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Synthesis of Alkynyl Amino Acids and Peptides and Their Palladium-Catalyzed Coupling to

Ferrocene
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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 dci{dsPhe,b Leu, c Met, d Ser) are reacted with
1,1-diethylpropargylamine to yield alkynyl amino ac@isAfter reaction with p-iodoanilido)ferrocene carboxylic

acid 3 in the presence of 5 mol % PA(PPHh),/Cul ferrocene amino acidéare obtained in ca. 80% vyield. The
reaction does not require anhydrous conditions and tolerates functional groups such as amides, alcohd)s (Ser,
or thioethers (Met4c). A complete characterization by multinuclear NMR (includifly) is carried out. Cyclic
voltammetry shows a reversible wave at ab&i90 mV (vs Fc/F¢) independent of the nature of the attached
amino acid. In the solid stat@a forms a left-handed helix along the crystallograpbiaxis 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 acid$ 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 (@&uCatom at an

early stage of the peptide synthesis and is not affected by subsequent deprotection and coupling reactions.

this assay, the standard procedure is the reaction of an activated

Conjugates of biomolecules such as amino acids and peptide
with covalently bound organometallic compounds have recently
gained considerable attentiént! In functional conjugates, the
unique properties of the organometallic entity are exploited for
the sensitive detection of the biomolectf#eFor instance, a
technique for monitoring the level of drugs such as phenobarbital
in human blood using infrared spectroscopy has been develope
for clinical applications in Jaouen’s group and the name
CarbonylmetalloimmunoassdZMIA) has been coined!In
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organometallic acid with a primary amino group of the

Siomolecule 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

I(BSA) an average 40 of all 59 free amino groups (lysine and
C}erminal NH) reacted with an activated @&O) pentyne

carboxylic acid derivativé? but only about 20 with a related
Os compound?® 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 ofthogonality'617In organic synthesis
and peptide chemistry, the telrthogonalityis 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) moleculerthogonalityin 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 function and zero filling in both dimensions. dsbauer data were
the course of this investigation, a related idea has been advancedecorded on a spectrometer with alternating constant-accelaration and
by Schmidtchen and co-workers who employed a Pd-catalyzeda_57C° source in Gum Rh matrix. The minimum experimental line
coupling scheme for the detection of peptides by bietimidin width was 0.24 mm 8 full width at half-maximum. The sample
technology8 In earlier work, modified nucleosides have been i?;nrzg?(tucr;ogzts I;“Oar'nn;?'gﬁi?t;;?anétég r:& tis;fg?m':srgsglegtts
attached to ferrocene via ethenyl and ethynyl brid§esid Beck '

|. used a Heck coupli jon wittethynylphenylalanine "o <
etal. used a Heck coupling reaction wiifethynylphenylalanine X-ray Crystallographic Data Collection and Refinement.Crystal

to assemble as many as four phenylalanine residues around oNgata foroa. CrHaN.Os, M = 358.47 gmot?, orthorhombic space
benzene ring? Selective ferrocene functionalization of cysteine groupP2,2,2;, a = 12.147(3) Ab = 20.320(4) Ac = 26.646(5) A,
residues in peptides has been achieved by Di Gleria et al. usingu = 6577(2) 8, Z = 12, D. = 1.086 Mg m3, u(Mo Ko) = 0.072

the thiol-specifidN-(2-ferrocenylethyl)maleimidé: In this paper, mm-1, F(000) = 2328. A transparent colorless single crystal of 1.12
the viability of our concept is first demonstrated for a number x 0.49 x 0.35 mnf was sealed in a glass capillary and mounted on a
of different functional amino acids as model compounds which Siemens SMART CCD-detector diffractometer system at ambient
are coupled to a ferrocene derivative. The applicability of this %mﬁséaﬁire% %;ﬁ’t‘éi;‘:;’:;C&‘Igr;it;‘;i’:]’g’d“ﬁf?ﬁ:g”lgazstoégigrg ot
concept for larger biomolecules is then demonstrated by labeling 6525 reflections. 22 426 intensities were collected by a hemisphere run

a di- and a tripeptide. Ferrocene has been chosen as a marke{aking frames at 0.30in w and corrected for Lorentz and polarization

it i ial i i 24
to exploit its potential in electrochemical detectin’ effects. The program SADABS (G. Sheldrick, University oft@wmen,

. . Germany, 1994) was used for absorption correction. The Siemens
Experimental Section 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 soluical.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 liesince the stereochemistry was not influenced
by our reactions. Final R¥ 0.0598, wR2= 0.1281, 8355 unique
reflections, 5960 reflections with, > 40(F,), 3.6° < 260 < 45°, 704

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 pureamino acids were used. Melting
points (uncorrected) were determined in a Tottoli apparatisi{Bu
Switzerland). Elemental analyses were carried out by H. Kolbe,
Analytisches Laboratorium, Mioeim. IR spectra were recorded on a
Perkin-Elmer System 2000 instrument as KBr disks, additionally in
CHClI, solution where indicated. Frequenciesare given in cm?. parameters. ) ) .

Raman spectra were recorded on the same instrument as neat substances G€neral Synthesis of Alkynyl Amino Acids 2a-d. Boc-protected
(v in cm™%). UV/vis spectra were recorded on a Perkin-Elmer Lambda - @mino acid (5 mmol) was dissolved in 40 mL of thf at room

19 spectrometer, only the wavelengths of the highest-energy ferrocenetemperature and neutralized with 5 mmol (0.51 g)i\emethylmor-

transitions are given in nna,in brackets. Mass spectra were recorded Pholine. Isobutylchloroformate (5 mmol, 0.68 g) was added, and a white
by the mass spectrometry service group,iidim, on a MAT 8200 precipitate was rapidly formed. 1,_1-D|et_hylpropargyl_am|ne (5 mmol,
(Finnigan GmbH, Bremen) instrument (EI, 70 eV) or on a MAT95 0.56 g) was added, and the reaction mixture was stlrrgd fqr 1 h. The
(Finnigan GmbH, Bremen) instrument (ESI, §PH solution, positive hydrochloride ofN-methylmorpholine was removed by flltratl_on, ant_:i
ion detection mode). Only characteristic fragments from El spectra are the solvent was removed on a rotary evaporator. The resulting residue
given with relative intensities (%) in brackets. Cyclic voltammogrammes as redissolved in ether, washed three times with water and dried over
were obtained with a three-electrode cell and an EG&G Princeton Na&SQ:. After filtration the solvent was removed to yield 965% of
Applied Research model 273A potentiostat. A Ag/AgNQ.01 mol/L white prod_uct. 'I_'he prod_uct could be recrystalhzed from hot thf/hep_tane
in AgNO) reference electrode, a glass carbon disk working electrode (1:20), which yielded single crystals suitable for an X-ray analysis in
of 2 mm diameter and a Pt wire counter electrode was usedClgH e case o2a

solutions (ca. 10* mol/L) contained 0.1 mol/L B{NPF; as supporting 2a.'H NMR: 7.26-7.18 (mult., 5HHep), 5.85 (br, 1H, M), 5.03
electrolyte. As an internal standard, ferrocene was added in excess a$P 1H, NeoH), 4.21 (mult,, 1H, GH), 3.01 (app. d, 2H, Phid,),

a reference. NMR spectra were recorded in GPatlroom temp. on  2-30 (S, 1H, &CH), 2.06-1.95 (mult,, 2H, CH—CH,), 1.77-1.66
Bruker ARX 250 {H at 250.13 MHz andC), DRX 400 (H at 400.13  (mult,, 2H, CH—CH>), 1.39 (s, 9H, GocHs), 0.87-0.78 (overlapping
MHz, 13C and 2D spectra) and DRX 508H at 500.13 MHz23C, 5N, t, 6H, CHz—CHp). C NMR: 169.9 (G=0), 155.4 (Goc=0), 136.7
2D). *H and *°C spectra were referenced to TMS, using the residual (Cpn), 129.4,128.7 (Gi), 126.9 (Gn, §, 84.6 C=CH), 80.3 C(CHy)s),
protio signals of the deuterated solvents as internal standards ¢cDC| 71-6 (GSCH), 57.0 C(E),), 56.4 (G,), 38.1 (G), 30.45, 30.37 (Cht-

7.24 ppm {H) and 77.0 ppm*C)). Positive chemical shift values CH), 28.2 (CCH3)3), 8.44, 8.38 CH3—CH,). N NMR: —291 (Neoo),

(in ppm) indicate a downfield shift from the standard, only the absolute 226 IR: 3310 (m), 1680 (s), 1656 (s). Raman: 2114. MS: 358 (1),
values of coupling constants are given in H2N spectra were 330 (13), 302 (4), 57 (100). Mp: 1I%. Anal. Caled for GiHaoN-Os
referenced to the absolute frequency of 50.696 991 0 MHz, which was (358-48 g/mol): C, 70.4; H, 8.4; N, 7.8. Found: C, 70.4; H, 8.7; N,
the resonance frequency of neat nitromethane under the same experi-7-8-

mental conditions. All resonances were assigned by 2D NMR (H 2b.™H NMR: 6.23 (br, 1H, NH), 4.92 (br, 1H, NoH), 3.97 (mult.,
H—COSY andH—C HMQC for 1J and long-range couplings¥N 1H, GH), 2.29 (s, 1H, &CH), 2.16-2.09 (mult., 2H, CHB—CH)),
chemical shifts and coupling constants were taken from the F1 1.78-1.68 (mult., 2H, CB—CH,), 1.63-1.60 (mult, 2H, GH and
projection of indirect detectiohH—N correlated 2D spectra with 1024/ ~ C/H), 1.39 (s and mult., 10H,dsHz and GH), 0.94-0.87 (overlapping

256 data points in F1/F2, processed after applying a matched cosinel 12H, CHs—CH; and GHg). **C NMR: 171.4 (G=0), 155.7
(Cgo=0), 84.9 C=CH), 80.1 C(CHzs)3), 71.5 (G=CH), 57.2 C(Et),),

53.4 (G,), 40.2 (G), 30.5 (CH—CHb), 28.2 (CCHs)3), 24.7 (G), 22.7,

(18) Dibowski, H.; Schmidtchen, F. Angew. Chem1998 110 487—

489; Angew. Chem., Int. EA998 37, 476-478. 22.1 (G), 8.5 (CHy—CHa). "N NMR: —289 (Neod), —258. IR: 3317
(19) Meunier, P.; Ouattara, |.; Gautheron, B.; Tirouflet, J.; Camboli, D.; (M), 1686 (s), 1658 (s). Raman: 2115. MS: 325 (0.1), 296 (4), 268
Besanon, J.Eur. J. Med. Chem1991, 26, 351-362. (1), 130 (100). Mp: 133C. Anal. Calcd for GgH3aN2O3 (324.46
(20) Kayser, B.; Altman, J.; Beck, W.etrahedronl997, 53 2475-2484. g/mol): C, 66.6; H, 9.9; N, 8.6. Found: C, 66.4; H, 10.0; N, 8.7.
(21) Di Gleria, K.; Nickerson, D.; Hill, H. A. O.; Wong, L.-L.; Rdp, V. 2¢.'H NMR: 6.23 (br, 1H, NH), 5.12 (d,J = 8 Hz, 1H, NsoH),

J. Am. Chem. S0d.998 120, 46-52.
(22) Beer, P. DAcc. Chem. Red.998 31, 71—-80.
(23) Eckert, H.; Seidel, CAngew. Chem1986 98, 168-170; Angew.
Chem., Int. Ed. Engl1986 25, 159-161. (25) International Tables for CrystallographiKynoch Press: Birmingham,
(24) Eckert, H.; Koller, M.J. Lig. Chromatogr.199Q 13, 3399-3414. 1974; Vol. 4.

4.14 (mult., 1H, GH), 2.55-2.52 (mult., 2H, GH), 2.33 (s, 1H,
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C=CH), 2.08 (s, 3H, S€3), 2.14-2.02 (mult., 2H, CH—CH,), 1.91—
1.77 (overlapping mult., 4H, CHCH; and GH), 1.42 (s, 9H, GoH3),
0.98-0.91 (overlapping t, 6H, B3—CH,). 3*C NMR: 170.3 (G=0),
155.7 (Go—=0), 84.7 C=CH), 80.2 C(CHs)s), 71.7 (G=CH), 57.2
(C(Et)), 53.8 (G), 30.6 (3), 30.5 (C), 30.3, 30.0 (CH-CHy), 28.3
(C(CHg)3), 15.3 (XCHg), 8.55, 8.53 CH3—CH,). N NMR: —291
(Ngog), —257. IR: 3309 (m), 1684 (s), 1659 (s). Raman: 2112. MS:
342 (7), 314 (7), 286 (2), 57 (100). Mp: 8. Anal. Calcd for
C17H30N203S (342.50 g/mol): C, 59.6; H, 8.8; N, 8.2. Found: C, 59.2;
H, 8.7; N, 7.9.

2d.*H NMR: 6.82 (br, 1H, NH), 5.65 (d,J = 7.1 Hz, 1H, NiocH),
4.02 (mult., 1H, GH), 3.93 (mult., 1H, GH), 3.61 (mult., 1H, GH),
2.33 (s, 1H, &CH), 2.06-2.00 (mult., 2H, CH—CH,), 1.83-1.71
(mult., 2H, CH—CHy), 1.41 (s, 9H, G.H3), 0.96-0.88 (overlapping
t, 6H, CH3—CHj,). 3C NMR: 170.1 (G=0), 155.7 (Go=0), 84.4
(C=CH), 80.2 C(CHs)3), 73.7 (;G=CH), 62.4 (G), 57.1 C(Et),), 55.2
(Ca), 30.3 (CH—CHy), 28.1 (CCHg)s), 8.3 (CH3—CHy). >N NMR:
—295 Ngoo), —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

Brosch et al.

—253 (G—N). IR (KBr): 3316 (br, m), 1690 (sh), 1665 (s), 1647 (s).
IR (CHCIy): 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 GgHisFeNsO,4 (661.62
g/mol): C, 69.0; H, 6.6; N, 6.4. Found: C, 68.5; H, 6.8; N, 6.2.

4b. 'H NMR: 7.55 (pseudo-d, 2HH ), 7.40 (br, 1H, G-NH),
7.40 (pseudo-d, 2HH ), 6.17 (br, 1H, NH), 4.82 (br, 1H, NoH),
4.75 (pseudo-t, 2Hcyp), 4.41 (pseudo-t, 2Hcp), 4.23 (s, SHHcy),
3.99 (mult., 1H, GH), 2.30-2.25 (mult., 2H, CH—CH), 1.84-1.80
(mult., 2H, CH—CH>), 1.67-1.62 (mult., 2H, GH and GH), 1.46
(mult., 1H, GH), 1.42 (s, 9H, GoH3), 1.04-0.97 (overlapping t, 6H,
CH3—CHy), 0.94-0.90 (overlapping t, 6H, §3). 3C NMR: 171.2
(CLew=0), 168.6 (G-c;=0), 155.4 (Go=0), 138.1 (Gr), 132.7 (Gy),
119.2 (Gy), 118.1 (Gy), 90.0 (Gy—C=C), 83.5 (G,—C=C), 80.1
(C(CHa)3), 76.0 Ccp,), 71.1 Ccp,om), 69.9 Ccp), 68.3 Ccp,mid, 58.7
(C(Et)p), 53.7 (G), 40.9 (G), 30.8 (CH—CHy>), 28.3 (CCH3)3), 24.8
(C)), 22.9, 22.1 (G), 9.0, 8.9 CH3—CH,). N NMR: —289 (Ngoo),
—258, —254 (G —N). IR (KBr): 3416 (br, m), 3324 (br, m), 1710
(sh), 1655 (s). IR (CECly): 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 GsHasFeNsO4
(627.61 g/mol): C, 67.0; H, 7.2; N, 6.7. Found: C, 66.8; H, 7.3; N,
6.6.

4c.'H NMR: 7.54 (pseudo-d, 2HH ), 7.45 (br, 1H, G,—NH),
7.38 (pseudo-d, 2HH ), 6.26 (br, 1H, NH), 5.10 (br, 1H, NoH),
4.75 (pseudo-t, 2H¢y), 4.41 (pseudo-t, 2H¢y), 4.23 (s, SHHcp),

of dichloromethane. 4-lodoaniline (0.95 g, 4.35 mmol) and 0.44 g (4.35 4.22 (mult., 1H, GH), 2.60-2.52 (mult., 2H, CH), 2.28-2.20 (mult.,

mmol) of triethylamine were slowly added at room temperature and
the solution was allowed to stirr overnight. After removal of triethy-

2H, CH;—CH)), 2.09 (s, 3H, SE3), 2.06 (mult., 1H, GH), 1.93—
1.82 (overlapping mult., 3H, CHCH; and GH), 1.42 (s, 9H, GoH3),

lamine hydrochloride the solvent was removed in vacuo. The residue 1.04-0.98 (overlapping t, 6H, B3—CH,). 1C NMR: 170.2 (Ge=0),
was dissolved in chloroform, the organic phase washed three times168.7 (G-c~0), 155.7 (G.—=0), 138.2 (G/), 132.6 (G), 119.2

with water and dried over N8Qs. After filtration the solvent was
removed to yield 1.68 g (90%) d3. If necessary crud& can be
recrystallized from warm methanol to give dark orange crystals.
NMR: 7.63 (pseudo-d, 2Hl4r), 7.36 (pseudo-d, 2H ), 7.29 (br,
1H, NH), 4.75 (pseudo-t, 2Hl¢cp), 4.42 (pseudo-t, 2Hlcp), 4.24 (s,
5H, Hcp). 1C NMR: 168.0 (G=0), 138.0 (C(N)-Car), 121.5 (C(I}~
Car), 121.4 (G:N), 86.9 Carl), 76.0 Ccp,), 71.1 Ccp.om), 69.9 Ccyp),
68.3 Ccpmi. 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 G/H14FeINO (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 4A 0.5 g (1.16
mmol) amount of3, 40 mg (0.06 mmol) of bis(triphenylphosphine)-
palladium(ll) dichloride, and 10 mg (0.06 mmol) of copper(l) iodide

(Car), 118.0 (Gy), 89.7 (Gv—C=C), 83.5 (G,—C=C), 80.0 C(CHj)s),
76.0 Ccp,), 71.0 Ccpom), 69.9 Ccp), 68.3 Ccpmid, 58.5 C(EL)),
53.7 (G), 31.4 (G), 30.9 (G)), 30.8, 30.4 (CH—CHy), 28.3 (CCH3)3),
15.3 ($CH3), 9.0, 8.9 CH3—CHy). N NMR: —290 (Ngoo), —256,—253
(Car—N). IR (KBr): 3324 (m), 1699 (sh), 1654 (s). IR (GEll,): 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¥V189 mV.
Mp: 95°C. Anal. Calcd for GsHasFeNsO.S (645.64 g/mol): C, 63.3;
H, 6.7; N, 6.5. Found: C, 62.8; H, 6.7; N, 6.1.

4d. 'H NMR: 7.54 (pseudo-d, 2H{ ), 7.49 (br, 1H, G,—NH),
7.38 (pseudo-d, 2HH (), 6.80 (br, 1H, NH), 5.59 (br, 1H, NoH),
4.75 (pseudo-t, 2Hcy), 4.41 (pseudo-t, 2H¢p), 4.23 (s, SHHcp),
4.09 (mult., 1H, GH), 3.62 (mult., 1H, GH), 3.03 (mult., 1H, GH),
2.25-2.16 (mult., 2H, CH—CH,), 1.91-1.77 (mult., 2H, CH—CH,),

were dissolved at room temperature in a deareated mixture of 40 mL 1.44 (s, 9H, GoHs), 1.05-0.99 (overlapping t, 6H, B3—CHj). 13C

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

NMR: 170.2 (Ge=0), 168.9 (G_c=0), 155.7 (Go=0), 138.2 (G),
132.6 (Gy), 119.3 (G,), 118.0 (G), 89.6 (Gy—C=C), 83.6 (Gy—

temperature, and the solution soon became darker. After completeC=C), 80.0 (C(CHa)3), 75.9 Ccp,), 71.0 Ccp,om), 69.9 Ccp), 68.3

additon of the alkynyl amino acid the reaction mixture was immediately

heated to reflux under argon for 4 h. After cooling to room temperature,

(Cepmi), 62.7 (G), 58.2 C(Et),), 54.9 (G, 30.90, 30.85 (Ck-CHy),
28.2 (CCHa)s), 8.8 (CHs—CH). 15N NMR: —295 (Ngoo), —255, —253

the dark suspension was filtered and the solvents were removed on &Ca—N). IR (KBr): 3422 (m), 3327 (m), 1702 (sh), 1648 (s). IR
rotary evaporator. The resulting residue was redissolved in chloroform. (CH,Cly): 3430 (m), 1714 (m), 1676 (s), 1513 (s). Raman: 2240.
After being washed with water three times, the organic phase was driedUV: 446 (400). MS: 601 (77), 527 (24), 385 (26), 213 (83), 41 (100).
over NaSQ, and filtered, and the solvent was removed on a rotary CV: +192 mV. Mp: 80°C. Anal. Calcd for GoHzgFeNsOs (601.52
evaporator to yield ca. 80% of light orange product. Unrea8t&chich g/mol): C, 63.9; H, 6.5; N, 7.0. Found: C, 64.1; H, 6.6; N, 6.8.

is almost insoluble in ether, could be removed by dissolving the crude 5. The dipeptide Boc-Met-Phe-OH (0.54 g, 1.42 mmol) was dissolved
product in a small amount of ether, filtration, and evaporation of the in 50 mL of thf. N-Methylmorpholine (145 mg, 1.42 mmol) was added
solvent. to the clear solution, followed by isobutylchloroformate (194 mg, 1.42

4a.H NMR: 7.55 (pseudo-d, 2HH4), 7.45 (br, 1H, G-NH),
7.38 (pseudo-d, 2HH ar), 7.26-7.19 (mult., 5H,Hpy), 5.85 (br, 1H,
NH), 5.00 (br, 1H, NoH), 4.76 (pseudo-t, 2Hcp), 4.09 (pseudo-t,

mmol) upon which a white precipitate dfmethylmorpholine hydro-
chloride formed. After additon of 158 mg (1.42 mmol) of 1,1-
diethylpropargylamin the reaction mixture was stirred for 60 min at

2H, Hep), 4.25 (mult., 1H, GH), 4.23 (s, 5SHHcy), 3.05-3.01 (mult.,
2H, Ph-GH,), 2.16-2.11 (mult., 2H, CH—CH,), 1.84-1.71 (mult.,
2H, CH;—CH,), 1.40 (s, 9H, GocHs), 0.95-0.85 (overlapping t, 6H,
CH3—CHy). 3C NMR: 169.8 (Gne=0), 168.7 (G ¢;=0), 155.4
(Ceoc=0), 138.2 (G,), 136.7 (Gn), 132.6 (Gy), 129.4 (Gy), 128.7

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 0, and filtered, and the
solvent was removed in vacuo. The white residue was recrystalized

(Cer), 126.9 (Gnp, 119.2 (G,), 118.1 (G,), 89.7 (G-C=C), 83.6
(Ca-C=C), 80.2 C(CHa)3), 76.0 Ccp)), 71.0 Ccpom), 69.9 Ccy), 68.3
(Cepmid), 58.3 C(Et)), 56.4 (G,), 38.2 (G), 30.75, 30.69 (CHCHy),
28.3 (C(CHs3)3), 8.84, 8.80 CHz—CHy). 15N NMR: —291 (Ngoo), —256,

from hot heptane/thf to yield 0.58 g (1.18 mmol, 83%) of p&réH
NMR (CDCly): 7.29-7.20 (mult., 5H, Hyg, 6.78 (br, 1HNpnH), 5.83
(br, 1H, NogpaH), 5.12 (br, 1H, NocH), 4.54 (mult., 1H, Gpnd), 4.18
(br, 1H, GmeH), 3.03 (mult., 2H, Gprd2), 2.46 (C meH2), 2.31 (s,
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1H, C=CH), 2.06 (s, 3H, SCH3), 1.98 (mult., 2H, E1,CHs), 1.84
(mult., 1H, GueH), 1.71 (mult., 3H, GueH and GH,CHs) 1.39 (s,
9H, GgocH3), 0.81 (overlapping t, 6H, C¥H3). 13C NMR (CDCh):
171.2 Cve=0), 169.1 Cpne=0), 155.0 Cgoc—=0), 136.4, 129.4, 128.7,
127.1 (Gng, 84.5 C=CH), 80.1 CgodCHs)s), 71.7 (G=CH), 54.8
(Cophe@ndCopmer), 37.9 Cg,pnds 31.2 Cpmer), 30.4 and 30.2GH.CHs),
30.1 Cymep), 28.3 (God CHag)z) 15.3 (S-CHjg), 8.4 (CHCHa). >N NMR
(CDC|3) —293 G\IBOC)q —262 a\lphg, —254 G\IDEPA)- 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: 19LC. Anal. Calcd for
CaeH39N304S (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 NEtwas deaerated,
277 mg (0.64 mmol) o8 was dissolved, and Cul (5 mg, 0.03 mmol)
and (PRP),PdC} (20 mg, 0.03 mmol) were added. Under Ar, a solution
of 300 mg (0.61 mmol) ob, dissolved in 40 mL of thf, was slowly
added and the reaction mixture was heated t’@Cfor 4 h. After
filtration through a bed of Celite all volatiles were removed, the residue

Inorganic Chemistry, Vol. 38, No. 23, 199%311

(CsLew), 8.57 and 8.42 (CECH3). 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 @H4iN3Og (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-CE(-C=CH)-Leu-OMe7 (0.52 g, 1.11 mmol) was
dissolved in 30 mL of CELCl, 10 mL trifluoro acetic acid (TFA) was
slowly added at OC, 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 piie (
NMR), white triflate salt of HN-Glu(NH-CE{-C=CH)-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) dfi-methylmorpholine and 0.15 g (1.09
mmol) isobutylchloroformate a solution of 1.09 mmol ofNHGIu(NH-
CE®-C=CH)-Leu-OMe in thf (previously neutralized from the triflate
salt by addition of NEf) was added, and the reaction mixture stirred at
room temperature for 60 min. Workup as fdgave 0.36 g (0.58 mmol,
61%) of 8 as a white powderrH NMR (CDCl): 7.28-7.19 (mult.,

taken up in CHGJ and water, the organic phase separated, washed with 6H, Hppe and NeH), 7.15 (d, 1H, NwH, J = 7 Hz), 5.88 (br, 1H,

water three times, dried over b&0,, and filtered, and the solvent
removed on a rotary evaporator. The ferrocene-labelled dipeptides
purified by HPLC on a 250« 20 mn? Nucleosil N-7-Gg column (No.
312014) using a 4:1 C#H/H,O solvent mixture with 4 mL/min flow
on a Merck C 6200 pump. A Shimadzu SPD-6-AV detector was
operated at 420 nmiH NMR (CDCL): 7.83 (s, 1H, MyiineH), 7.57
(pseudo-d, 2HH aniiine), 7.34 (pseudo-d, 2H aniine), 7.26-7.20 (mult.,
5H, Hpng, 6.95 (br, 1H,NpndH), 6.03 (br, 1H, NepaH), 5.30 (br, 1H,
NgocH), 4.80 (pseudo-t, 2HHcp), 4.63 (mult., 1H, Gpnd), 4.36
(pseudo-t, 2HHcy), 4.20 (br, 6H, GueH andHcp), 3.02 (mult., 2H,
Cﬁ,Phﬁz), 2.41 (C/.MetHZ)y 2.04 (mult, 3H, cH2CH3 and Q,MGIH)y 2.00
(s, 3H, S-CH3), 1.78 (mult, 3H, ®,CHs and G veH), 1.37 (s, 9H,
CsocH3), 0.90-0.82 (overlapping t, 6H, C#CH3). 13C NMR (CDCL):
171.4 CMet=O)| 169.1 Cphe=o), 168.8 CFC=O)7 155.3 CBOC=O),
138.2 Caniiine), 136.3 Cend, 132.5 Caniiine), 129.3, 128.6, 126.90pne,
119.3, 118.0 Caniine), 89.5 C=C—CEY), 83.5 (G=C-CEt), 80.1
(CeodCHa)3), 75.9, 70.9, 69.8, 68.3Cp), 57.9 (G=C-CEt), 54.7
(Caupnd, 53.8 Came), 38.1 Cgpprnd, 31.5 Cpme), 30.6 and 30.5
(CH2CHgz), 30.1 Cyme)s 28.2 (God CH3)3), 15.2 (SE€H3), 8.7 (CHCH).
15N NMR (in CDCly): =292 (Ngoo), —262 (Nphd, —255 Npepa), —253
(Naniline)- IR (KBr): 3413 (m), 3324 (m), 1697 (sh), 1650 (s). IR
(CHCly): 3426 (m), 3370 (sh), 1723 (m), 1675 (br,s). Raman 2228.
MS: 815 (M+ Na), 792 (M+ H). Anal. Calcd for GsHs,N4OsFeS
(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-Glup-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 &hd the reaction
mixture was stirred under Hor 15 h. After filtration the filtrate was

NDEPAH), 4.95 (d, 1H, NocH,J=7.6 HZ), 4.47 (mult., 1H, @LeuH),
4.36 (mult., 2H, GeuH and G.prdH), 3.70 (s, 3H, COOH5;), 3.06
(mult., 2H, Gpnd), 2.35 (mult., 2H, GeH2), 2.33 (s, 1H, &CH),
2.12 (mult., 2H, ®1,CHs), 2.02 and 1.93 (mult., 1H eachggH),
1.81 (mult., 2H, ®,CHs), 1.61 (mult., 3H, GeH2and G eH), 1.37

(s, 9H, GoH3), 0.97 (mult., 6H, CHCH3), 0.92 (mult., 6H, GreH2).

13C NMR (CDCk): 173.3 CLei=0), 172.0 Ce1=0), 171.4 (CH—
Cei=0), 170.9 Cene=0), 155.2 Csoc=0), 136.5, 129.3, 128.7, 127.0
(Cpng, 85.1 C=CH), 80.2 CgodCHs)3), 71.7 (G=CH), 57.3 CEL),
56.0 CoLed), 52.3 (COCCH; and Cyi), 51.1 Copnd, 40.7 CpLel),
38.0 Cﬁ,Phe), 33.0 Cﬁ,GlU)r 30.4 and 303¢H2CH3), 29.0 C%Gm), 28.2
(CsodCH3)3), 24.8 C,Lew), 22.8 and 21.7 Gs ey, 8.63 and 8.60
(CH.CHg). 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 feiHedN4O;
(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, tesing 126 mg (0.29
mmol) of 3, 5 mg (0.03 mmol) Cul, 10 mg (0.015 mmol) @PdC},
and 180 mg (0.29 mmol) of Boc-Phe-Glu(NH-gB8=CH)-Leu-OCH
(8). Analytical HPLC and'H 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 datéd NMR (CDCl): 7.54
(pseudo-d, 2HH aniine), 7.40 (pseudo-d, 2HH aniine), 7.37 (s, 1H,
NaniineH), 7.34-7.14 (mult., 7H,Hppe NiesH, NgiH), 5.94 (br, 1H,
NpepaH), 5.27 (br, 1H, MocH), 4.75 (pseudo-t, 2HH¢p), 4.47-4.34
(mult., 3H, G.LeiH, Capndd, CociiH), 4.42 (pseudo-t, 2H¢p), 4.24
(s, 5H,Hcp), 3.69 (s, 3H, CO0AB3), 3.05 (mult., 2H, Gprd2), 2.38—

evaporated to dryness, the oily residue was redissolved in water, and2.20 (mult., 4H, CeH2 and GH,—CH;g), 1.98 (mult, 2H, GaH),

the aqueous solution was slowly acidified by addition of 2 mol/L HCI.

1.88 (mult., 2H, ®1,—CH3), 1.60 (mult, 3H, GreH2 and G e H),

The aqueous phase was extracted three times with ether, and thel.37 (s, 9H, GoH3), 1.02 (mult., 6H, CHCH3), 0.92 (overlapping t,

combined organic phases were washed with water, dried over lyJgSO

6H, Gs,LecH). N NMR (CDCls): —293 Ngoo), =262 (Naiy, Niew), —254

and evaporated to dryness. The resulting product was a clear, colorlesgNaniine), —254 Npepa). Raman 2230. MS: 918 (M- H)*, 940 (M +

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 B 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 $oyielded
0.52 g (1.11 mmol, 21%) of Boc-Glu(NH-CEC=CH)-Leu-OMe7

as a white powdertH NMR (CDCl): 6.97 (d, 1H, NesH, J = 6.8
Hz), 6.01 (br, 1H, NepaH), 5.50 (br, 1H, NoH), 4.51 (mult., 1H,
CoteH), 4.11 (mult., 1H, GaH), 3.68 (s, 3H, COOH3), 2.33 (s,
1H, C=CH), 2.30 (mult., 2H, CaH2), 2.05 (mult., 3H, GeH and
CH,CHj3), 1.95 (mult., 1H, e H), 1.78 (mult., 2H, EG,CHs), 1.61
(mult., 3H, GreH2 and G, eH), 1.39 (s, 9H, GoHs), 0.94 (mult.,
6H, CH,CH3), 0.87 (mult., 6H, GLeH2). 33C NMR (CDCh): 173.3
(CLe=0), 172.2 Cen=0), 171.7 (CH—Cg=0), 155.5 Cgoc=0),
85.2 C=CH), 79.9 CsodCH3)3), 71.5 (G=CH), 57.0 CEt), 53.5
(CaLew, 52.3 (COCCHS3), 50.8 Co.civ), 40.8 CpLed), 33.0 Cpo), 30.3
and 30.2 CH,CHs), 28.8 C,.c1), 28.2 (GodCHa3)3), 24.7 C, Le), 21.6

Na)*. High-resolution. MS calcd. for £Hs3NsOgFe (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 acid$ were reacted with 1,1-diethylpropar-
gylamine using the isobutylchloroformdiemethylmorpholine
protocol (Boc= tert-butoxycarbonyl) (Scheme 1). TiNeBoc-
protected alkynyl amino acid®were obtained almost quanti-
tatively as pure, white crystalline materials after recrystallization
from hot thf/heptane. The coupling with-{odoanilido)ferrocene
carboxylic acid3 was carried out in hot thf in the presence of
5 mol % of PACH(PPH),/Cul. 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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Scheme 1. Formation of Alkynyl Amino Acids2 and
Alkynyl Amino Acid Ferrocene Conjugates

H
N—CEt,—=
coon o) CEt, H
Boc-NH—CH —— Boc-NH-CH
! thf |
R R
1 2
R =CH,-Ph (a, Phe) )\
CHo-CH(CHg), (b, Leu) &
CH,-CH,-S-CH; (¢, Met) IONH e
CHy-OH (d, Ser) N
Pd(PPhg),Cl, (5 mol%)
Cul (5 mol%)
NEts, thf
H O\\C
/
o N—CEtZ%QNH te
Boc-NH—QH
R 4

a) 'BuO-C(0)-Cl, N-Methyl-morpholine,HoN-CEt,-C=C-H

further purification except for deaeration). Furthermore, there
is a wide tolerance of functional groups for the Pd catalyst which
tolerates alcohols (R -CH,OH, Ser,4d) and thioethers (R=
-CH,-CHy-S-CH;, 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 compoundisin the ESI-MS

Brosch et al.

Figure 1. Plot of the solid-state structure @a, showing the helix
which forms by hydrogen bonding. Selected bond lengths (A): N¢9a)
0(30), 2.892; O(17a)N(38), 2.893; N(30)-0O(51), 2.904; O(38y
N(59), 2.925; N(51}0(9), 2.948; O(59)yN(17), 2.867.

Scheme 2. Synthesis of Dipeptid®& and the Ferrocene-
Labeled Dipeptides
b)

—_—

a)
Boc-Met-Phe-OH —

H

Boc—Met-Phe—H—CEtz
5

K\

>
Boc—Met-Phe—H—CEtz%O-NH l|=e

6

a) iBuO—C(O)-CI, N-Methyl-morpholine,H,N-CEt,-C=C-H
b) (PPh3),PdCly / Cul (5 mol%), NEts, thf, 3.

is no indication that intra- or intermolecular hydrogen bonding
plays a significant role for compoundsn solution. This view

spectra, the intact compounds were detected almost exclusivelyis substantiated by infrared (IR) spectra in & solution. For

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 agjdsonding

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, #hesignal

of the terminal alkyne. Ir2, this signal is observed at ca. 2.3
ppm in CDCj, with a notable solvent dependence of the
chemical shift value (ca. 3.1 ppm in DMSO solution). This

alkynyl amino acid® as well as for ferrocene derivativésve

find N—H stretching vibrations with wavenumber8400 cnt?.

The absence of any bands below 3400 ¢nis an indication

for the lack of hydrogen bridges in solutiéf82° However,
solid-state IR spectra &@and4 clearly show medium intensity
bands below 3400 cnt 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 2ato determine the nature of these hydrogen bonds. While

appears to be an exceptionally large shift range and has beerthe geometry oRadoes not show any unusual featuzesforms

attributed to the formation of hydrogen bridges with solvents
such as DMSO. Evidently, this signal is lost in conjugades
while most of the other proton NMR signals change little after
the coupling. It should be noted, that the ethyl group2 and

4 are diastereotopic due to the presence of the chigaatbon

in the amino acids and hence give rise to two groups of signals.
Two other significant changes are observed in @ NMR
spectra o 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 @
NMR resonance of the terminal alkyne carbon movestc
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 detectiéii—°N NMR spectros-
copy to determine the chemical shift for &iN resonances.
Typical values 0f~-292 ppm vs nitromethane are found for the
Boc-protected nitrogen atom, values arour@62 ppm for
amide bonds of the peptide backbone255 ppm for the
propargyl amide nitrogen center ar@®53 ppm for the anilide
nitrogen aton?%27 Coupling constantsJ(*H—15N) are typically
found to be 90 Hz with little variation. From these values there

hydrogen bonds such that the three crystallographically inde-
pendent molecules form a left-handed helical structure along
the crystallographic screw axis parallel to thaxis (Figure 1).
Accordingly, six amino acid molecules complete one helical
turn in 26.65 A, which corresponds to the length of the
crystallographic axis. Despite various efforts, we were unable
to grow crystals of suitable quality for an X-ray single-crystal
structure determination @f, but based on the crystal structure
of 2a and our IR experiments we expect a similar hydrogen
bonding network for compoundd 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 Fuhrhép.

(26) Witanowski, M.; Stefaniak, LAnnu. Rep. NMR Spectrosk986 18,
1-761.

(27) Witanowski, M.; Stefaniak, L.; Webb, G. AAnnu. Rep. NMR
Spectrosc1993 25, 1-480.

(28) Liang, G.-B.; Dado, G. P.; Gellman, S. Bl. Am. Chem. S0d.991,
113 3994-3995.

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

(30) Schade, B.; Fuhrhop, J.-New J. Chem1998 97—104.
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Scheme 3. Synthesis of Tripeptid® and Its Labeling with Ferrocene to Yield the Ferrocene-Labeled Tripeptide

C(0)-Leu-0CH,

('J(O)—Leu—OCHa

BOC_H—CI;H a), b) BOC—N_QH C), d)
GHe CH, —_—
CH, CH,
0~ "0-Bz O H—CEtg ——H
7

C(0)-Leu-OCH;

Boc-Phe-N—CH
H I e)

C(0)-Leu-0CH,

Boc—Phe-N—CH
H !

‘CHZ —_— (I;Hz
CH CH 0O,
b& . Y
07 N-CEt,—=—H o N—CEtg%QfNH Fo
H H é
8 9 <

a) Hy, Pd/ C (10 %), thf; b) BuO-C(0)-Cl, N-Methyl-morpholine,H,N-CEt,-C=C-H
¢) CF3CO,H, CH,Cl, (1 : 1); d) 'BuO-C(0)-Cl, N-Methyl-morpholine,Boc-Phe-OH

€) (PPh3),PdCly, / Cul (5 mol%), NEtg, thf, 3.

We have recorded &Fe Mossbauer spectrum fata. The
isomer shift (0.52 mms") and quadrupole splitting (2.32 mm
s1) are very similar to the values for ferrocene (0.53 and 2.37
mm s71),%1 suggesting that there is little influence of the overall
solid-state structure ofa on the field gradients of the iron

nucleus. As we are interested in electrochemical detection of

ferrocene-labeled biomoleculés,we have determined the
potential for one-electron oxidation of the ferrocene moiety by
cyclic voltammetry (CV). Forla—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®® This is further emphasized by a comparable
potential of+189 mV for3. A second, irreversible wave in the
CV of 4cis attributed to oxidation of the sulfur atom.

positions of a peptide we have synthesized the tripeptide
Boc-Met-Glu(NH-CE$-C=CH)-Leu-OCH; 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 GBl,, and coupling to
an activated acid. The tripeptid®was coupled to ferrocene
carboxylic acidp-iodoanilide 3 under Pd catalysis and the
formation of the ferrocene-labeled tripeptiflevas established
by high-resolution MS. A complete assignment of tHeNMR
signals was achieved by-+H COSY, H-C and H-N cor-
related 2D spectra. ThB#H—1N HSQC spectrum 08 shows
five cross-peaks as expected, corresponding to the Boc amide
(0N —293), two overlapping resonances for the peptide
backbone ¢°N —262), and the propargylamide signal, again

After establishing the necessary reaction conditions on amino &t Slightly higher field £-253 ppm). Finally, the signal at254
acids as model compounds we then used the methodologyPP™ originating from the ferrocene amide supports the mass

outlined above for the labeling of a dipeptide and a tripeptide SPectroscopic result that the bulk of pepti@lés labeled by

as follows. TheN-Boc-protected dipeptide Boc-Met-Phe-OH
was prepared by standard methétiactivated with isobutyl-
chloroformate and reacted with 1,1-diethylpropargylamine to
give 5. Under Pd catalysi§ could be coupled t8 to give the
ferrocene-labeled dipeptid®(Scheme 2).

Diethyl ether extraction of the product following,8/CHChL
workup yielded analytically pure compoundsThis protocol
fails in the case 06 and9 as these compounds are insoluble in
ether. However6 and9 were shown to be-90% pure by'H

ferrocene. In addition, the=eC stretching frequency shifts from
the value for the terminal alkyne (2115 c#in 8 to 2230 cn1?!
in the coupling produc® 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-

NMR spectroscopy and HPLC, and analytically pure samples tzlics and biomolecules.

were obtained from HPLC (see Experimental Section). Four
15N NMR signals are observed and their position is characteristic

for the constitution o6: the Boc amide signaH292 ppm vs
CH3NOy), the internal amide bond-262 ppm), the propargyl
amide which is observed at255 ppm, and the ferrocene
carboxylic acid anilide signal at253 ppm. To demonstrate
that our methodology can also be applied to nonterminal
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