; H-3, H-4, Fc), 4.15 (s, 5H; Cpusubst)> 2.70 ppm (d, J=4.5 Hz,
3H; CH;); '"HNMR (CDCl,): 6=5.73 (brs, 1 H; NH), 4.66 (brs, 2H; H-
2, H-5, Fc), 4.36 (s, 2H; H-3, H-4, Fc), 4.22 (s, 5SH; Cpunsuns)> 3-02 ppm
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(brs, 3H; CH;); "CNMR ([Ds]DMSO): 6=168.7 (CO), 76.4 (C-1, Fc),
69.1 (C-2 C-5, Fc), 68.7 (Cpunsuvs.)> 67.5 (C-3 C-4, Fc), 25.3 ppm (CH;);
IR (CH,Cl,): #=3465 (m, N-H free), 1657 cm™* (s, (C=0).

Synthesis of Fc-CO-Ala-OMe (3): Ferrocenecarboxylic acid 1 (300 mg,
1.30 mmol) was activated by using standard EDC/HOBt method. After
stirring for 1h at RT, the mixture was cooled to 0°C and Ala-OMe
(2.61 mmol) (obtained from H-Ala-OMe-HCI by treatment with Et;N in
CH,Cl,, pH~8) was added. The reaction mixture was stirred for 1 h at
RT, and worked-up as described for compound 2. TLC purification of
crude product with CH,CL,/EtOAc (10:1) gave orange crystals (352 mg,
85%). M.p 162-165°C;?) 'TH NMR ([D4]DMSO): 6=8.07 (d, J=7.11 Hz,
1H; NH), 4.90 (s, 1H; H-5, Fc), 4.79 (s, 1H; H-2, Fc), 4.44-4.32 (m, 3H;
CH,,,, H-3, H4, Fc), 422 (s, 5H; Cpuuauws)> 3-60 (s, 3H; OCHs;),
1.37 ppm (d, J=7.3 Hz, 3H; CH,,,,); 'HNMR (CDCl;): 6=6.22 (brs,
1H; NH), 4.76 (brs, 2H; H-2, H-5, Fc), 4.68 (s, 1H; CH,,;,), 4.38 (s, 2H;
H-3, H-4, Fc), 426 (s, SH; Cpunsuns)> 3-80 (s, 3H; OCHj;), 1.49 ppm (d,
J=5.7Hz, 3H; CHs,,,); "C NMR ([D¢]DMSO): §=173.6 (COFc), 169.2
(COOCH), 75.7 (C-1, Fc), 70.3 (C-2, Fc), 70.3 (C-5, Fc), 69.6 (Cpunsuvst.)s
68.7 (C-3, Fc), 68.3 (C-4, Fc), 52.0 (OCHj;), 47.8 (CH,;), 17.1 ppm
(CH;ap); IR (CH,CLy): 7=3436 (m, N-H free), 1741 (s, C=O, COOCH,),
1657 cm ™" (s, C=0, CONH).

Synthesis of Fc-CO-Ala-Ala-OMe (5): Hydrolysis of peptide 3 (100 mg,
0.32 mmol) in dioxane/water (1:1) mixture (10 mL) at 0°C in the pres-
ence of NaOH (25 mg, 0.64 mmol) resulted in the formation of the free
acid Fc-CO-Ala-OH (4). Compound 4 was isolated in 95 % yield by acid-
ification of the solution with 2% HCI to pH 2, followed by extraction
with EtOAc (3x30mL). The organic layer was dried over anhydrous
Na,SO,, filtered, and the solvent was removed under reduced pressure to
give an orange residue. IR (CH,Cl,): #=3433 (m, N-H free), 3100-2900
(br, OH, COOH), 1731 (s, C=0, COOH), 1655 cm™' (s, CONH).

The free acid 4 (96mg, 0.32mmol) was reacted with Ala-OMe
(0.63 mmol) (obtained from Ala-OMe-HCI by treatment with Et;N in
CH,Cl,, pH~8), EDC (67 mg, 0.35 mmol), and HOBt (49 mg, 0.35 mmol)
in dichloromethane. After stirring for 90 min at RT, the reaction mixture
was subjected to the aqueous work-up described above for 2. TLC purifi-
cation of crude product with CH,CL/EtOAc (10:1) gave a yellow solid
(60 mg, 50%). M.p 122-125°C (124-126°C**"); '"H NMR ([D(]DMSO):
6=828 (d, J=6.8 Hz, 1H; NH,,), 7.71 (d, J=7.7 Hz, 1 H; NH,,,,), 4.90
(s, 1H; H-5, Fc), 479 (s, 1H; H-2, Fc), 4.46 (m, 1H; CH,,,;,), 443 (m,
3H; CH,py, H-3, H-4, Fc), 418 (s, SH; Cpupans.)s 3.62 (s, 3H; OCHj;),
132 (d, J=12Hz, 3H; CHs,,p) 1.30 ppm (d, /=19 Hz, 3H; CHjup.1);
'"HNMR (CDCL): 6=6.86 (d, 1H; NH,,), 6.27 (d, 1H; NH,,,), 4.82
(m, 1H; CH,y,), 4.75 (s, 2H; H-2, H-5, Fc), 4.55 (m, 1H; CHyy,y), 4.35 (s,
2H; H-3, H-4, Fc), 420 (s, 5H; Cpypsuvst.) 3.75 (s, 3H; OCH;), 1.50 (d,
J=6.8Hz, 3H; CH;,,,) 1.44 ppm (d, J=7.1 Hz, 3H; CH,,,,,); C NMR
([Dg]DMSO): 6=172.6 (COFc), 172.1 (COyy1), 169.9 (COOCH;), 74.8
(C-1, Fc), 70.2 (C-2 C-5, Fc), 69.7 (Cpypsuvst.), 68.0 (C-3 C-4, Fc), 51.9
(OCHs), 48.1 (CHawg), 48.0 (CHap1), 18.3 (CHsawo), 17.3 ppm (CHiaw);
IR (CH,CL,): 7=3426 (m, N-H free), 3309 (w, N-H assoc.), 1742 (s, C=0,
COOCH,), 1682 (s), 1650 cm ™" (s, C=0O, CONH).

Synthesis of ferrocenecarboxazide (6): Ferrocenecarboxylic acid 1
(400 mg, 1.74 mmol) was suspended in water (0.3 mL) and sufficient ace-
tone was added to dissolve it. After cooling to 0°C, triethylamine
(202 mg, 2.0 mmol) in acetone (3.3 mL) was added. While maintaining
the temperature at 0°C, a solution of ethyl chloroformate (241.6 mg,
2.23 mmol) in the same solvent (0.9 mL) was added and the mixture was
stirred for 30 min at 0°C. Thereafter, a solution of sodium azide (173 mg,
2.63 mmol) in water (0.5 mL) was added. The mixture was stirred for 1 h
(0°C), poured into excess of ice water, and extracted with dichlorome-
thane. The extracts were washed with 5% aqueous solution of NaHCO;,
a saturated solution of NaCl, dried over Na,SO,, and evaporated in
vacuo at RT to dryness to leave red crystals (332 mg, 75%). M.p. 101-
102°C; 'H NMR (CDCl;): 6=4.83 (s, 2H; H-2, H-5, Fc), 4.52 (s, 2H; H-
3, H-4, Fc), 427 ppm (s, SH; Cpuneuns.); IR (CH,CL): 7=2138 (s, N3),
1687 cm™" (s, C=0, CONj).

Synthesis of N-acetylferrocenamine (7): A solution of ferrocenecarboxa-
zide (6) (332 mg, 1.3 mmol) in acetic anhydride (9 mL) was heated at
100°C for 3 h.""4l After cooling, the reaction mixture was diluted with
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water (40 mL) and extracted with dichloromethane. After aqueous work-
up, the organic layer was evaporated to dryness giving a red oil, which
after TLC purification with dichloromethane/ethyl acetate (10:1) gave
orange crystals (78mg, 25%). M.p. 158-167°C;"* HNMR
([D¢]DMSO): 6=9.28 (s, 1H; NH), 4.54 (s, 2H; H-2, H-5, Fc), 4.10 (s,
SH; CPpunawst)s 393 (s, 2H; H-3, H-4, Fc), 1.90 ppm (s, 3H; CH,);
'HNMR (CDCly): 6=6.49 (brs, 1H; NH), 4.93 (brs, 2H; H-2, H-5, Fc),
4.36 (s, 5H; Cpunsust)> 422 (s, 2H; H-3, H-4, Fc), 1.99 ppm (s, 3H; CHy);
BCNMR ([Ds]DMSO): 6=168.0 (COCH,), 95.7 (C-1, Fc), 68.9
(CPunsubst)s 03.8 (C-3" C-4', Fc), 60.8 (C-2' C-5', Fc), 23.6 ppm (CH;); IR
(CH,CL,): =3436 (m, N-H free), 1684 cm™! (s, C=0, COCHj).

Synthesis of tert-butyl ferrocenylcarbamate (8): A solution of ferrocene-
carboxazide 6 (400 mg, 1.6 mmol) in BuOH (10 mL) was heated at 60°C
for 2 h."* The reaction mixture was evaporated to dryness and purified
by preparative chromatography in dichloromethane/ethyl acetate (25:1),
giving orange crystals of 8 (320 mg, 68 %), m.p. 142-145°C and N,N'-di-
ferrocenylurea (60 mg, 9% ), m.p. 167-173°C. '"H NMR ([D¢]DMSO): 6 =
8.50 (brs, 1H; NH), 4.44 (s, 2H; H-2', H-5', Fc), 4.08 (s, SH; Cpunsunst.)
3.89 (s, 2H; H-3', H-4, Fc), 1.45ppm (s, 9H; C(CH;);); 'HNMR
(CDCly): 0=5.55 (brs, 1H; NH), 4.60 (brs, 2H; H-2', H-5, Fc), 4.24 (s,
SH; Cpunsunst)s 4-11 (brs, 2H; H-3', H-4', Fc), 1.50 ppm (s, 9H; C(CH5););
IR (CH,Cl,): #=3436 (m, N-H free), 1723 cm™' (s, C=0, COO¢Bu).
Synthesis of Boc-Ala-NH-Fc (9): A suspension of 8 (500 mg, 1.66 mmol)
in ethyl acetate (20 mL) was cooled to 0°C and treated with gaseous HCI
for 2 h. After stirring at RT for 4 h, mixture was evaporated in vacuo to
dryness to leave yellow solid ferrocenylammonium chloride (370 mg,
94%). The hydrochloride (238 mg, 1.06 mmol) was treated with Et;N in
CH,Cl, (pH~8) and coupled with Boc-Ala-OH (189 mg, 2.11 mmol) by
using the standard EDC/HOBt method. After stirring for 1 h at RT, the
mixture was subjected to the standard aqueous work-up, followed by
TLC purification (CH,Cl,/EtOAc, 10:1) to give yellow crystals (232 mg,
60%). M.p. 68-70°C; '"HNMR ([D;]DMSO): §=9.28 (s, 1H; FcNH),
7.00 (d, J=6.8 Hz, 1H; NH,,,), 4.61 (s, 2H; H-2', H-5', Fc), 4.09 (s, 5H;
CPhunswnst)> 393 (s, 3H; CH,,,, H-3', H-4, Fc), 1.39 (s, 9H; C(CH;)s),
1.20 ppm (d, J=7.08 Hz, 3H; CH,,,,); 'HNMR (CDCly): 6=6.83 (brs,
1H; FecNH), 5.55 (brs, 1H; NH,,,), 5.20-4.10 (m, 9H; Fc-H), 3.95 (brs,
1H; CHy,), 1.47 (s, 9H; C(CHs)3), 1.28 ppm (d, J=6.2 Hz, 3H; CH;,y.);
BCNMR ([Dg]DMSO): 6=171.5 (CO,), 155.3 (COOBu), 95.6 (C-1’,
Fc), 782 (C(CHs;);), 68.9 (Cpunsunst.)s 63.9 (C-3', Fc), 63.8 (C-4, Fc), 60.9
(C-2, Fc), 60.6 (C-5, Fc), 504 (CH,,), 284 (C(CH;);), 18.0 ppm
(CHjaj0); IR (CH,CL): 7=3425 (m, N-H free), 3336 (vw, N-H assoc.),
1697 cm ™! (s, C=0, COO¢Bu).

Synthesis of Boc-Ala-Ala-NH-Fc (10): Boc-Ala-NH-Fc (9) (362 mg,
0.41 mmol) was deprotected by treating with gaseous HCL. The resulting
Ala-NH-Fc-HCl was worked-up with Et;N as described previously and
coupled with Boc-Ala-OH (157 mg, 0.83 mmol) activated with HOBt/
EDC. The mixture was stirred for 90 min at RT and worked-up in a usual
manner. Purification by TLC (CH,CL/EtOAc, 10:1) gave yellow crystals
(172 mg, 94%). M.p. 172-175°C; '"H NMR ([D¢]DMSO): 6=9.35 (s, 1 H;
FcNH), 8.00 (d, J=6.9 Hz, 1H; NHy,y,;), 7.03 (d, J=6.8 Hz, 1H; NHy,,,),
4.60 (d, J=4.5Hz, 2H; H-2', H-5', Fc), 4.25 (m, 1H; CH,,,,), 4.08 (s, 5SH;
CPunsunst)> 3:95 (m, 3H; CHy,,, H-3', H-4', Fc), 1.39 (s, 9H; C(CH;)s),
1.26 (d, J=7.0Hz, 3H; CHs,,), 1.19 ppm (d, J=6.9 Hz, 3H; CH;,.1);
"H NMR (CDCl,): §=8.04 (brs, 1 H; FcNH), 6.78 (brs, 1H; NH,y,), 5.09
(d, J=53Hz, 1H; NH,,,;), 4.81 (brs, 1H; H-2', Fc), 4.67 (brs, J=4.5 Hz,
1H; H-5', Fc), 448 (m, 1H; CHy,,), 4.19 (s, 6H; Cpungunst., CHajar), 4.05
(brs, 2H; H-3', H-4', Fc), 148 (s, 9H; C(CH;);), 1.42ppm (m, 6H;
CHiaroy CHia); "CNMR ([Dg]DMSO): 6=172.0 (COyy,), 1702
(COpp1) 15473 (COOrBu), 94.7 (C-1’, Fc), 77.6 (C(CH,);), 683
(CPunsupst.)» 63.3 (C-3' C-4', Fc), 60.3 (C-2', Fc), 60.0 (C-5', Fc), 49.3
(CHaw), 482 (CHaw), 277 (C(CHs)s), 17.7 (CHiawz), 17.5 ppm
(CHja11); IR (CH,CL): 7=3423 (m, N-H free), 3336 (m, N-H assoc.),
1698 cm ™! (s, C=0, COOrBu).

Synthesis of Ac-Fca-NHMe (12): Ac-Fca (11)** (230 mg, 0.80 mmol)
was activated as described for 1 and MeNH, (obtained from MeNH,-HCl
(108 mg, 1.60 mmol) by treatment with Et;N in CH,Cl,, pH~8) was
added. After stirring for 1 h at RT, the reaction mixture was worked-up
in a usual manner and purified by TLC (CH,CL/EtOAc, 10:1) to give
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orange crystals (81 mg, 43%). M.p. 128-130°C;!")'H NMR ([D4]DMSO):
0=9.20 (s, 1H; NHg,,), 7.46 (d, J=3.8 Hz, 1H; NHCH,), 4.69 (s, 2H; H-
2, H-5, Fc), 4.54 (s, 2H; H-2', H-5', Fc), 4.24 (s, 2H; H-3, H-4, Fc), 3.91
(s, 2H; H-3', H-4, Fc), 2.68 (d, J=4.4 Hz, 3H; NHCH;), 1.90 ppm (s,
3H; COCH;); '"HNMR (CDCL): =748 (brs, 1H; NHg,), 6.23 (brs,
1H; NHCH,), 4.63 (brs, 2H; H-2, H-5, Fc), 4.52 (brs, 2H; H-2', H-5,
Fc), 436 (s, 2H; H-3, H-4, Fc), 4.09 (s, 2H; H-3', H-4, Fc), 2.94 (s, 3H;
NHCHj;), 2.10 ppm (s, 3H; COCH;); IR (CH,CL): #=3459 (m, N-H
free), 3431 (m, N-H free), 3339 (w, N-H assoc.), 3272 (w, N-H assoc),
1680 cm™' (s, C=0, COCH,).

Synthesis of Boc-Fca-NHMe (15): Amide-carbamate 15 was prepared
starting from MeNH, (obtained by the action of Et;N on MeNH,-HCI
(117 mg, 1.74 mmol)) and 14 (activated with HOBt (182 mg, 1.30 mmol)
and EDC (250 mg, 1.30 mmol)) in dichloromethane. The mixture was
stirred for 30 min at RT. After the aqueous work-up, the crude product
was purified by TLC (CH,Cl,/EtOAc, 5:1) to give orange crystals
(283 mg, 91%). M.p. 128-130°C; 'H NMR ([D¢]DMSO): 6=8.42 (s, 1 H;
NHg.,), 7.62 (d, J=4.5 Hz, 1H; NHCH,), 4.66 (s, 2H; H-2, H-5, Fc), 4.43
(s, 2H; H-2', H-5, Fc), 4.21 (s, 2H; H-3, H-4, Fc), 3.86 (s, 2H; H-3', H-4',
Fc), 2.68 (d, /J=45Hz, 3H; NHCH;), 145ppm (s, 9H; C(CHj;));
'"HNMR (CDCL): 6=6.47 (brs, 1H; NHCH;), 5.88 (brs, 1H; NHg,),
4.71-4.23 (m, 8H; Fn), 3.09 (s, 3H; NHCHj;), 1.49 ppm (s, 9H; C(CHy));
IR (CH,Cl,): #=3460 (m, N-H, FENHCO free), 3433 (m, N-H, FcCONH
free), 3367 (w, N-H, FENHCO assoc.), 3357 (w, N-H, FENHCO assoc.),
1680 cm ™ (s, C=0, COCH,).

General synthesis of the ferrocene dipeptides 16-18: 1'-(tert-Butoxycar-
bonyl-amino)ferrocene-1-carboxylate (14, Boc-Fca-OH) (200 mg,
0.58 mmol) was activated by using EDC (167 mg, 0.87 mmol) and HOBt
(117 mg, 0.87 mmol), and H-Aaa-OMe (1.16 mmol, obtained from H-
Aaa-OMe-HCI by treatment with Et;N in CH,Cl,, pH~8) was added.
The mixture was stirred for 30 min. After the standard aqueous work-up,
the crude products were purified by TLC (CH,CL/EtOAc, 10:1) to give
orange crystalline materials after standing in the refrigerator.
Boc-Fca-Ala-OMe (16): Orange powder (182 mg, 74%). M.p. 61-64°C;
'HNMR ([D,]DMSO): 5 =8.43 (brs, 1 H; NHg,,), 8.04 (d, /=5.6 Hz, 1H;
NH,;,), 475 (s, 1H; H-2, Fn), 4.70 (s, 1 H; H-5, Fn), 4.49 (m, 1H; CH,,,),
4.40 (m, 2H; H-2', H-5, Fn), 4.25 (s, 2H; H-3, H-4, Fn), 3.92 (m, 2H; H-
3', H-4', Fn), 3.64 (s, 3H; OCHy,), 1.45 (s, 9H; C(CH,);), 1.38 ppm (d, /=
7.2 Hz, 3H; CHs,,); 'HNMR (CDCL): 6=6.77 (s, 1H; NHyy,), 6.40
(NHg.,), 4.79 (brs, 1H; CH,,,), 4.68-4.00 (m, 8H; Fc-H), 3.79 (s, 3H;
OCHj;), 1.49 ppm (brs, 12H; C(CH;);, CHz,,,); “C NMR ([Dg]DMSO):
0=173.4 (COOCHj;), 168.9 (COg,), 153.1 (COOBu), 98.0 (C-1’, Fn),
78.7 (C(CH,)3), 75.6 (C-1, Fn), 71.3 (C-2 C-5, Fn), 68.9 (C-3' C-4, Fn),
65.4 (C-3 C-4, Fn), 61.1 (C-2' C-5, Fn), 51.7 (OCH,), 47.7 (CH,,,), 28.04
(C(CH;)3), 16.8 ppm (CHjy,); IR (CH,CLy): 7=3433 (m, N-H free), 3327
(m, N-H assoc.), 1731 (s, C=0, COOCH,), 1714 (s, C=0, COO1Bu),
1655 cm™ (s, C=0, CONH); EIMS: m/z: 430 (17) [M]*, 374 (16)
[M—H,CC(CH,),]*, 356 (32) [M—BuOH]*, 330 (86)
[H,NCpFeCpCOAlaOMe]*, 300 (19) [M—COAlaOMe]*, 130 (35)
[COAlaOMe]*, 57 (100); ESI-MS (MeOH): m/z: 883.4 [2M+Na]*; ele-
mental analysis calcd (%) for C,yH,sOsN,Fe (430.1): C 55.84, H 6.09, N
6.51; found: C 55.89, H 6.11, N 6.53.

Boc-Fca-p-Ala-OMe (17): Orange powder (183 mg, 75%). M.p. 61—
63°C; IR (CH,Cl,): #=3433 (m, N-H free), 3327 (m, N-H assoc.), 1731
(s, C=0, COOCH,), 1716 (s, C=0, COOrBu), 1655cm™" (s, C=0,
CONH); elemental analysis calcd (%) for C,)H,,OsN,Fe (430.1): C 55.84,
H 6.09, N 6.51; found: C 55.87, H 6.07, N 6.54.

Boc-Fca--Ala-OMe (18): Orange powder (178 mg, 79%). M.p. 61-64°C;
'"HNMR ([D¢]DMSO): 6=8.41 (brs, 1H; NHg,), 7.80 (t, 1H; NHy,,),
4.67 (d, 2H; H-2, H-5, Fn), 4.42 (s, 2H; H-2', H-5', Fn), 4.22 (s, 2H; H-3,
H-4, Fn), 3.86 (s, 2H; H-3', H-4, Fn), 3.62 (s, 3H; OCH,), 3.33 (s, 4H;
(CH,),), 1.45ppm (s, 9H; C(CH;);); IR (CH,CL,): #=3436 (m, N-H
free), 3341 (w, N-H assoc.), 1728 (s, C=0, COOCH;), 1712 (s, C=0,
COO1Bu), 1653 cm ™' (s, C=0, CONH); elemental analysis calcd (%) for
C,H,,05N,Fe (430.1): C 55.84, H 6.09, N 6.51; found: C 55.82, H 6.06, N
6.54.

Synthesis of Boc-Fca-Ala-Ala-OMe (19): Boc-Fca-OH (14) (360 mg,
1.05 mmol) was activated as described for dipeptides 16-18 and coupled
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with H-Ala-Ala-OMe (obtained from H-Ala-Ala-OMe-HCl by treatment
with Et;N in CH,Cl,). The mixture was stirred for 4 h at RT. After an
aqueous work-up, the crude material was purified by TLC (CH,Cl,/
EtOAc, 10:1) to give an orange crystalline solid (420 mg, 76 %). M.p.
186.8-189.1°C; '"HNMR ([Dg]DMSO): 6=8.43 (s, 1H; NHg.,), 8:29 (d,
J=7.1Hz, 1H; NHy,,,), 7.71 (d, J=8.1 Hz, 1H; NH,y,,), 4.76 (s, 1H; H-
2, Fn), 4.68 (s, 1H; H-5, Fn), 445 (m, 1H; CHy,,;), 4.39 (m, 2H; H-2', H-
5, Fn), 431 (m, 1H; CHy,,,), 424 (s, 2H; H-3, H-4, Fn), 3.93 (s, 2H; H-
3, H-4, Fn), 3.61 (s, 3H; OCHj;), 1.33 (s, 9H; C(CH,);), 1.24 ppm (m,
6H; 2CHs,,,); '"HNMR (CDCLy): 6=7.28 (s, 1H; NHg,), 7.01 (s, 1H;
NH,j), 6.90 (s, 1H; NHy,,,), 4.70-4.00 (m, 10H; 2CHy,,, Fn), 3.75 (s,
3H; OCHs), 149 (s, 9H; C(CHs);), 1.43 (s, 3H; CH;ap), 1.25 ppm (s,
3H; CHs,,); “"CNMR ([Dg]DMSO): 6=173.0 (COOCH;), 172.8
(CO,1), 168.7 (COkg,), 153.1 (COO1Bu), 97.9 (C-1', Fn), 78.6 (C(CHs);),
76.4 (C-1, Fn), 71.2 (C-2 C-5, Fn), 68.9 (C-3' C-4, Fn), 65.4 (C-3 C-4,
Fn), 61.3 (C-2' C-5, Fn), 51.8 (OCHj;), 47.9 (CHy), 47.5 (CHypp), 28.1
(C(CHs)3), 17.9 (CHs3p12), 16.8 ppm (CHjpy41); IR (CH,CL,): 7=3428 (m,
N-H free), 3309 (m, N-H assoc.), 1738 (s, C=0, COOCHs,), 1726 (s), 1711
(s), 1678 (s), 1658 (s), 1643 (s), 1632 cm™ (s, C=0, COOrBu), (C=0,
CONH); EIMS: m/z: 501 (27) [M]*, 427 (34) [M—BuOH]*, 401 (61)
[H,NFeCOAlaAlaOMe]*, 270 (36), 254 (43), 229 (100); ESI-MS
(MeOH/CH,Cl, 10:140.1% trifluoroacetic acid (TFA)): m/z: 502.3
[M+H]*; elemental analysis caled (%) for C,3H;O¢N;Fe (501.2): C
55.12, H 6.24, N 8.39; found: C 55.08, H 6.20, N 8.43.

Synthesis of Boc-Ala-Fca-Ala-OMe (20): This compound was prepared
according to the procedure of the dipeptides 16-18. Dipeptide 16
(437 mg, 1.02 mmol) was deprotected by gaseous HCI and evaporated in
vacuo to dryness to leave yellow solid of H-Fca-Ala-OMe-HCl (350 mg,
94%), m.p. 80.2-83°C. The resulting hydrochloride was treated with
Et;N in CH,Cl, (pH~8) and coupled with Boc-Ala-OH (361 mg,
1.91 mmol) by using the standard EDC/HOBt method. After stirring for
20 min and standard aqueous work-up, the crude material was purified
by TLC (CH,CL/EtOAc, 10:1) to give yellow crystals (315 mg, 72%).
M.p. 59-62°C; '"HNMR ([Dg]DMSO): 6=9.24 (s, 1H; NHg,), 8.01 (d,
J=7.4Hz, 1H; NH,,), 7.04 (d, J=10.5Hz, 1H; NH,,), 477 (s, 1H;
H-2, Fn), 4.70 (m, 1H; H-5, Fn), 4.62 (brs, 2H; H-2', H-5', Fn), 4.40 (t,
J=14.5Hz, 1H; CH,,,), 426 (m, 2H; H-3, H-4, Fn), 3.98 (m, 2H; H-3',
H-4', Fn), 3.93 (t, J=13.9 Hz, 1H; CH,,,), 3.65 (s, 3H; OCH,), 1.39 (s,
9H; C(CHa;);), 1.36 (brs, 3H; CHs,y), 1.20ppm (d, J=7.1 Hz, 3H;
CH,,,); 'HNMR (CDClLy): 6=9.12 (s, 1H; NHg,,), 7.81 (d, 1H; NH,,,),
5.13 (d, 1H; NHpy), 5.36 (s, 1H; CHyy,), 5.33 (s, 1H; CHyy,), 4.91-4.02
(m, 8H; Fn), 3.85 (s, 3H; OCH,), 1.30 (s, 3H; CHay,,), 1.40 ppm (brs,
12H; C(CH5);, CHayp); “CNMR ([Dg]DMSO): 6=173.6 (COOCH,),
171.6 (COppar), 168.9 (COg,), 1552 (COO1Bu), 96.2 (C-1', Fn), 78.1 (C-
(CHa;);), 75.8 (C-1, Fn), 71.7 (C-2, Fn), 71.6 (C-5, Fn), 69.1 (C-3', Fn),
68.8 (C-4, Fn), 65.7 (C-3 C-4, Fn), 62.1 (C-2', Fn), 61.5 (C-5, Fn), 51.9
(OCH,), 504 (CHyp), 47.6 (CHyw), 282 (C(CHs)y), 17.7 (CHsaw),
16.8 ppm (CHa,y,); IR (CH,CL): #=3438 (w, N-H free), 3373 (m, N-H
assoc.), 3322 (m, N-H assoc.), 1729 (s, C=0, COOCHs;), 1696 (s, C=0,
COOBu), 1648 cm™ (s, C=0, CONH); EIMS: m/z: 501 (92) [M]*, 445
(100) [M—H,CC(CH,),]*, 401 (34) [AlaNHCpFeCpCOAlaOMe]*, 330
(81) [M—AlaBoc+H]*, 254 (44) [COCpFeCpNHCO]*, 130 (28) [COAI-
aOMe]*; ESI-MS (MeOH): m/z: 502.3 [M+H]*; elemental analysis calcd
(%) for Cy3H; O6N;Fe (501.2): C 55.12, H 6.24, N 8.39; found: C 55.15, H
6.29, N 8.33.

Synthesis of Boc-Ala-Fca-Ala-Ala-OMe (21): After deprotection of the
tripeptide 19 (420 mg, 0.8 mmol) by gaseous HCI in CH,Cl,, followed by
evaporation, the resulting hydrochloride was treated with Et;N in CH,Cl,
(pH~8) and coupled with Boc-Ala-OH (139 mg, 0.74 mmol) by using the
EDC/HOBt method followed by the standard aqueous work-up. TLC pu-
rification of the crude product (CH,Cl,/EtOAc, 10:1) results in a yellow
crystalline material (130 mg, 65%). M.p. 94-97°C;®) 'HNMR
([Dg]DMSO): 6=10.02 (s, 1H; NHg,,), 8.59 (d, 1H; NH,,,,), 7.77 (d, 1 H;
NH,.,), 7.25 (d, 1H; NH,,,,), 4.85 (s, 1H; H-2, Fn), 4.74 (t, 1H; H-5,
Fn), 4.67 (brs, 2H; H-2', H-5, Fn), 4.50 (m, 1H; CH,,,), 4.33 (s, 1H;
CH,p), 4.26 (s, 1H; H-4, Fn), 423 (s, 1H; H-3', Fn), 4.02 (m, 1H; H-3,
Fn), 3.93 (s, 1H; H-4, Fn), 3.88 (m, 1H; CH,,,), 3.61 (s, 3H; OCHs;),
1.40 (s, 9H; C(CHj);), 1.33 (dd, 6H; 2CHs,p), 1.18 ppm (s, 3H;
CH;a1); '"HNMR (CDCL): 0=9.86 (s, 1H; NHg,), 7.96 (d, 1H;

Chem. Eur. J. 2006, 12, 4965 —4980

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

NH,,0), 7.11 (d, 1H; NHyp,,), 5.17 (d, 1H; NHyp,,y), 5.20-4.00 (m, 11H;
3CH,,, Fe-CH), 3.77 (s, 3H; OCH,), 1.55 (s, 3H; CHay,y,), 1.47 (s, 12H;
CH;,p, C(CHy)), 1.37 ppm (s, 3H; CHs,,,); P"CNMR ([Dg]DMSO): 6=
174.0 (COOCHj;), 172.8 (COpjy), 171.6 (COpay, 168.7 (COxgy,), 96.1 (C-1',
Fn), 78.4 (C(CH3);), 75.9 (C-1, Fn), 71.7 (C-2, Fn), 70.8 (C-5, Fn), 69.4
(C-3', Fn), 69.0 (C-4, Fn), 65.2 (C-3 C-4, Fn), 62.5 (C-2', Fn), 61.6 (C-5,
Fn), 54.8 (CH,;,), 51.7 (OCH;), 47.8 (2CH,,), 28.2 (C(CH,);), 17.7
(CH;a), 17.3 (CHspy,), 16.7 ppm (CHayy,); IR (CH,CLy): #=3436 (m, N-
H free), 3368, 3283, 3251 (m, N-H assoc.), 1742 (s, C=0, COOCHj;), 1695
(s), 1667 (s), 1642 (s), 1528 cm™" (s, C=0, COOBu), (C=0, CONH);
EIMS: m/z: 572 (36) [M]*, 516 (34) [M—H,CC(CH,),]*, 501 (9), 498
(35) [M—BuOH]*, 401 (27) [H;NFeCOAlaAlaOMe]*, 325 (45), 270
(19), 254 (38), 229 (54), 130 (22), 57 (100); ESI-MS (MeOH/CH,Cl,
10:140.1% TFA): m/z: 573.3 [M+H]".

Synthesis of Boc-Ala-Ala-Fca-Ala-Ala-OMe (22): Pentapeptide 22 was
prepared from H-Fca-Ala-Ala-OMe-HCI (180 mg, 0.51 mmol), which was
treated with Et;N and coupled with Boc-Ala-Ala-OH (264 mg,
1.01 mmol) as described above. TLC (CH,CL/EtOAc, 3:1) gave yellow
crystals (120 mg, 39%). M.p. 99-102°C; '"H NMR ([D4]DMSO): 6 =9.61
(s, 1H; NHg,), 8.53 (d, J=6.9 Hz, 1H; NH,,,), 8.12 (d, /=59 Hz, 1H;
NH,..), 7.87 (d, J=75Hz, 1H; NH,,), 7.00 (d, /=69 Hz, 1H;
NHa0), 479 (s, 1H; Fn), 4.74 (s, 1H; Fn), 4.67 (brs, 1H; Fn), 4.48 (m,
1H; CH,,), 4.35 (m, 1H; CH,,,;,), 4.31 (m, 1H; Fn), 4.28 (s, 1H; Fn),
421 (s, 1H; Fn), 4.13 (s, 1H; CH,y), 4.01 (s, 1H; Fn), 3.98 (m, 1H;
CH,j2), 3.92 (s, 1H; Fn), 3.61 (s, 3H; OCHa), 1.37 (s, 9H; C(CHs,);),
1.34 (d, /=73 Hz, 3H; CHjsap), 1.31 (d, /=73 Hz, 3H; CHj3ap1), 1.26
(d, J=7.0Hz, 3H; CHsap,y), 121 ppm (d, J=7.1Hz, 3H; CH;3ppny);
'HNMR (CDCL): 6=9.78 (s, 1H; NHg,), 8.06 (d, 1H; NHyy,), 7.20
(brs, 1H; NHyy,p), 7.03 (brs, 1H; NHyy,,), 5.28 (s, 1H; NHyy,,), 4.88-3.95
((m, 12H; 4CHy,,, Fc-H), 3.78 (s, 3H; OCHs;), 1.46 ppm (s, 21H; C-
(CH3);, 4CHjyy,); "CNMR ([Dg]DMSO): 6=174.0 (COOCH;), 173.0
(CO4ja1)s 172.8 (CO4p2), 170.8 (COppar), 168.6 (COg,), 155.0 (COOBu),
95.9 (C-1', Fn), 77.9 (C(CH;);), 75.9 (C-1, Fn), 71.7 (C-2, Fn), 70.7 (C-5,
Fn), 69.6 (C-3', Fn), 68.9 (C-4', Fn), 65.4 (C-3, Fn), 652 (C-4, Fn), 62.5
(C-2, Fn), 61.6 (C-5', Fn), 51.7 (OCHs;), 49.3 (CH ), 49.1 (CHypjar), 47.8
(CHar)s 47.7 (CHy), 28.1 (C(CH),). 17.7 (CHypp), 17.6 (CHappr),
17.5 (CHszap1), 16.7 ppm (CHja10); IR (CH,CL): 7=3426 (m, N-H free),
3355, 3320 (w, N-H assoc.), 3296, 3251 (w, N-H assoc.), 1742 (s, C=0,
COOCH;), 1721 (s), 1710 (s), 1673 (s), 1692 (s), 1643 (s), 1632 (s),
1513 cm™ (s, C=0, COO1Bu), (C=0, CONH); EIMS: m/z: 643 (3) [M]*,
569 (100) [M—tBuOH]*, 543 (10) [AlaAlaFeCOAlaAlaOMe]*, 396 (19),
270 (19), 304 (42), 229 (16) [Cp,FeNHCO]*; ESI-MS (MeOH/CH,Cl,
10:140.1% TFA): m/z: 644.5 [M+H]*; elemental analysis caled (%) for
C,H, OgNsFe (643.2): C 54.15, H 6.43, N 10.89; found: C 54.13, H 6.47,
N 10.93.

Synthesis of Boc-D-Ala-Fca-Ala-OMe (23): This compound was prepared
as described above by using HBTU as a coupling reagent. Boc-Fca-Ala-
OMe (430 mg, 1 mmol), Boc-Ala-OH (190 mg, 1 mmol), HBTU (418 mg,
1.1 mmol). Silica-gel column (hexane/EtOAc: 2:3, R;=0.33) to give
yellow crystals (360 mg, 72%). 'HNMR (CDCl): 6=9.10 (s, 1H;
CpNH), 735 (d, J=7.8 Hz, 1H; NH,,,), 540 (s, 1H; NH,,;,), 4.88 (m,
1H; NH 1), 4.63 (s, 1H; H-2, Cp), 4.57 (s, 1H; H-5, Cp), 4.52 (m, 1H;
H A1), 447 (s, 1H; H-2', Cp), 440 (s, 1H; H-5', Cp), 434 (s, 1H; H-3,
Cp), 429 (s, 1H; H-4, Cp), 4.02 (s, 1H; H-3', Cp), 4.00 (s, 1H; H-4, Cp),
3.78 (s, 3H; COOCHj;), 1.47 (s, 3H; CHj, 1), 1.45 (s, 9H; C(CH3);, Boc),
1.39 ppm (s, 3H; CH;pa); '"HNMR ([Dg]DMSO, assignments based on
COSY spectra): 0=9.31 (s, 1H; FcNHCO), 8.06 (d, /=6.5Hz, 1H;
NH 1), 7.04 (d, J=5.6 Hz, 1H; NH, ,,,), 477 (s, 1H; H,), 474 (s, 1H;
He,), 4.69 (s, 1H; Hc,), 4.53 (s, 1H; Hc,), 440 (m, 1H; CH,,41), 4.28 (s,
2H; Hc,), 398 (s, 2H; Hc,), 3.93 (m, 1H; CHya), 3.65 (s, 3H;
COOCHj), 1.40 (s, 9H; C(CH,;)3), 1.38 (s, 3H; CHj,11), 1.20 ppm (d, /=
7.7Hz, 3H; CHipa); “C{'H} NMR (CDCL): 6=174.6 (COOCH,),
1714 (CONH, ), 170.1 (CpCONH, ,,,), 155.9 (CO, Boc), 95.0 (C-1',
Cp), 80.4 (C(CHs;);), 78.5 (C-1, Cp), 76.8 (C-2, Cp), 76.2 (C-5, Cp), 71.7
(C-2, Cp), 711.2 (C-5', Cp), 69.6 (C-3, Cp), 66.0 (C-4, Cp), 64.0 (C-3', Cp),
63.5 (C-4, Cp), 52.6 (COOCH;), 51.2 (C% A1), 50.9 (C% ), 28.3 (C-
(CHs)3), 18.2 (CH3pa1), 16.9 ppm (CHj,41,); FTIR (KBr): #=3301 (m, N-
H), 1745, 1683 (m, C=0), 1637 (s, amid I), 1531 cm™' (s, amid II); IR
(CH,CL,): 7=3429 (m, N-H free), 3307 (brm, N-H, H-bonded), 1734 (s,
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C=0), 1697 (s), 1653 (s), 1540 (s), 1521, 1507 cm™" (s); UV/Vis: Ay (€)=
440 nm (247 m~'em™"); EIMS (4vs): m/z caled for C,;HyN;OgFe [M]*:
501.1562; found: 501.1565.

Synthesis of Boc-Ala-Fca-D-Ala-OMe (24): The synthesis procedure is
similar to that of compound 23. Silica-gel column (hexane/ethyl acetate:
2:3, Ry=0.32) to give yellow crystals (390 mg, 78%). '"H NMR (CDCl,):
0=8.55 (s, 1H; CpNH), 718 (d, J=7.6 Hz, 1H; NH ), 529 (s, 1H;
NH A1), 492 (m, 1H; NH,,,,), 4.63 (s, 1H; H-2, Cp), 4.59 (s, 1H; H-5,
Cp), 4.52 (overlapping, m, 2H; H* ., H-2', Cp), 443 (s, 1H; H-5, Cp),
4.39 (s, 1H; H-3, Cp), 4.34 (s, 1H; H-4, Cp), 4.07 (s, 1H; H-3', Cp), 4.04
(s, 1H; H-4, Cp), 3.82 (s, 3H; COOCH;), 1.56 (s, 3H; CHj,a1,), 1.47 (s,
9H; C(CH;);, Boc), 1.41 ppm (s, 3H; CH;,41,); '"H NMR ([Dg]DMSO, as-
signments based on COSY spectra): 6=9.31 (s, 1H; FENHCO), 8.05 (d,
J=65Hz, 1H; NH,,;,), 7.04 (d, J=5.6 Hz, 1H; NH,,,), 477 (s, 1H;
Hc,), 473 (s, 1H; Hcp), 4.69 (s, 1H; Hc,), 4.53 (s, 1H; He,), 4.40 (m, 1H;
CH para)> 430 (s, 2H; Hcyp), 4.00 (s, 2H; Hey), 3.95 (m, 1H; CHyyap), 3.56
(s, 3H; COOCH;), 1.38 (s, 9H; C(CHs)3), 1.37 (s, 3H; CHayay,), 1.20 ppm
(s, 3H; CH;,,); “C{'H}NMR (CDCL): 6=174.6 (COOCH;), 171.6
(CONH, ,1,), 170.4 (CpCONH,,;,), 160.1 (CO, Boc), 94.3 (C-1', Cp), 79.6
(C(CH,)3), 78.5 (C-1, Cp), 76.8 (C-2, Cp), 75.4 (C-5, Cp), 72.0 (C-2', Cp),
71.2 (C-5', Cp), 70.5 (C-3, Cp), 65.4 (C-4, Cp), 64.0 (C-3', Cp), 63.4 (C-4,
Cp), 52.6 (COOCH;), 51.4 (C%an), 50.9 (C%an), 28.3 (C(CHs;);), 18.1
(CHja10), 16.8 ppm (CHja1); FTIR (KBr): 7=3299 (m, N-H), 1741,
1684 (s, C=0), 1637 (s, amid I), 1532 cm™" (s, amid II); IR (CH,CL,): 7=
3430 (m, N-H free), 3359, 3317 (N-H, H-bonded), 1741 (s, C=0), 1696
(s), 1636 (s), 1650 (s), 1563, 1503 cm™" (s); UV/Vis: A, (¢) =438 nm
241 m'em™); EIMS (4vs): m/z caled for C,HyN;OFe [M]*:
501.1562; found: 501.1579.

Synthesis of Boc-Ala-Fca-Ala-D-Ala-OMe (25): Aqueous NaOH solution
(0.1m, 12 mL) was added dropwise at 0°C for 30 min to the solution of
Boc-Ala-Fca-Ala-OMe (23) (500 mg, 1 mmol) in THF (12 mL), then re-
acted at RT overnight. THF was evaporated and 50 mL water was added
to the aqueous solution. Then the solution was washed with EtOAc (3 x
20 mL). The aqueous solution and 100 mL EtOAC were poured into a
flask and cooled to 0°C, then 0.1 HCI was added slowly to the solution
to achieve pH 1-2. The aqueous phase was washed with EtOAc (3x
100 mL) and dried over NaSO,, then filtered and evaporated under re-
duced pressure in a rotorvap to give the free acid as an orange solid
(448 mg, 92%). Boc-Ala-Fca-Ala-OH (245 mg, 0.5 mmol) was dissolved
in dry dichloromethane (100 mL), and reacted with H-p-Ala-OMe. The
procedure is similar to that of compound 23. Silica-gel column (hexane/
EtOAc: 1:3, R;=0.21) giving yellow crystals of compound 25 (214 mg,
75%). 'HNMR (CDCl;): 6=9.41 (s, 1H; CpNH), 7.84 (d, J=7.0 Hz,
1H; NH, 1), 729 (d, J=72 Hz, 1H; NH, 11), 5.31 (s, 1H; H-2, Cp), 5.10
(d, J=7.0Hz, 1H; NH ,;,), 4.80 (s, 1H; H-5, Cp), 470 (m, 1H; H* A,),
4.58 (s, 1H; H-2', Cp), 4.56 (overlapping, m, 2H; H" ., H-5', Cp), 427
(s, 1H; H-3, Cp), 4.11 (s, 1H; H-4, Cp), 4.06 (s, 1H; H-3', Cp), 4.00 (s,
1H; H-4, Cp), 3.75 (s, 3H; COOCHj, A1), 1.52 (s, 3H; CHjpa1), 1.45 (s,
9H; C(CH;);, Boc), 1.42 (s, 3H; CHjap), 1.36 ppm (s, 3H; CHjpa);
'"H NMR ([D¢]DMSO, assignments based on COSY spectra): 0=9.32 (s,
1H; FeNHCO), 828 (d, J=6.7 Hz, 1H; NH, A0, 7.77 (d, J=7.1 Hz, 1 H;
NH, a), 701 (d, J=6.1 Hz, 1H; NH, a5), 477 (s, 1H; He,), 4.68 (s, 1H;
Hg,), 467 (s, 1H; Hc,), 4.56 (s, 1H; Hc,), 445 (m, 1H; CHy, A1), 4.31
(m, 1H; CHypa), 428 (s, 2H: Hcp), 3.98 (s, 2H; Hcp), 3.91 (m, 1H;
CH a13), 3.65 (s, 3H; COOCHj;), 1.39 (s, 9H; C(CH;);), 1.34 (m, 6H;
CHjypa1, CHaparz), 1.21 ppm (d, J=6.6 Hz, 3H; CHj, a,03); “C{'H} NMR
(CDCL): 6=173.4 (COOCHs;), 171.5 (CONH,,1,), 170.5 (CpCONH, 4}.1),
156.4 (CONH, 4.2), 95.3 (C-I', Cp), 78.0 (C(CH;);, Boc), 77.4 (C-1, Cp),
71.7 (C-2, Cp), 70.2 (C-5, Cp), 69.3 (C-2', Cp), 69.0 (C-5', Cp), 66.3 (C-3,
Cp), 66.1 (C-4, Cp), 64.0 (C-3', Cp), 629 (C-4, Cp), 52.8 (COOCH,),
50.2 (CﬂLAlal)7 48.8 (CuLAlal)# 472 (CanAlal)9 282 (C(CH3)3)# 17.8 (CH3LAlal)s
17.5 (CHja1), 16.5 ppm (CHj,ap); FTIR (KBr): #=3277 (m, N-H),
1724, 1683 (m, C=0), 1637 (s, amid I), 1531 cm™" (s, amid II); IR
(CH,Cl,): #=3433 (m, N-H free), 3328 (brm, N-H, H-bonded), 1716 (s,
C=0), 1654 (s), 1538 (s), 1509 cm™" (s); UV/Vis: A (¢)=445nm
(384m'em™); EIMS (4vs): m/z caled for Cy,HyN,O,Fe [M]*:
572.1933; found: 572.1938.
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Synthesis of Boc-Ala-Fca-D-Ala-D-Ala-OMe (26): The synthetic proce-
dure is identical to that described for 25. Silica-gel column (hexane/
EtOAc: 1:3, R;=0.20) to get yellow crystals (205 mg, 73%). '"H NMR
(CDClLy): 0=8.61 (s, 1H; CpNH), 7.41 (d, J=7.0 Hz, 1H; NH, ,,,), 7.18
(d, J=72Hz, 1H; NH, 43,), 5.38 (s, 1H; H-2, Cp), 5.14 (d, /=7.0 Hz, 1H;
NH, A1), 4.80 (s, 1H; H-5, Cp), 4.73 (m, 1H; H" ), 4.65 (s, 1H; H-2',
Cp), 4.60 (overlapping, m, 2H; H% A1 1), 447 (s, 2H; H-2', H-5', Cp),
4.39 (s, 1H; H-3, Cp), 4.36 (s, 1H; H-4, Cp), 420 (m, 1H; C“,A.2), 4.05
(s, 2H; H-3, H-4, Cp), 3.77 (s, 3H; COOCHj;), 1.54 (s, 3H; CHj,ay)s
1.50 (s, 3H; CHj;pan1), 1.48 (s, 9H; C(CHj;);, Boc), 1.42 ppm (s, 3H;
CH;paiz); 'HNMR ([Dg]DMSO, assignments based on COSY spectra):
0=9.30 (s, 1H; FeNHCO), 8.27 (d, J=6.6 Hz, 1H; NH 1,,), 7.74 (d, J=
7.6 Hz, 1H; NH,,,1), 7.00 (d, J=5.4 Hz, 1H; NH, ,,5), 477 (s, 1H; H,),
4.69 (s, 1H; Hc,), 4.66 (s, 1H; Hc,), 4.56 (s, 1H; Hc,), 443 (m, 1H;
CHooaia)s 430 (m, 1H; CHypnio), 426 (s, 2H; Hy), 3.97 (s, 2H; Hey),
3.94 (m, 1H; CHya3), 362 (s, 3H; COOCHj), 1.39 (s, 9H; C(CH,)s3),
1.33 (m, 6H; CHsya11, CHapano)s 1.21 ppm (d, /=6.6 Hz, 3H; CHj,a15);
BC{'H} NMR (CDCl;): §=173.3 (COOCH;), 171.6 (CONH,5,,), 170.5
(CpCONH, 4,), 155.9 (CONH, 515), 94.9 (C-1', Cp), 80.4 (C(CHs;);, Boc),
77.0 (C-1, Cp), 76.8 (C-2, Cp), 76.4 (C-5, Cp), 71.6 (C-2', Cp), 70.0 (C-5',
Cp), 66.9 (C-3, Cp), 65.4 (C-4, Cp), 64.0 (C-3', Cp), 63.3 (C-4, Cp), 52.3
(COOCH,), 50.8 (Cpana), 50.0 (C%an); 48.0 (C%am), 284 (C(CHa),),
18.4 (CHs, A1), 17.9 (CHapan)s 17.7 ppm (CHjpa11); FTIR (KBr): 7=3289
(m, N-H), 1745, 1666 (m, C=0), 1635 (s, amid I), 1531 cm™' (s, amid II);
IR (CH,CL,): 3426 (m, N-H free), 3307 (brm, (N-H, H-bonded), 1741 (s,
C=0), 1685 (s), 1654 (s), 1558 (s), 1507 cm™! (s); UV/Vis (MeCN): Ay
(e)=445nm (384 M 'cm™'); EIMS (4vs): m/z caled for C,HsN,O;Fe
[M]*: 572.1933; found: 501.1579.

Synthesis of Boc-p-Ala-Ala-Fca-Ala-p-Ala-OMe (27): Boc-Ala-Fca-Ala-
D-Ala-OMe (285 mg, 0.5 mmol), Boc-p-Ala-OH (85 mg, 0.5 mmol),
HBTU (210 mg, 0.55 mmol). Silica-gel column (hexane/EtOAc/MeOH:
10:85:5, R;=0.12) to give a yellow solid (103 mg, 31%). 'HNMR
(CDCLy): 6=9.08 (s, 1H; CpNH), 7.83 (s, 1H; NH,), 7.28 (s, 1H; NH),
7.20 (s, 1H; NH), 537 (s, 1H; H-2, Cp), 5.20 (d, J=7.0Hz, 1H; NH),
4.86 (overlapping, 2H), 4.46 (s, 1H; Cp), 4.47 (s, 1H; Cp), 4.26 (overlap-
ping, 2H), 4.17 (m, 1H), 4.11 (s, 2H), 391 (s, 1H), 3.82 (s, 3H;
COOCH;), 1.46 (overlapping, 12H; CHj;,, C(CH;); Boc), 1.43-
1.42 ppm (overlapping, 9H; CHj;,,,); '"H NMR ([Dg]DMSO, assignments
based on COSY spectra): 6=9.19 (s, 1H; FENHCO), 8.30 (d, J=5.8 Hz,
1H; NHz10), 8.02 (d, J=6.2Hz, 1H; NH, 14), 7.73 (d, J=6.8 Hz, 1H;
NH 1), 7.01 (d, J=5.5Hz, 1H; NH A3), 478 (s, 1H; Hc,), 471 (s, 1H;
He,), 4.66 (s, 1H; Hc,), 457 (s, 1H; Hc,), 443 (m, 1H; CHyppa1), 4.30
(m, 2H; CHypars CHapars), 4.25 (s, 2H; Hey), 3.99 (s, 2H; Hey), 3.98 (m,
1H; CHyara), 3.62 (s, 3H; COOCHj;), 1.37 (s, 9H; C(CHs;);), 1.32 (m,
6H; CH3 a1, CHipawo)s 1.27 (d, J=7.0 Hz, 3H; CHj, z14), 1.18 ppm (d,
J=7.0Hz, 3H; CHy an3); “C{'H}NMR (CDCl;): 6=176.8 (COOCH,),
173.4, 170.9, 165.7,155.6 (CONH), 95.3 (Cp), 80.3 (C(CHs;)s;, Boc), 72.4,
71.5, 70.7, 70.5, 70.0, 66.0, 65.8, 65.3, 64.4, 62.8 (Cp), 52.7 (COOCHs;),
50.4, 50.0, 48.5, 48.0 (C%1.), 283 (C(CHs);), 19.6, 18.2, 17.5, 17.3 ppm
(CH3,y,); FTIR (KBr): #=3287 (m, N-H), 1740, 1659 (m, C=0), 1634 (s,
amid 1), 1530 cm™' (s, amid II); IR (CH,Cl,): #=3424 (m, N-H free),
3325 (brm, (N-H, H-bonded), 1742 (s, C=0), 1684 (s), 1670 (s),
1517 cm™" (brs); UV/Vis: Ay, (€)=439 nm (416 M~' cm™'); EIMS (4vs):
mlz caled for C,oH, N;OgFe [M+1]%: 643.2304; found: 644.2370.
Synthesis of Boc-Ala-Ala-Fca-pD-Ala-D-Ala-OMe (28): Identical proce-
dure to 25. Silica-gel column (hexane/EtOAc/MeOH: 10:85:5, R;=0.12)
to give a yellow solid (137 mg, 43%). '"H NMR (CDCl;): 6=9.27 (s, 1H;
CpNH), 7.88 (s, 1H; NH), 7.28 (s, 1H; NH), 6.68 (s, 1H; NH), 5.18 (s,
1H; H-2, Cp), 4.95 (d, J=7.0Hz, 1H; NH), 4.87 (s, 1H), 4.68 (s, 1H),
4.53-4.50 (overlapping, 3 H), 4.27 (overlapping, 3H), 4.10 (s, 2H), 3.90 (s,
1H), 3.76 (s, 3H; COOCH;), 1.47 (overlapping, 12H; CHj,y,, C(CH3);,
Boc), 1.43-1.38 ppm (overlapping, 9H; CHj,y,); “C{'H} NMR (CDCL,):
0=174.6 (COOCHs), 173.5, 170.9, 166.1, 156.4 (CONH), 95.3 (Cp), 80.3
(C(CH,)3, Boc), 72.0, 71.5, 71.6, 70.4, 70.1, 66.5, 66.4, 66.1, 64.4, 63.8
(Cp), 52.9 (COOCHy;), 51.3, 50.3, 48.9, 48.6 (C%A0), 28.7 (C(CH,)5), 18.3,
18.2,17.9, 17.8 ppm (CHs,,,); FTIR (KBr): #=3293 (m, N-H), 1742, 1668
(s, C=0), 1629 (s, amid I), 1527 cm ™' (s, amid II); UV/Vis (MeCN): Apax
(e)=448nm (323 M~ 'cm™'); EIMS (4vs): m/z caled for C,yH,NsOgFe
[M+1]*: 644.2304; found: 644.2379.
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X-ray crystallographic data collection and refinement of the structures:
X-ray data were collected by using a Bruker AXS CCD difractometer
(graphite monochromated Moy, radiation, a=0.71073 A) at 103 K and
corrected for absorption (SADABS). The structures were solved by
direct methods and refined on F* by using all reflections (SHELXTL).*!!
Non-hydrogen atoms were refined anisotropically. Most of the hydrogen
atoms (except some methyl hydrogen atoms in 21) were located and re-
fined isotropically. Tetrapeptide 21 crystallizes with a solvent molecule
(probably pentane) that is severely disordered and could not be refined
satisfactorily. Therefore, the data were corrected by using the SQUEEZE
routine in PLATON.”? The data are listed in Table 4. CCDC 297171—
297173 (16-18) and 239828 (21) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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