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A method for attaching organometallics to the C-terminus of amino acids via a Pd-catalyzed two-step procedure
is presented. Boc-protected enantiomerically pure amino acids1 (a Phe,b Leu, c Met, d Ser) are reacted with
1,1-diethylpropargylamine to yield alkynyl amino acids2. After reaction with (p-iodoanilido)ferrocene carboxylic
acid3 in the presence of 5 mol % PdCl2(PPh3)2/CuI ferrocene amino acids4 are obtained in ca. 80% yield. The
reaction does not require anhydrous conditions and tolerates functional groups such as amides, alcohols (Ser,4d)
or thioethers (Met,4c). A complete characterization by multinuclear NMR (including15N) is carried out. Cyclic
voltammetry shows a reversible wave at about+190 mV (vs Fc/Fc+) independent of the nature of the attached
amino acid. In the solid state,2a forms a left-handed helix along the crystallographicc axis which is stabilized
by hydrogen bonds as revealed by a single-crystal X-ray structure determination. A comparison of IR data in
solution and the solid state suggests that hydrogen bonding is also important for the solid-state structures of
ferrocene amino acids4 but does not play a role in solution. The use of this methodology for peptide chemistry
is demonstrated by labeling the dipeptide Boc-Met-Phe-OH at the C-terminus and the tripeptide Boc-Phe-Glu-
Leu-OMe with ferrocene. The alkyne anchoring group in the tripeptide is introduced at the Cγ(Glu) atom at an
early stage of the peptide synthesis and is not affected by subsequent deprotection and coupling reactions.

Introduction

Conjugates of biomolecules such as amino acids and peptides
with covalently bound organometallic compounds have recently
gained considerable attention.1-11 In functional conjugates, the
unique properties of the organometallic entity are exploited for
the sensitive detection of the biomolecule.12 For instance, a
technique for monitoring the level of drugs such as phenobarbital
in human blood using infrared spectroscopy has been developed
for clinical applications in Jaouen’s group and the name
Carbonylmetalloimmunoassay(CMIA) has been coined.2,13 In

this assay, the standard procedure is the reaction of an activated
organometallic acid with a primary amino group of the
biomolecule like, for instance, phenobarbital. For the labeling
of large biomolecules with a variety of functional groups its
inherent unselectivity is one major disadvantage of this proce-
dure. For example, in the labeling of bovine serum albumin
(BSA) an average 40 of all 59 free amino groups (lysine and
terminal NH2) reacted with an activated Co2(CO)6 pentyne
carboxylic acid derivative,14 but only about 20 with a related
Os compound.15 Clearly, there is a need for the development
of more selective methods of labeling.

In this work we present such a selective functionalization of
amino acids and peptides with organometallics by making use
of Pd-catalyzed coupling of terminal alkynes (as the anchoring
group) with organometallic iodo-arenes. The advantage of our
approach is the concept oforthogonality.16,17In organic synthesis
and peptide chemistry, the termorthogonalityis commonly used
to indicate stability of one chemical moiety (e.g., a protecting
group) under conditions where another group will easily react,
usually giving rise to the selective, sequential functionalization
of (organic) molecules.Orthogonalityin the context of this work
designates that (i) the reaction conditions used for binding the
organometallic moiety leave most functional groups encountered
in peptides untouched and (ii) the site of labeling can be
unambiguously pre-selected by introducing the alkyne at the
desired position. In the first step, a terminal alkyne is introduced
at the site of labeling. Second, this alkyne is catalytically coupled
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to a suitably functionalized organometallic compound. During
the course of this investigation, a related idea has been advanced
by Schmidtchen and co-workers who employed a Pd-catalyzed
coupling scheme for the detection of peptides by biotin-avidin
technology.18 In earlier work, modified nucleosides have been
attached to ferrocene via ethenyl and ethynyl bridges,19 and Beck
et al. used a Heck coupling reaction withp-ethynylphenylalanine
to assemble as many as four phenylalanine residues around one
benzene ring.20 Selective ferrocene functionalization of cysteine
residues in peptides has been achieved by Di Gleria et al. using
the thiol-specificN-(2-ferrocenylethyl)maleimide.21 In this paper,
the viability of our concept is first demonstrated for a number
of different functional amino acids as model compounds which
are coupled to a ferrocene derivative. The applicability of this
concept for larger biomolecules is then demonstrated by labeling
a di- and a tripeptide. Ferrocene has been chosen as a marker
to exploit its potential in electrochemical detection.22-24

Experimental Section

All reactions were carried out in ordinary glassware and solvents
without further precautions except where indicated. Chemicals were
purchased from Aldrich-Sigma GmbH and Fluka AG and used as
received, only enantiomerically pureL amino acids were used. Melting
points (uncorrected) were determined in a Tottoli apparatus (Bu¨chi,
Switzerland). Elemental analyses were carried out by H. Kolbe,
Analytisches Laboratorium, Mu¨lheim. IR spectra were recorded on a
Perkin-Elmer System 2000 instrument as KBr disks, additionally in
CH2Cl2 solution where indicated. Frequenciesν are given in cm-1.
Raman spectra were recorded on the same instrument as neat substances
(ν in cm-1). UV/vis spectra were recorded on a Perkin-Elmer Lambda
19 spectrometer, only the wavelengths of the highest-energy ferrocene
transitions are given in nm,ε in brackets. Mass spectra were recorded
by the mass spectrometry service group, Mu¨lheim, on a MAT 8200
(Finnigan GmbH, Bremen) instrument (EI, 70 eV) or on a MAT95
(Finnigan GmbH, Bremen) instrument (ESI, CH3OH solution, positive
ion detection mode). Only characteristic fragments from EI spectra are
given with relative intensities (%) in brackets. Cyclic voltammogrammes
were obtained with a three-electrode cell and an EG&G Princeton
Applied Research model 273A potentiostat. A Ag/AgNO3 (0.01 mol/L
in AgNO3) reference electrode, a glass carbon disk working electrode
of 2 mm diameter and a Pt wire counter electrode was used. CH2Cl2
solutions (ca. 10-4 mol/L) contained 0.1 mol/L Bu4NPF6 as supporting
electrolyte. As an internal standard, ferrocene was added in excess as
a reference. NMR spectra were recorded in CDCl3 at room temp. on
Bruker ARX 250 (1H at 250.13 MHz and13C), DRX 400 (1H at 400.13
MHz, 13C and 2D spectra) and DRX 500 (1H at 500.13 MHz,13C, 15N,
2D). 1H and 13C spectra were referenced to TMS, using the residual
protio signals of the deuterated solvents as internal standards (CDCl3:
7.24 ppm (1H) and 77.0 ppm (13C)). Positive chemical shift valuesδ
(in ppm) indicate a downfield shift from the standard, only the absolute
values of coupling constants are given in Hz.15N spectra were
referenced to the absolute frequency of 50.696 991 0 MHz, which was
the resonance frequency of neat nitromethane under the same experi-
mental conditions. All resonances were assigned by 2D NMR (H-
H-COSY and1H-13C HMQC for 1J and long-range couplings).15N
chemical shifts and coupling constants were taken from the F1
projection of indirect detection1H-15N correlated 2D spectra with 1024/
256 data points in F1/F2, processed after applying a matched cosine

function and zero filling in both dimensions. Mo¨ssbauer data were
recorded on a spectrometer with alternating constant-accelaration and
a 57Co source in 6µm Rh matrix. The minimum experimental line
width was 0.24 mm s-1 full width at half-maximum. The sample
temperature was maintained constant in an Oxford Instruments
VARIOX cryostat. Isomer shifts are quoted relative to iron metal at
300 K.

X-ray Crystallographic Data Collection and Refinement.Crystal
data for2a: C21H30N2O3, M ) 358.47 gmol-1, orthorhombic space
groupP212121, a ) 12.147(3) Å,b ) 20.320(4) Å,c ) 26.646(5) Å,
U ) 6577(2) Å3, Z ) 12, Dc ) 1.086 Mg m-3, µ(Mo KR) ) 0.072
mm-1, F(000) ) 2328. A transparent colorless single crystal of 1.12
× 0.49× 0.35 mm3 was sealed in a glass capillary and mounted on a
Siemens SMART CCD-detector diffractometer system at ambient
temperature. Graphite monochromated Mo KR radiation (λ ) 0.710 73
Å) was used. Cell constants were obtained from a least-squares fit of
6525 reflections. 22 426 intensities were collected by a hemisphere run
taking frames at 0.30° in ω and corrected for Lorentz and polarization
effects. The program SADABS (G. Sheldrick, University of Go¨ttingen,
Germany, 1994) was used for absorption correction. The Siemens
ShelXTL software package (Siemens Analytical X-ray Instruments, Inc.)
was used for solution and refinement of the structure. Neutral atom
scattering factors were taken from the usual sources.25 All non-hydrogen
atoms were refined anisotropically. H-atoms were placed at calculated
positions and refined as riding atoms with isotropic displacement
parameters. The absolute structure could not be determined reliably
but was assumed to beL since the stereochemistry was not influenced
by our reactions. Final R1) 0.0598, wR2) 0.1281, 8355 unique
reflections, 5960 reflections withFo > 4σ(Fo), 3.6° < 2θ < 45°, 704
parameters.

General Synthesis of Alkynyl Amino Acids 2a-d. Boc-protected
L amino acid (5 mmol) was dissolved in 40 mL of thf at room
temperature and neutralized with 5 mmol (0.51 g) ofN-methylmor-
pholine. Isobutylchloroformate (5 mmol, 0.68 g) was added, and a white
precipitate was rapidly formed. 1,1-Diethylpropargylamine (5 mmol,
0.56 g) was added, and the reaction mixture was stirred for 1 h. The
hydrochloride ofN-methylmorpholine was removed by filtration, and
the solvent was removed on a rotary evaporator. The resulting residue
was redissolved in ether, washed three times with water and dried over
Na2SO4. After filtration the solvent was removed to yield 90-95% of
white product. The product could be recrystallized from hot thf/heptane
(1:20), which yielded single crystals suitable for an X-ray analysis in
the case of2a.

2a. 1H NMR: 7.26-7.18 (mult., 5H,HPh), 5.85 (br, 1H, NH), 5.03
(br, 1H, NBocH), 4.21 (mult., 1H, CRH), 3.01 (app. d, 2H, Ph-CH2),
2.30 (s, 1H, CtCH), 2.06-1.95 (mult., 2H, CH3-CH2), 1.77-1.66
(mult., 2H, CH3-CH2), 1.39 (s, 9H, CBocH3), 0.87-0.78 (overlapping
t, 6H, CH3-CH2). 13C NMR: 169.9 (CdO), 155.4 (CBocdO), 136.7
(CPh,i), 129.4, 128.7 (CPh), 126.9 (CPh, p), 84.6 (CtCH), 80.3 (C(CH3)3),
71.6 (CtCH), 57.0 (C(Et)2), 56.4 (CR), 38.1 (Câ), 30.45, 30.37 (CH3-
CH2), 28.2 (C(CH3)3), 8.44, 8.38 (CH3-CH2). 15N NMR: -291 (NBoc),
-256. IR: 3310 (m), 1680 (s), 1656 (s). Raman: 2114. MS: 358 (1),
330 (13), 302 (4), 57 (100). Mp: 115°C. Anal. Calcd for C21H30N2O3

(358.48 g/mol): C, 70.4; H, 8.4; N, 7.8. Found: C, 70.4; H, 8.7; N,
7.8.

2b. 1H NMR: 6.23 (br, 1H, NH), 4.92 (br, 1H, NBocH), 3.97 (mult.,
1H, CRH), 2.29 (s, 1H, CtCH), 2.16-2.09 (mult., 2H, CH3-CH2),
1.78-1.68 (mult., 2H, CH3-CH2), 1.63-1.60 (mult., 2H, CâH and
CγH), 1.39 (s and mult., 10H, CBocH3 and CâH), 0.94-0.87 (overlapping
t, 12H, CH3-CH2 and CδH3). 13C NMR: 171.4 (CdO), 155.7
(CBocdO), 84.9 (CtCH), 80.1 (C(CH3)3), 71.5 (CtCH), 57.2 (C(Et)2),
53.4 (CR), 40.2 (Câ), 30.5 (CH3-CH2), 28.2 (C(CH3)3), 24.7 (Cγ), 22.7,
22.1 (Cδ), 8.5 (CH3-CH2). 15N NMR: -289 (NBoc), -258. IR: 3317
(m), 1686 (s), 1658 (s). Raman: 2115. MS: 325 (0.1), 296 (4), 268
(1), 130 (100). Mp: 133°C. Anal. Calcd for C18H32N2O3 (324.46
g/mol): C, 66.6; H, 9.9; N, 8.6. Found: C, 66.4; H, 10.0; N, 8.7.

2c. 1H NMR: 6.23 (br, 1H, NH), 5.12 (d,J ) 8 Hz, 1H, NBocH),
4.14 (mult., 1H, CRH), 2.55-2.52 (mult., 2H, CγH), 2.33 (s, 1H,
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CtCH), 2.08 (s, 3H, SCH3), 2.14-2.02 (mult., 2H, CH3-CH2), 1.91-
1.77 (overlapping mult., 4H, CH3-CH2 and CâH), 1.42 (s, 9H, CBocH3),
0.98-0.91 (overlapping t, 6H, CH3-CH2). 13C NMR: 170.3 (CdO),
155.7 (CBocdO), 84.7 (CtCH), 80.2 (C(CH3)3), 71.7 (CtCH), 57.2
(C(Et)2), 53.8 (CR), 30.6 (Câ), 30.5 (Cγ), 30.3, 30.0 (CH3-CH2), 28.3
(C(CH3)3), 15.3 (SCH3), 8.55, 8.53 (CH3-CH2). 15N NMR: -291
(NBoc), -257. IR: 3309 (m), 1684 (s), 1659 (s). Raman: 2112. MS:
342 (7), 314 (7), 286 (2), 57 (100). Mp: 87°C. Anal. Calcd for
C17H30N2O3S (342.50 g/mol): C, 59.6; H, 8.8; N, 8.2. Found: C, 59.2;
H, 8.7; N, 7.9.

2d. 1H NMR: 6.82 (br, 1H, NH), 5.65 (d,J ) 7.1 Hz, 1H, NBocH),
4.02 (mult., 1H, CRH), 3.93 (mult., 1H, CâH), 3.61 (mult., 1H, CâH),
2.33 (s, 1H, CtCH), 2.06-2.00 (mult., 2H, CH3-CH2), 1.83-1.71
(mult., 2H, CH3-CH2), 1.41 (s, 9H, CBocH3), 0.96-0.88 (overlapping
t, 6H, CH3-CH2). 13C NMR: 170.1 (CdO), 155.7 (CBocdO), 84.4
(CtCH), 80.2 (C(CH3)3), 73.7 (CtCH), 62.4 (Câ), 57.1 (C(Et)2), 55.2
(CR), 30.3 (CH3-CH2), 28.1 (C(CH3)3), 8.3 (CH3-CH2). 15N NMR:
-295 (NBoc), -255. IR: 3425 (m), 3313 (m), 1752 (s), 1702 (s, br).
Raman: 2117. MS: 298 (0.1), 270 (7), 242 (2), 225 (5), 214 (39), 82
(68), 57 (100).2d was obtained as a sticky oil which could not be
purified from trace impurities.

3. Ferrocene carboxylic acid (1.00 g, 4.35 mmol) and 0.83 g (6.5
mmol) oxalic acid in 60 mL of dry dichloromethane were heated to
reflux under argon for 1 h. After cooling to room temperature the
solvent and excess oxalic acid were removed in vacuo to yield the
ferrocene carboxylic acid chloride, which was redissolved in 60 mL
of dichloromethane. 4-Iodoaniline (0.95 g, 4.35 mmol) and 0.44 g (4.35
mmol) of triethylamine were slowly added at room temperature and
the solution was allowed to stirr overnight. After removal of triethy-
lamine hydrochloride the solvent was removed in vacuo. The residue
was dissolved in chloroform, the organic phase washed three times
with water and dried over Na2SO4. After filtration the solvent was
removed to yield 1.68 g (90%) of3. If necessary crude3 can be
recrystallized from warm methanol to give dark orange crystals.1H
NMR: 7.63 (pseudo-d, 2H,HAr), 7.36 (pseudo-d, 2H,HAr), 7.29 (br,
1H, NH), 4.75 (pseudo-t, 2H,HCp), 4.42 (pseudo-t, 2H,HCp), 4.24 (s,
5H, HCp). 13C NMR: 168.0 (CdO), 138.0 (C(N)-CAr), 121.5 (C(I)-
CAr), 121.4 (CArN), 86.9 (CArI), 76.0 (CCp,i), 71.1 (CCp,o/m), 69.9 (CCp),
68.3 (CCp,m/o). IR: 3294 (br, m), 1638 (s). UV: 443 (337). MS: 431
(100), 213 (79), 185 (35), 129 (25). CV:+189 mV. Mp: 198°C.
Anal. Calcd for C17H14FeINO (431.06 g/mol): C, 47.4; H, 3.3; N, 3.3.
Found: C, 47.2; H, 3.5; N, 3.0.

General Synthesis of Ferrocene Amino Acids 4.A 0.5 g (1.16
mmol) amount of3, 40 mg (0.06 mmol) of bis(triphenylphosphine)-
palladium(II) dichloride, and 10 mg (0.06 mmol) of copper(I) iodide
were dissolved at room temperature in a deareated mixture of 40 mL
of thf and 10 mL of triethylamine; 1.1 mmol of the respective alkynyl
amino acid2a-d in 40 mL of thf was added dropwise at room
temperature, and the solution soon became darker. After complete
additon of the alkynyl amino acid the reaction mixture was immediately
heated to reflux under argon for 4 h. After cooling to room temperature,
the dark suspension was filtered and the solvents were removed on a
rotary evaporator. The resulting residue was redissolved in chloroform.
After being washed with water three times, the organic phase was dried
over Na2SO4 and filtered, and the solvent was removed on a rotary
evaporator to yield ca. 80% of light orange product. Unreacted3, which
is almost insoluble in ether, could be removed by dissolving the crude
product in a small amount of ether, filtration, and evaporation of the
solvent.

4a. 1H NMR: 7.55 (pseudo-d, 2H,HAr), 7.45 (br, 1H, CAr-NH),
7.38 (pseudo-d, 2H,HAr), 7.26-7.19 (mult., 5H,HPh), 5.85 (br, 1H,
NH), 5.00 (br, 1H, NBocH), 4.76 (pseudo-t, 2H,HCp), 4.09 (pseudo-t,
2H, HCp), 4.25 (mult., 1H, CRH), 4.23 (s, 5H,HCp), 3.05-3.01 (mult.,
2H, Ph-CH2), 2.16-2.11 (mult., 2H, CH3-CH2), 1.84-1.71 (mult.,
2H, CH3-CH2), 1.40 (s, 9H, CBocH3), 0.95-0.85 (overlapping t, 6H,
CH3-CH2). 13C NMR: 169.8 (CPhedO), 168.7 (CC-CpdO), 155.4
(CBocdO), 138.2 (CAr), 136.7 (CPh,i), 132.6 (CAr), 129.4 (CPh), 128.7
(CPh), 126.9 (CPh,p), 119.2 (CAr), 118.1 (CAr), 89.7 (CAr-CtC), 83.6
(CAr-CtC), 80.2 (C(CH3)3), 76.0 (CCp,i), 71.0 (CCp,o/m), 69.9 (CCp), 68.3
(CCp,m/o), 58.3 (C(Et)2), 56.4 (CR), 38.2 (Câ), 30.75, 30.69 (CH3-CH2),
28.3 (C(CH3)3), 8.84, 8.80 (CH3-CH2). 15N NMR: -291 (NBoc), -256,

-253 (CAr-N). IR (KBr): 3316 (br, m), 1690 (sh), 1665 (s), 1647 (s).
IR (CH2Cl2): 3429 (m), 1711 (s), 1677 (s). Raman: 2229. UV: 446
(400). MS: 661 (100), 605 (2), 587 (13), 561 (19), 385 (24), 213 (53).
CV: +193 mV. Mp: 96°C. Anal. Calcd for C38H43FeN3O4 (661.62
g/mol): C, 69.0; H, 6.6; N, 6.4. Found: C, 68.5; H, 6.8; N, 6.2.

4b. 1H NMR: 7.55 (pseudo-d, 2H,HAr), 7.40 (br, 1H, CAr-NH),
7.40 (pseudo-d, 2H,HAr), 6.17 (br, 1H, NH), 4.82 (br, 1H, NBocH),
4.75 (pseudo-t, 2H,HCp), 4.41 (pseudo-t, 2H,HCp), 4.23 (s, 5H,HCp),
3.99 (mult., 1H, CRH), 2.30-2.25 (mult., 2H, CH3-CH2), 1.84-1.80
(mult., 2H, CH3-CH2), 1.67-1.62 (mult., 2H, CâH and CγH), 1.46
(mult., 1H, CâH), 1.42 (s, 9H, CBocH3), 1.04-0.97 (overlapping t, 6H,
CH3-CH2), 0.94-0.90 (overlapping t, 6H, CδH3). 13C NMR: 171.2
(CLeudO), 168.6 (CC-CpdO), 155.4 (CBocdO), 138.1 (CAr), 132.7 (CAr),
119.2 (CAr), 118.1 (CAr), 90.0 (CAr-CtC), 83.5 (CAr-CtC), 80.1
(C(CH3)3), 76.0 (CCp,i), 71.1 (CCp,o/m), 69.9 (CCp), 68.3 (CCp,m/o), 58.7
(C(Et)2), 53.7 (CR), 40.9 (Câ), 30.8 (CH3-CH2), 28.3 (C(CH3)3), 24.8
(Cγ), 22.9, 22.1 (Cδ), 9.0, 8.9 (CH3-CH2). 15N NMR: -289 (NBoc),
-258, -254 (CAr-N). IR (KBr): 3416 (br, m), 3324 (br, m), 1710
(sh), 1655 (s). IR (CH2Cl2): 3431 (m), 1711 (sh), 1677 (s). Raman:
2231. UV: 443 (380). MS: 627 (100), 571 (3), 553 (83), 385 (29),
213 (93). CV: +195 mV. Mp: 162°C. Anal. Calcd for C35H45FeN3O4

(627.61 g/mol): C, 67.0; H, 7.2; N, 6.7. Found: C, 66.8; H, 7.3; N,
6.6.

4c. 1H NMR: 7.54 (pseudo-d, 2H,HAr), 7.45 (br, 1H, CAr-NH),
7.38 (pseudo-d, 2H,HAr), 6.26 (br, 1H, NH), 5.10 (br, 1H, NBocH),
4.75 (pseudo-t, 2H,HCp), 4.41 (pseudo-t, 2H,HCp), 4.23 (s, 5H,HCp),
4.22 (mult., 1H, CRH), 2.60-2.52 (mult., 2H, CγH), 2.28-2.20 (mult.,
2H, CH3-CH2), 2.09 (s, 3H, SCH3), 2.06 (mult., 1H, CâH), 1.93-
1.82 (overlapping mult., 3H, CH3-CH2 and CâH), 1.42 (s, 9H, CBocH3),
1.04-0.98 (overlapping t, 6H, CH3-CH2). 13C NMR: 170.2 (CMetdO),
168.7 (CC-CpdO), 155.7 (CBocdO), 138.2 (CAr), 132.6 (CAr), 119.2
(CAr), 118.0 (CAr), 89.7 (CAr-CtC), 83.5 (CAr-CtC), 80.0 (C(CH3)3),
76.0 (CCp,i), 71.0 (CCp,o/m), 69.9 (CCp), 68.3 (CCp,m/o), 58.5 (C(Et)2),
53.7 (CR), 31.4 (Cγ), 30.9 (Câ), 30.8, 30.4 (CH3-CH2), 28.3 (C(CH3)3),
15.3 (SCH3), 9.0, 8.9 (CH3-CH2). 15N NMR: -290 (NBoc), -256,-253
(CAr-N). IR (KBr): 3324 (m), 1699 (sh), 1654 (s). IR (CH2Cl2): 3429
(m), 1710 (sh), 1678 (s). Raman: 2224. UV: 444 (360). MS: 645
(86), 589 (4), 571 (43), 545 (42), 385 (27), 213 (100). CV:+189 mV.
Mp: 95 °C. Anal. Calcd for C34H43FeN3O4S (645.64 g/mol): C, 63.3;
H, 6.7; N, 6.5. Found: C, 62.8; H, 6.7; N, 6.1.

4d. 1H NMR: 7.54 (pseudo-d, 2H,HAr), 7.49 (br, 1H, CAr-NH),
7.38 (pseudo-d, 2H,HAr), 6.80 (br, 1H, NH), 5.59 (br, 1H, NBocH),
4.75 (pseudo-t, 2H,HCp), 4.41 (pseudo-t, 2H,HCp), 4.23 (s, 5H,HCp),
4.09 (mult., 1H, CRH), 3.62 (mult., 1H, CâH), 3.03 (mult., 1H, CâH),
2.25-2.16 (mult., 2H, CH3-CH2), 1.91-1.77 (mult., 2H, CH3-CH2),
1.44 (s, 9H, CBocH3), 1.05-0.99 (overlapping t, 6H, CH3-CH2). 13C
NMR: 170.2 (CSerdO), 168.9 (CC-CpdO), 155.7 (CBocdO), 138.2 (CAr),
132.6 (CAr), 119.3 (CAr), 118.0 (CAr), 89.6 (CAr-CtC), 83.6 (CAr-
CtC), 80.0 (C(CH3)3), 75.9 (CCp,i), 71.0 (CCp,o/m), 69.9 (CCp), 68.3
(CCp,m/o), 62.7 (Câ), 58.2 (C(Et)2), 54.9 (CR), 30.90, 30.85 (CH3-CH2),
28.2 (C(CH3)3), 8.8 (CH3-CH2). 15N NMR: -295 (NBoc), -255,-253
(CAr-N). IR (KBr): 3422 (m), 3327 (m), 1702 (sh), 1648 (s). IR
(CH2Cl2): 3430 (m), 1714 (m), 1676 (s), 1513 (s). Raman: 2240.
UV: 446 (400). MS: 601 (77), 527 (24), 385 (26), 213 (83), 41 (100).
CV: +192 mV. Mp: 80°C. Anal. Calcd for C32H39FeN3O5 (601.52
g/mol): C, 63.9; H, 6.5; N, 7.0. Found: C, 64.1; H, 6.6; N, 6.8.

5.The dipeptide Boc-Met-Phe-OH (0.54 g, 1.42 mmol) was dissolved
in 50 mL of thf.N-Methylmorpholine (145 mg, 1.42 mmol) was added
to the clear solution, followed by isobutylchloroformate (194 mg, 1.42
mmol) upon which a white precipitate ofN-methylmorpholine hydro-
chloride formed. After additon of 158 mg (1.42 mmol) of 1,1-
diethylpropargylamin the reaction mixture was stirred for 60 min at
room temperature and filtered, and all volatiles were removed on a
rotary evaporator. The residue was taken up in water, and the aqueous
phase extracted with ether (four times). The combined organic phases
were washed with water, dried over Na2SO4, and filtered, and the
solvent was removed in vacuo. The white residue was recrystalized
from hot heptane/thf to yield 0.58 g (1.18 mmol, 83%) of pure5. 1H
NMR (CDCl3): 7.29-7.20 (mult., 5H, HPhe), 6.78 (br, 1H,NpheH), 5.83
(br, 1H, NDEPAH), 5.12 (br, 1H, NBocH), 4.54 (mult., 1H, CR,PheH), 4.18
(br, 1H, CR,MetH), 3.03 (mult., 2H, Câ,PheH2), 2.46 (Cγ,MetH2), 2.31 (s,
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1H, CtCH), 2.06 (s, 3H, S-CH3), 1.98 (mult., 2H, CH2CH3), 1.84
(mult., 1H, Câ,MetH), 1.71 (mult., 3H, Câ,MetH and CH2CH3) 1.39 (s,
9H, CBocH3), 0.81 (overlapping t, 6H, CH2CH3). 13C NMR (CDCl3):
171.2 (CMetdO), 169.1 (CPhedO), 155.0 (CBocdO), 136.4, 129.4, 128.7,
127.1 (CPhe), 84.5 (CtCH), 80.1 (CBoc(CH3)3), 71.7 (CtCH), 54.8
(CR,PheandCR,Met), 37.9 (Câ,Phe), 31.2 (Câ,Met), 30.4 and 30.2 (CH2CH3),
30.1 (Cγ,Met), 28.3 (CBoc(CH3)3) 15.3 (S-CH3), 8.4 (CH2CH3). 15N NMR
(CDCl3): -293 (NBoc), -262 (NPhe), -254 (NDEPA). IR: 3427 (sh), 3277
(br), 1686 (m), 1644 (s). Raman: 2112. MS: 489 (11), 415 (38), 359
(22), 120 (100), 104 (29), 57 (77). Mp: 191°C. Anal. Calcd for
C26H39N3O4S (489.67 g/mol): C, 63.8; H, 8.0; N, 8.6. Found: C, 63.7;
H, 8.0; N, 8.4.

6. A mixture of 40 mL of thf and 10 mL of NEt3 was deaerated,
277 mg (0.64 mmol) of3 was dissolved, and CuI (5 mg, 0.03 mmol)
and (Ph3P)2PdCl2 (20 mg, 0.03 mmol) were added. Under Ar, a solution
of 300 mg (0.61 mmol) of5, dissolved in 40 mL of thf, was slowly
added and the reaction mixture was heated to 80°C for 4 h. After
filtration through a bed of Celite all volatiles were removed, the residue
taken up in CHCl3 and water, the organic phase separated, washed with
water three times, dried over Na2SO4, and filtered, and the solvent
removed on a rotary evaporator. The ferrocene-labelled dipeptide6 was
purified by HPLC on a 250× 20 mm3 Nucleosil N-7-C18 column (No.
312014) using a 4:1 CH3OH/H2O solvent mixture with 4 mL/min flow
on a Merck C 6200 pump. A Shimadzu SPD-6-AV detector was
operated at 420 nm.1H NMR (CDCl3): 7.83 (s, 1H, NAnilineH), 7.57
(pseudo-d, 2H,HAniline), 7.34 (pseudo-d, 2H,HAniline), 7.26-7.20 (mult.,
5H, HPhe), 6.95 (br, 1H,NPheH), 6.03 (br, 1H, NDEPAH), 5.30 (br, 1H,
NBocH), 4.80 (pseudo-t, 2H,HCp), 4.63 (mult., 1H, CR,PheH), 4.36
(pseudo-t, 2H,HCp), 4.20 (br, 6H, CR,MetH andHCp), 3.02 (mult., 2H,
Câ,PheH2), 2.41 (Cγ,MetH2), 2.04 (mult, 3H, CH2CH3 and Câ,MetH), 2.00
(s, 3H, S-CH3), 1.78 (mult, 3H, CH2CH3 and Câ,MetH), 1.37 (s, 9H,
CBocH3), 0.90-0.82 (overlapping t, 6H, CH2CH3). 13C NMR (CDCl3):
171.4 (CMetdO), 169.1 (CPhedO), 168.8 (CFcdO), 155.3 (CBocdO),
138.2 (CAniline), 136.3 (CPhe), 132.5 (CAniline), 129.3, 128.6, 126.9 (CPhe),
119.3, 118.0 (CAniline), 89.5 (CtC-CEt2), 83.5 (CtC-CEt2), 80.1
(CBoc(CH3)3), 75.9, 70.9, 69.8, 68.3 (CCp), 57.9 (CtC-CEt2), 54.7
(CR,Phe), 53.8 (CR,Met), 38.1 (Câ,Phe), 31.5 (Câ,Met), 30.6 and 30.5
(CH2CH3), 30.1 (Cγ,Met), 28.2 (CBoc(CH3)3), 15.2 (S-CH3), 8.7 (CH2CH3).
15N NMR (in CDCl3): -292 (NBoc), -262 (NPhe), -255 (NDEPA), -253
(NAniline). IR (KBr): 3413 (m), 3324 (m), 1697 (sh), 1650 (s). IR
(CH2Cl2): 3426 (m), 3370 (sh), 1723 (m), 1675 (br,s). Raman 2228.
MS: 815 (M + Na), 792 (M+ H). Anal. Calcd for C43H52N4O5FeS
(792.82 g/mol): C, 65.1; H, 6.6; N, 7.0; Found C, 64.5; H, 7.1; N, 7.3.

7. The dipeptide Boc-Glu(O-Bz)-Leu-OMe (4.72 g, 10.16 mmol)
was dissolved in 100 mL of methanol in a Schlenk flask. After addition
of 1.0 g of Pd/C (10%), the flask was purged with H2 and the reaction
mixture was stirred under H2 for 15 h. After filtration the filtrate was
evaporated to dryness, the oily residue was redissolved in water, and
the aqueous solution was slowly acidified by addition of 2 mol/L HCl.
The aqueous phase was extracted three times with ether, and the
combined organic phases were washed with water, dried over MgSO4,
and evaporated to dryness. The resulting product was a clear, colorless
oil which was dried for several hours on a vacuum line to yield 2.00
g (5.34 mmol, 53%) Boc-Glu(OH)-Leu-OMe and was used without
further purification after establishing its purity by1H NMR spectros-
copy. Boc-Glu(OH)-Leu-OMe was dissolved in 50 mL of thf. After
addition ofN-methylmorpholine (0.54 g, 5.34 mmol), isobutylchloro-
formate (0.73 g, 5.34 mmol) and 1,1-diethylpropargylamine (0.59 g,
5.34 mmol) stirring was continued for 2 h. Workup as for5 yielded
0.52 g (1.11 mmol, 21%) of Boc-Glu(NH-CEt2-CtCH)-Leu-OMe7
as a white powder.1H NMR (CDCl3): 6.97 (d, 1H, NLeuH, J ) 6.8
Hz), 6.01 (br, 1H, NDEPAH), 5.50 (br, 1H, NBocH), 4.51 (mult., 1H,
CR,LeuH), 4.11 (mult., 1H, CR,GluH), 3.68 (s, 3H, COOCH3), 2.33 (s,
1H, CtCH), 2.30 (mult., 2H, Cγ,GluH2), 2.05 (mult., 3H, Câ,GluH and
CH2CH3), 1.95 (mult., 1H, Câ,GluH), 1.78 (mult., 2H, CH2CH3), 1.61
(mult., 3H, Câ,LeuH2 and Cγ,LeuH), 1.39 (s, 9H, CBocH3), 0.94 (mult.,
6H, CH2CH3), 0.87 (mult., 6H, Cδ,LeuH2). 13C NMR (CDCl3): 173.3
(CLeudO), 172.2 (CGludO), 171.7 (CH2-CGludO), 155.5 (CBocdO),
85.2 (CtCH), 79.9 (CBoc(CH3)3), 71.5 (CtCH), 57.0 (CEt2), 53.5
(CR,Leu), 52.3 (COOCH3), 50.8 (CR,Glu), 40.8 (Câ,Leu), 33.0 (Câ,Glu), 30.3
and 30.2 (CH2CH3), 28.8 (Cγ,Glu), 28.2 (CBoc(CH3)3), 24.7 (Cγ,Leu), 21.6

(Cδ,Leu), 8.57 and 8.42 (CH2CH3). IR: 3312 (br, m), 1752 (m), 1686
(m), 1654 (s). MS: 467 (8), 411 (9), 295 (67), 239 (33), 195 (56), 57
(100). Anal. Calcd for C24H41N3O6 (467.61 g/mol): C, 61.7; H, 8.8;
N, 9.0. Found: C, 61.6; H, 8.5; N, 8.4.

8. Boc-Glu(NH-CEt2-CtCH)-Leu-OMe7 (0.52 g, 1.11 mmol) was
dissolved in 30 mL of CH2Cl2, 10 mL trifluoro acetic acid (TFA) was
slowly added at 0°C, and stirring continued for 30 min. After complete
removal of all volatiles on a rotary evaporator, ether was added, stirring
of the slurry was continued for 20 min, the solid was filtered off and
dried on a vacuum line to yield 0.46 g (0.95 mmol, 87%) of a pure (1H
NMR), white triflate salt of H2N-Glu(NH-CEt2-CtCH)-Leu-OMe. Boc-
Phenylalanine (0.29 g, 1.09 mmol) was dissolved in 50 mL of thf. After
addition of 0.11 g (1.09 mmol) ofN-methylmorpholine and 0.15 g (1.09
mmol) isobutylchloroformate a solution of 1.09 mmol of H2N-Glu(NH-
CEt2-CtCH)-Leu-OMe in thf (previously neutralized from the triflate
salt by addition of NEt3) was added, and the reaction mixture stirred at
room temperature for 60 min. Workup as for5 gave 0.36 g (0.58 mmol,
61%) of 8 as a white powder.1H NMR (CDCl3): 7.28-7.19 (mult.,
6H, HPhe and NLeuH), 7.15 (d, 1H, NGluH, J ) 7 Hz), 5.88 (br, 1H,
NDEPAH), 4.95 (d, 1H, NBocH, J ) 7.6 Hz), 4.47 (mult., 1H, CR,LeuH),
4.36 (mult., 2H, CR,GluH and CR,PheH), 3.70 (s, 3H, COOCH3), 3.06
(mult., 2H, Câ,PheH), 2.35 (mult., 2H, Cγ,GluH2), 2.33 (s, 1H, CtCH),
2.12 (mult., 2H, CH2CH3), 2.02 and 1.93 (mult., 1H each, Câ,GluH),
1.81 (mult., 2H, CH2CH3), 1.61 (mult., 3H, Câ,LeuH2 and Cγ,LeuH), 1.37
(s, 9H, CBocH3), 0.97 (mult., 6H, CH2CH3), 0.92 (mult., 6H, Cδ,LeuH2).
13C NMR (CDCl3): 173.3 (CLeudO), 172.0 (CGludO), 171.4 (CH2-
CGludO), 170.9 (CPhedO), 155.2 (CBocdO), 136.5, 129.3, 128.7, 127.0
(CPhe), 85.1 (CtCH), 80.2 (CBoc(CH3)3), 71.7 (CtCH), 57.3 (CEt2),
56.0 (CR,Leu), 52.3 (COOCH3 andCR,Glu), 51.1 (CR,Phe), 40.7 (Câ,Leu),
38.0 (Câ,Phe), 33.0 (Câ,Glu), 30.4 and 30.3 (CH2CH3), 29.0 (Cγ,Glu), 28.2
(CBoc(CH3)3), 24.8 (Cγ,Leu), 22.8 and 21.7 (Cδ,Leu), 8.63 and 8.60
(CH2CH3). IR: 3449 (br, m), 3321 (sh), 1745 (w), 1736 (sh), 1686
(m), 1647 (s). Raman: 2115. MS: 614 (25), 523 (17), 442 (19), 394
(100), 195 (32), 153 (43), 120 (59), 57 (91). Anal. Calcd for C33H50N4O7

(614.78 g/mol): C, 64.5; H, 8.2; N, 9.1. Found: C, 64.6; H, 8.3; N,
9.1.

9.. The synthesis was carried out analogous to6, using 126 mg (0.29
mmol) of3, 5 mg (0.03 mmol) CuI, 10 mg (0.015 mmol) (Ph3P)2PdCl2,
and 180 mg (0.29 mmol) of Boc-Phe-Glu(NH-CH2-CtCH)-Leu-OCH3

(8). Analytical HPLC and1H NMR both showed the product to be
>90% pure9, and only a small amount from the HPLC (conditions as
for 6) was used to obtain analytical data.1H NMR (CDCl3): 7.54
(pseudo-d, 2H,HAniline), 7.40 (pseudo-d, 2H,HAniline), 7.37 (s, 1H,
NAnilineH), 7.34-7.14 (mult., 7H,HPhe, NLeuH, NGluH), 5.94 (br, 1H,
NDEPAH), 5.27 (br, 1H, NBocH), 4.75 (pseudo-t, 2H,HCp), 4.47-4.34
(mult., 3H, CR,LeuH, CR,PheH, CR,GluH), 4.42 (pseudo-t, 2H,HCp), 4.24
(s, 5H,HCp), 3.69 (s, 3H, COOCH3), 3.05 (mult., 2H, Câ,PheH2), 2.38-
2.20 (mult., 4H, Cγ,GluH2 and CH2-CH3), 1.98 (mult, 2H, Câ,GluH),
1.88 (mult., 2H, CH2-CH3), 1.60 (mult, 3H, Câ,LeuH2 and Cγ,LeuH),
1.37 (s, 9H, CBocH3), 1.02 (mult., 6H, CH2CH3), 0.92 (overlapping t,
6H, Cδ,LeuH). 15N NMR (CDCl3): -293 (NBoc), -262 (NGlu, NLeu), -254
(NAniline), -254 (NDEPA). Raman 2230. MS: 918 (M+ H)+, 940 (M+
Na)+. High-resolution. MS calcd. for C50H63N5O8Fe (917.92 g/mol):
940.3924 for (M+ Na)+. Found 940.3935.

Results and Discussion

We have chosen the C-terminus of amino acids as the site of
labeling, thus a number of different enantiomerically pure Boc-
protected amino acids1 were reacted with 1,1-diethylpropar-
gylamine using the isobutylchloroformate/N-methylmorpholine
protocol (Boc) tert-butoxycarbonyl) (Scheme 1). TheN-Boc-
protected alkynyl amino acids2 were obtained almost quanti-
tatively as pure, white crystalline materials after recrystallization
from hot thf/heptane. The coupling with (p-iodoanilido)ferrocene
carboxylic acid3 was carried out in hot thf in the presence of
5 mol % of PdCl2(PPh3)2/CuI. After workup, ferrocene amino
acids4 were isolated as orange powders. It should be noted
that this reaction does not require dry, purified solvents (the
reactions were normally carried out in reagent grade thf without
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further purification except for deaeration). Furthermore, there
is a wide tolerance of functional groups for the Pd catalyst which
tolerates alcohols (R) -CH2OH, Ser,4d) and thioethers (R)
-CH2-CH2-S-CH3, Met, 4c) and, of course, amides in the
coupling reaction (Scheme 1).

Mass spectrometry (MS) is a valuable tool for confirming
that a coupling according to Scheme 1 has indeed taken place.
The results of two ionization methods, namely electron ioniza-
tion (EI) and electrospray ionization (ESI), were helpful for
establishing the constitution of compounds4. In the ESI-MS
spectra, the intact compounds were detected almost exclusively
as their H+, Na+, or K+ adduct ions. In contrast, EI-MS spectra
showed characteristic fragment ions. By comparison with
reference compounds such as alkynyl amino acids2, bonding
of the ferrocene carboxylic acid anilide to the alkyne was
confirmed by the presence of related fragment ions. Further
proof comes from NMR spectroscopy, namely, the1H signal
of the terminal alkyne. In2, this signal is observed at ca. 2.3
ppm in CDCl3, with a notable solvent dependence of the
chemical shift value (ca. 3.1 ppm in DMSO solution). This
appears to be an exceptionally large shift range and has been
attributed to the formation of hydrogen bridges with solvents
such as DMSO. Evidently, this signal is lost in conjugates4,
while most of the other proton NMR signals change little after
the coupling. It should be noted, that the ethyl groups in2 and
4 are diastereotopic due to the presence of the chiral CR carbon
in the amino acids and hence give rise to two groups of signals.
Two other significant changes are observed in the13C NMR
spectra of2 and4. Upon going from iodo to alkyne substitution
the signal of theipso carbon center of the aromatic ring
experiences a downfield shift of about 30 ppm, and the13C
NMR resonance of the terminal alkyne carbon moves ca.+18
ppm to lower field. The resonance of the internal carbon of the
alkyne shifts only about 1 ppm to higher field.

We have used 2D indirect detection1H-15N NMR spectros-
copy to determine the chemical shift for all15N resonances.
Typical values of-292 ppm vs nitromethane are found for the
Boc-protected nitrogen atom, values around-262 ppm for
amide bonds of the peptide backbone,-255 ppm for the
propargyl amide nitrogen center and-253 ppm for the anilide
nitrogen atom.26,27Coupling constants1J(1H-15N) are typically
found to be 90 Hz with little variation. From these values there

is no indication that intra- or intermolecular hydrogen bonding
plays a significant role for compounds4 in solution. This view
is substantiated by infrared (IR) spectra in CH2Cl2 solution. For
alkynyl amino acids2 as well as for ferrocene derivatives4 we
find N-H stretching vibrations with wavenumbers>3400 cm-1.
The absence of any bands below 3400 cm-1 is an indication
for the lack of hydrogen bridges in solution.8,28,29 However,
solid-state IR spectra of2 and4 clearly show medium intensity
bands below 3400 cm-1 which indicate that the amide hydrogen
atoms are involved in hydrogen bonds in the solid state. We
have carried out an X-ray single-crystal structure determination
on 2a to determine the nature of these hydrogen bonds. While
the geometry of2adoes not show any unusual features,2a forms
hydrogen bonds such that the three crystallographically inde-
pendent molecules form a left-handed helical structure along
the crystallographic screw axis parallel to thec axis (Figure 1).
Accordingly, six amino acid molecules complete one helical
turn in 26.65 Å, which corresponds to the length of the
crystallographicc axis. Despite various efforts, we were unable
to grow crystals of suitable quality for an X-ray single-crystal
structure determination of4, but based on the crystal structure
of 2a and our IR experiments we expect a similar hydrogen
bonding network for compounds4 in the solid state. The
potential of such supramolecular assemblies derived from amino
acids, for example on solid surfaces, has recently been pointed
out by Schade and Fuhrhop.30

(26) Witanowski, M.; Stefaniak, L.Annu. Rep. NMR Spectrosc.1986, 18,
1-761.

(27) Witanowski, M.; Stefaniak, L.; Webb, G. A.Annu. Rep. NMR
Spectrosc.1993, 25, 1-480.

(28) Liang, G.-B.; Dado, G. P.; Gellman, S. H.J. Am. Chem. Soc.1991,
113, 3994-3995.

(29) Gellman, S. H.; Dado, G. P.; Liang, G.-B.; Adams, B. R.J. Am. Chem.
Soc.1991, 113, 1164-1173.

(30) Schade, B.; Fuhrhop, J.-H.New J. Chem.1998, 97-104.

Scheme 1. Formation of Alkynyl Amino Acids2 and
Alkynyl Amino Acid Ferrocene Conjugates4

Figure 1. Plot of the solid-state structure of2a, showing the helix
which forms by hydrogen bonding. Selected bond lengths (Å): N(9a)-
O(30), 2.892; O(17a)-N(38), 2.893; N(30)-O(51), 2.904; O(38)-
N(59), 2.925; N(51)-O(9), 2.948; O(59)-N(17), 2.867.

Scheme 2. Synthesis of Dipeptide5 and the Ferrocene-
Labeled Dipeptide6
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We have recorded a57Fe Mössbauer spectrum for4a. The
isomer shift (0.52 mm s-1) and quadrupole splitting (2.32 mm
s-1) are very similar to the values for ferrocene (0.53 and 2.37
mm s-1),31 suggesting that there is little influence of the overall
solid-state structure of4a on the field gradients of the iron
nucleus. As we are interested in electrochemical detection of
ferrocene-labeled biomolecules,32 we have determined the
potential for one-electron oxidation of the ferrocene moiety by
cyclic voltammetry (CV). For4a-d, a reversible one-electron
oxidation occurs around+190 mV vs ferrocene/ferrocenium.
The carboxylic acid anilide acts as an electron withdrawing
substituent to the ferrocene moiety, but its oxidation potential
is not significantly influenced by the nature of the adjacent
amino acid.9,33 This is further emphasized by a comparable
potential of+189 mV for3. A second, irreversible wave in the
CV of 4c is attributed to oxidation of the sulfur atom.

After establishing the necessary reaction conditions on amino
acids as model compounds we then used the methodology
outlined above for the labeling of a dipeptide and a tripeptide
as follows. TheN-Boc-protected dipeptide Boc-Met-Phe-OH
was prepared by standard methods,34 activated with isobutyl-
chloroformate and reacted with 1,1-diethylpropargylamine to
give 5. Under Pd catalysis,5 could be coupled to3 to give the
ferrocene-labeled dipeptide6 (Scheme 2).

Diethyl ether extraction of the product following H2O/CHCl3
workup yielded analytically pure compounds4. This protocol
fails in the case of6 and9 as these compounds are insoluble in
ether. However,6 and9 were shown to be>90% pure by1H
NMR spectroscopy and HPLC, and analytically pure samples
were obtained from HPLC (see Experimental Section). Four
15N NMR signals are observed and their position is characteristic
for the constitution of6: the Boc amide signal (-292 ppm vs
CH3NO2), the internal amide bond (-262 ppm), the propargyl
amide which is observed at-255 ppm, and the ferrocene
carboxylic acid anilide signal at-253 ppm. To demonstrate
that our methodology can also be applied to nonterminal

positions of a peptide we have synthesized the tripeptide
Boc-Met-Glu(NH-CEt2-CtCH)-Leu-OCH3 8 as outlined in
Scheme 3.

It is noteworthy that the alkyne is already introduced during
the course of the synthesis and stable under the subsequent steps,
namely Boc-deprotection by TFA in CH2Cl2, and coupling to
an activated acid. The tripeptide8 was coupled to ferrocene
carboxylic acidp-iodoanilide 3 under Pd catalysis and the
formation of the ferrocene-labeled tripeptide9 was established
by high-resolution MS. A complete assignment of the1H NMR
signals was achieved by H-H COSY, H-C and H-N cor-
related 2D spectra. The1H-15N HSQC spectrum of9 shows
five cross-peaks as expected, corresponding to the Boc amide
(δ15N -293), two overlapping resonances for the peptide
backbone (δ15N -262), and the propargylamide signal, again
at slightly higher field (-253 ppm). Finally, the signal at-254
ppm originating from the ferrocene amide supports the mass
spectroscopic result that the bulk of peptide9 is labeled by
ferrocene. In addition, the CtC stretching frequency shifts from
the value for the terminal alkyne (2115 cm-1) in 8 to 2230 cm-1

in the coupling product9 as established by Raman spectroscopy.

In this communication a new principle for the formation of
organometallic peptides is introduced as exemplified by the
labeling of a variety of amino acids with a ferrocene derivative.
However, there is no principal limitation to this concept as
shown by the successful labeling of a di- and a tripeptide and
we are currently extending this chemistry to other organome-
tallics and biomolecules.
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Scheme 3. Synthesis of Tripeptide8 and Its Labeling with Ferrocene to Yield the Ferrocene-Labeled Tripeptide9
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