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This microreview summarizes recent reports on the prepara-
tion of metal complex peptide conjugates by solid-phase syn-
thesis methods. Procedures for such conjugates are in many
cases different from standard solid-phase peptide synthesis
protocols. Specific advantages of general strategies, the syn-
thesis of peptide-ligand conjugates and complexation with

excess metal ions on solid support or the incorporation of pre-
viously prepared metal complex amino acid derivatives are
discussed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Solid-phase synthesis is a convenient and established
method for the preparation of peptide-based compounds.
However, solid-phase synthesis of inorganic complexes is a
rather new discipline, established by Heinze, Metzler-Nolte,
Reedijk and others.!"! Earlier attempts to use solid-phase
synthesis to obtain, for example, (2,2'-bispyridine) dichloro
complexes of platinum(Il) by Gallop failed at the cleavage
step,l?) due to the more labile metal-ligand bonds of orga-
nometallic building blocks in relation to typical covalent
bonds of organic molecules.

Coordination and organometallic chemistry on solid-
phase have typically been studied in the context of catalyst

[a] Institut fiir Organische Chemie, Universitidt Regensburg,
9340 Regensburg, Germany
Fax: +49-941-943-1717
E-mail: burkhard.koenig@chemie.uni-regensburg.de

performance.*! Recently, solid-phase synthesis using insolu-
ble resins as solid support has been used to synthesize metal
complexes based on peptide backbone ligands. These coor-
dination compounds find applications in biochemistry as
well as in medicinal chemistry. Resin-bound chelates were
prepared in such a manner that upon the addition of suit-
able metal salts the target metal complexes were selectively
released from the resin and used in, for example, fluores-
cence or radio imaging or oligonucleotide DNA/RNA bind-
ing studies. Other approaches have incorporated previously
prepared metal complex building blocks in solid-phase pep-
tide synthesis to afford, for example, peptide—platinum
complex conjugates with anticancer activity. This versatile
approach to the incorporation of pendant protected amino
acid functionalities offers several advantages over solution-
phase or post-solid-phase peptide synthesis conjugation.!
It provides the flexibility to incorporate a metal ion chelator
with exclusive site specificity in any amino acid sequence,
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not just terminally or at one or more lysine or cysteine side
chains.P! Additionally, peptides are often prepared most ef-
fectively by automated solid-phase synthesis.

In this review we summarize recent reports on the prepa-
ration of metal complex—peptide conjugates by solid-phase
synthesis methods. The focus of the review lies on the syn-
thetic methodology used to prepare the building blocks and
peptides rather than on applications of the metal complex—
peptide conjugates. We have structured our survey by the
metal ions used for complex formation, and distinguish in
the discussion between examples of solid-phase ligand syn-
thesis with subsequent metallation[® and the use of metal-
containing amino acids for synthesis.

1. Chromium, Molybdenum and Tungsten
(Group 6) Metal Complex—Peptide Conjugates

1.1 N;,N,O-L-Histidinate (His) Molybdenum Conjugate

Metzler-Nolte and co-workers reported oligopeptide bio-
conjugates with organometallic Mo carbonyl complexes.[”]
The conjugates were prepared in excellent yields and puri-
ties by two different solid-phase synthesis strategies. In one
approach the neuropeptide enkephalin (enk) Tyr-Gly-Gly-
Phe-Leu, which is a natural ligand to the opiate receptor,
was synthesized by standard Fmoc solid-phase methods on
NovaSyn TGA resin with an HMBA linker. The metal
complex Mo(N.-C,H,CO,H-His)(allyl)(CO), was coupled
to the resin-bound, fully deprotected enkephalin 1 and af-
terwards cleaved from the resin by treatment with saturated
NHj; solution in MeOH (Scheme 1).
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Scheme 1. Solid-phase synthesis of Mo(His)Enk conjugate 2 using
a metal complex acid.

1.2 Bis(2-picolyl)amine (bpa) Molybdenum Conjugate

In cases in which the attachment of a metal complex to
the peptide on the solid support is not desirable — with ra-
dioactive metal isotopes, for example — an innocent anchor-
ing group can be attached to the peptide during solid-phase
598
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synthesis. The ligand-peptide conjugate is then cleaved
from the resin and purified, and the metal label is only
added in solution immediately prior to use of the biocon-
jugate. Metzler-Nolte et al. provided an example of this
procedure using the Mo(CO); fragment and bpa as a ligand
(Scheme 2).1}

(0]
OH
X X + TBTU
H—Enk—o + @AN/\O _*TBIU
1 =N N~ cleavage
from resin
(0]
Enk—NH,
Mo(CO)3(EtCN)3
| N N I N MeOH, 10 min, r.t.
~-N N~
3
(0]

Tyr-Gly-Gly-Phe-Leu-NH,

| X N [ X
/N\N!O/N =

RN
oc” | >co
co

Scheme 2. Synthesis of Mo(bpa)-Enk conjugate 4 by subsequent
metallation.

1.3 Bidentate Schiff Base Metal Conjugates

A solid-phase synthesis approach for molybdenum car-
bonyl complexes was developed by Heinze (Scheme 3).1%]
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Scheme 3. Synthesis of molybdenum tricarbonyl complexes on so-
lid support.
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We have included this example, although neither peptide
coupling nor metallated amino acids are used, because it
illustrates that complex organometallic transformations are
possible on solid support. A specific resin and linker system
allows coordination and organometallic chemistry under
solid-phase reaction conditions and the cleavage of the
metal complex from the solid support. Bidentate Schiff base
5-R was used as the ligand. The phenolic hydroxy group
allows the attachment to the solid support. A silyl ether-
based!® linker was chosen, due to its stability under basic
and acidic conditions and the potential to cleave it with
fluoride ions, which are expected to be unreactive towards
most metal complexes. In solution, high temperatures and
rather harsh oxidative reaction conditions are necessary to
synthesize the desired tricarbonyl compounds. Such harsh
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Scheme 4. Synthesis of mixed-metal dinuclear complexes on solid
support.
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conditions have to be avoided in solid-phase chemistry with
polystyrene resins as the molybdenum precursors can react
with the aromatic residues of the support. Heinze and co-
workers used [(CH;CN);Mo(CO);] as a Mo(CO); source,
and under mild reaction conditions the intensely blue col-
oured complexes 6-R and 7-R were formed rapidly and
cleanly in excellent yields. However, acetonitrile, a rather
poor solvent for resin-swelling, had to be used in a mixture
with toluene. Otherwise the complexation led to the forma-
tion of the immobilized tetracarbonyl complex instead of
the desired tricarbonyl complex. The cleavage was per-
formed with tetra-n-butylammonium fluoride in dichloro-
methane and resulted in deeply coloured solutions of the
deprotonated complexes.

Heinze etal. used their molybdenum carbonyl com-
plexes, as the molybdenum-carbonyl and molybdenum-iso-
cyanide bonds are substitutionally inert metal-ligand
bonds, to synthesize di- and trimetallic homonuclear com-
plexes (Scheme 4).[1% Finally, mixed-metal dinuclear com-
plexes prepared from chromium, molybdenum and tungsten
and a directional bridging ligand were assembled stepwise
on solid-phase and cleaved from the support.'!]

Solution synthesis, although straightforward, requires
purification of the products and intermediates, which is
rather difficult, and makes this approach less suitable for
longer-chain complexes. The solid-phase synthesis needs
more reaction steps (ligand immobilization and product re-
lease) and differently optimized reaction conditions. How-
ever, it is much easier to accomplish, and solubility prob-
lems and purification of intermediates can be disregarded.

2. Manganese, Technetium and Rhenium
(Group 7) Metal Complex—Peptide Conjugates

The manganese family includes the most widely used
metals for peptide complexation. Its applications range
from rhenium- and technetium-labelled radiopharmaceuti-
cals!'? to organometallic PNA oligomers with rhenium and
their interaction with complementary DNA and to peptide—
manganese complexes with catalytic activity.

The transition metals technetium and rhenium are
among the most commonly used radioisotopes in medicine,
due to the favourable emission energies and decay proper-
ties of radioactive isotopes Tc-99m, Re-186 and Re-188.113]
As a result, methods of attaching these radionuclides to
peptide sequences have been developed. A solid-phase
synthesis strategy was employed to optimize the receptor
binding affinity and biodistribution of technetium-labelled
peptides!'¥ as it allows the preparation of analogues of a
particular peptide-ligand bioconjugate in parallel.[']

2.1 Bpa Metal Conjugate

Valliant and co-workers prepared the single amino acid
chelate (SAAC) 17 and Re-SAAC-peptide derivatives 19
using solid-phase synthesis.['®) Fmoc-protected dipyridyl
chelate 13 and its Re complex 14 were incorporated into
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the growing peptide linked to a SASRIN resin using HBTU In 2005 Valliant et al.!” published a solid-phase method-
as the coupling agent (Scheme 5). ology that aimed to incorporate lysine into the backbone
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Scheme 5. Solid-phase synthesis of ligand 17 and rhenium complex 19 using a metallated amino acid.
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Scheme 6. Synthesis of peptide-technetium conjugate 26 by metallation after solid-phase ligand preparation.
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Scheme 7. Proposed mechanism for the degradation of the Re'-pep-
tide conjugate 27.
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of a peptide in such a manner that the e-nitrogen could be
selectively liberated and a metal-bpa-chelate added while
the peptide was still linked to the resin. Dde was used as
lysine side chain protecting group, because it is stable to the
conditions used in typical Fmoc solid-phase synthesis, and
it can be selectively liberated without affecting Boc protect-
ing groups.'® This approach is applicable to bifunctional
chelating systems containing a pendent acid group. After
the removal of the Dde protecting group, a series of dipyr-
idylamine ligands 23-25 with linker arms varying in length
were coupled to the resin-bound peptides using HBTU and
DIPEA (Scheme 6). However, stable Tc' and Re! complexes
were not obtained for all of the ligands. In the case of pep-
tide conjugate 27, degradation is probably caused by elimi-
nation to give an a,f-unsaturated amide 28, which concom-
itantly results in liberation of a neutral metal complex 29
(Scheme 7).

2.2 Quinoline-2-aldehyde (Q2A) Metal Conjugate

To obtain a fluorescent SAAC-type Re complex with re-
tention of its ability to bind °*™Tc, Valliant et al. treated
Fmoc-L-lysine with Q2A in the presence of Na(OAc);BH
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to yield the bifunctional ligand 31 (Scheme 8).['”1 The objec-
tive was to develop a method for preparing bioconjugates
that can deliver the ligand to specific receptors. The
SAACQ ligand and the SAACQ-Re complex represent
such amino acid analogues that can be incorporated into
peptide sequences by solid-phase peptide synthesis. The
rhenium complex 32, prepared by complexation with
Re(CO3)Brs, was integrated into the peptide fMLF (N-for-
myl-L-methionine-L-leucine-L-phenylalanine), a targeting
sequence that has been used to guide radiopharmaceuticals
to the formyl peptide receptor (Figure 1). The work is an
example of the use of metal-containing amino acids in so-
lid-phase peptide synthesis.
O

FmocHN
0 moce OH

FmocHN
maocC OH

NaBH(OAc)s, Q2A
N
= =
30 2 (5/\( %
31

FmocHN

[NEty]2[Re(CO3Br3]

M = Re, 99MT¢

Figure 1. Bioconjugate complex fMLF[(SAACQ-M(CO);)*]G 33.

2.3 N,S, Metal Conjugates

Many studies have shown that ligand systems containing
nitrogen and thiol sulfur atoms are effective for the coordi-
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nation of Tc and Re.? In 1997, Quinn and co-workers ap-
pended a rhenium-bound peptide to the N termini of recep-
tor-binding o-melanocyte stimulating hormone fragments
as the last step of a conventional solid-phase peptide syn-
thesis.”!] This diaminedithiol (N,S,) chelator was also as-
sembled at the N termini of short peptides in a two-step
procedure by Gariépy et al.??! The deprotected terminal
amino group was first treated with di-Fmoc-diaminopropi-
onic acid 35 (Scheme9), and the two protected amino
groups were then simultaneously deprotected and sub-
sequently treated with S-benzoylthiolglycolic acid to gener-
ate a protected N,S, chelator 38. The resulting constructs
were cleaved from the resin support and labelled with
9mTc.pertechnetate (Scheme 10).

NH; NHFmoc
Fmoc-ClI
OH 10% Nay,CO3 OH
HaN *Hol ——»  FmocHN
o}
34 35

Scheme 9. Preparation of di-Fmoc-protected amino acid derivative
35.

Okarvi used a pre-labelling method™® in which the ra-
dionuclide binds to the chelate in a separate step prior to
the attachment of a peptide.*4

Monoamide monoamine (MAMA)P3! forms neutral,
stable and well defined complexes with both TcY and ReV,
and it can be easily derivatized, regioselectively and with a
wide range of different functional groups.”®! Resin-bound
peptide-MAMA conjugates were prepared in such a man-
ner that upon the addition of suitable ReY and TcY precur-
sor 42 the target metal complexes 43 were selectively re-
leased from the resin (Scheme 11).127]

Although it is conceivable to build peptides using the car-
boxylic acid-functionalized MAMA derivative, automated
peptide synthesis is typically performed starting from a pri-
mary amine using Fmoc-protected amino acids. Valliant
et al. therefore prepared a primary amine-functionalized
MAMA chelate by coupling a diamine to the carboxylic
acid of 44?! (Scheme 12). Compound 45 was used to syn-
thesize a model peptide with standard Fmoc/HBTU protec-
tion and coupling methods. The peptide-functionalized
resin 47 was subsequently treated with [TBA]J[ReOCl,], and
heating released the complex 48 from the resin. The target
peptide is the n-butylurea derivative of Phe-Leu-Nle, which
is an antagonist for the formyl peptide receptor
(FPR).*®IThis ligand is of interest because radiolabelled
compounds that are capable of binding selectively to the
FPR on white blood cells can be used to image sites of
infection and inflammation.?!

Valliant and co-workers also prepared a bombesin-de-
rived peptide-**™Tc chelate conjugate 55 using solid-phase
synthesis methodology.*®) Bombesin is a 14-amino acid
peptide hormone (Scheme 13).

The reported approach involved linking of a prefabri-
cated bifunctional N,SN’ technetium chelate complex 51 to
a resin-bound peptide sequence 53 derived from bombesin,

Eur. J. Org. Chem. 2008, 597-634
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Scheme 10. Synthetic scheme for the preparation of N,S(benzoyl),-containing peptides by ligand synthesis on solid support and subse-
quent metallation.
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Scheme 11. Synthesis of ReY and TcY peptide conjugates on solid support; release from resin occurs on metallation.
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Scheme 12. Synthesis of ReY- and TcY-Mama peptide conjugates 48; metallation releases the complex from the solid support.

OH OH
2 " g—{OH B NBU,][TcOCl],
H Hg(OA i . :
O N'H.-\‘”\ SH ) Hg(OAc)2 0N N -“‘”\N/\H/OH Na-gluconate =
T j H/\g/ 2) H,S T j Hol NaOAc, KOH-MeOH
N S
/N\ § 7\ I
Acm
49 50
OH OH
0 o FF
H 0 >—{ o)
EDC, TFP |
0sNo N oH —.  oNo N_JL o
NI N/\n/ AN, H,0 e/ N/\n/
e H o) PN H o . ’
N s N s
51 52
OH
0
; H
HoN(CH)GIn-Trp-Ala-Val-Gly-His-Leu-Met—(g) ~ A —(CHp)4GIn-Trp-Ala-Val-Gly-His-Leu-Met—(g)

: TR Y

54

OH

O
TFA/ H,0 >—4

4>OTN o/ j /\n/ —(CH2)4GIn-Trp-AIa-VaI Gly-His-Leu-Met-NH;

55

Scheme 13. Solid-phase synthesis of a N>SN' technetium chelate peptide conjugate 55 derived from bombesin using the metal-containing
amino acid 52 for peptide coupling.
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Figure 2. Radiometal chelate linked directly to the N-terminal amine group of BBN[7-14]NH,.
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Figure 3. Radiometal chelate linked to the N-terminal amine group of BBN[7-14]NH, via hydrocarbon spacer groups.
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Scheme 14. Post-transmetallation of triamido-thiol bifunctional chelate with *™Tc.

which has been shown to bind to the gastrin-releasing pep-
tide (GRP) receptor. Bombesin (BBN) is an analogue of
human GRP that binds to GRP receptors (GRPrs) with
high affinity and specificity.?!! The GRPr is overexpressed
on a variety of human cancer cells, including prostate,
breast, lung and pancreatic cancers. The synthesis of a
series of bombesin derivatives was reported by Hofman
et al.’? They describe the design of BBN agonist analogues
in which the radiometal chelate is linked to the N-terminal
amine group of BBN[7-14]NH, either directly (56; Figure 2)
or through hydrocarbon spacer groups (57-60; Figure 3).
In a “post-transmetallation” manner, **™Tc was introduced
onto the triamido-thiol (N3S) bifunctional chelating agent
and the effects of varying the length of hydrocarbon spacer
groups were determined (Scheme 14).
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2.4 Hydrazinonicotinyl Acid (HYNIC) Technetium
Conjugate

Blower and co-workers recently described a novel solid-
phase synthesis approach in which a HYNIC derivative (61)
of Fmoc-lysine was used as a metal-binding amino acid an-
alogue.?¥] The N-protected HYNIC derivative was success-
fully incorporated into a bioactive peptide by standard
Fmoc solid-phase peptide chemistry. Fmoc—N-g-(Hynic—
Boc)-Lys is a highly versatile technetium-binding amino
acid and it was used to synthesize a technetium-99m-labeled
salmon calcitonin with the HYNIC-linked amino acid in
place of lysine-18. a-Fmoc-protected lysine 60 was treated
with the NHS (N-hydroxysuccinimide) ester of Boc-pro-
tected HYNIC 61 to give the a-Fmoc-protected amino acid
605
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Scheme 15. Synthesis of Fmoc lysine-HYNIC derivative 62 and its use in peptide synthesis and subsequent Tc-99m labelling.

62 (Scheme 15). A trifluoroacetate group protected the 2.5 3,3-Bis(2-imidazolyl) Propionic Acid (bip-OH) Rhenium

HYNIC during alkaline oxidation to the cyclic disulfide
and was readily removed by mild acid treatment. After de-
protection and cleavage of the 32-amino acid sequence from
the resin, the peptide 63 was oxidized with air in NaHCO;
(0.1 M) under high-dilution conditions to form the corre-
sponding disulfide-cyclized peptide 64. After removal of the
TFA protecting group the peptide conjugate was labelled
with Tc-99m.
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Conjugate

Metzler-Nolte et al. have reported the preparation of an
organometallic metal-PNA conjugate.®¥ Solid-phase syn-
thesis was used to couple Re(bip)(CO); fragments to PNA
decamers on Tentagel resin with PAL linker and their inter-
action with complementary DNA was studied (Scheme 16).
Such metal-PNA conjugates are of interest for the detec-
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Scheme 16. Synthesis of rhenium—PNA conjugate by application of a rhenium-containing carboxylic acid in solid-phase peptide synthesis.

tion of complementary DNA or RNA, due to the excellent
hybridization properties of PNA.

3. Iron, Ruthenium and Osmium (Group 8)
Metal Complex—Peptide Conjugates

3.1 4’-Aminomethyl-2,2’-bipyridyl-4-carboxylic Acid (Abc)
Ruthenium Conjugate

Tris(diimine) metal complexes of 4’-aminomethyl-2,2’-bi-
pyridyl-4-carboxylic acid (Abc) are of interest, since they
possess a number of favourable properties, including high
stability, inertness to ligand exchange reactions, tuneable
electronic structures, long lifetimes in fluid solution, and
high quantum yields. Site-specifically labelled ruthenium
oligonucleotides have been prepared by DNA solid-phase
synthesis using a ruthenium-nucleoside phosphoramid-
ite,® but this example does not lie within the scope of this
review. Another approach used bipyridyl amino acids and
in particular Boc- and Fmoc-protected Abc, which were in-
corporated into a hexapeptide.[*]

Solid-phase synthesis of these metallopeptides was per-
formed on MBHA resin using BOP and ByBOP as coupling
reagents to provide high-affinity binding sites for rutheni-
um(II). Metal complexation occurred in solution, and was
followed by cleavage of the peptide from the solid support.
The Abc residue bears the bipyridyl group not in a side
chain but in the main peptide chain and is used as a tetra-
dentate ligand for octahedral coordination and asymmetric
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encapsulation of a ruthenium(II) ion, creating a novel pep-
tide-caged redox-active metal complex.

To prepare the Abc 74, a dual oxidation strategy was
employed (Scheme 17). Firstly, 4,4'-dimethyl-2,2'-bipyr-
idine (70) was selectively oxidized to the 4’-monocarboxylic
acid derivative 71. Secondly, the 4'-methyl group of 71 was
oxidized with excess selenium dioxide to form the aldehyde
acid 4'-formyl-2',2-bipyridine-4-carboxylic acid (72). Ox-
ime formation with hydroxylamine in ethanol/pyridine
smoothly converted 72 into compound 73. Lastly, oxime
acid 73 was transformed into the desired amino acid Abc
74 by catalytic hydrogenation.

Amino acid 74 was converted into both Boc and Fmoc
derivatives for use in solid-phase peptide synthesis. Treat-
ment of the Abc-HCI salt with bis(zerz-butyl)dicarbonate
provided Boc-Abc-OH (75), while treatment of Abc-HCI
with Fmoc-succinimide similarly furnished Fmoc-Abc-OH
(76). The metal complexation properties of building blocks
75 and 76 for bipyridyl solid-phase peptide synthesis were
confirmed by the synthesis of their corresponding rutheni-
um(IT) octahedral mixed-ligand complexes. Treatment of 75
and 76 with dichlorobis(2,2’-bipyridine)ruthenium(II)
(Rub,Cl,) gave the bis-heteroleptic complexes 77 and 78.

To demonstrate the utility of Abc 74 in solid-phase pep-
tide synthesis, a heptapeptide containing two Abc residues
was synthesized to serve as a tetradentate caging peptide
ligand for ruthenium(II) ions (Scheme 18). Two aminohexa-
noic acid (Ahx) residues were arranged as a bridging tether
just long enough to form cis-bridged meridonal metal com-
607
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Scheme 17. Synthesis and metal complexation of Abc 74 and Boc-/Fmoc-protected derivatives.

plexes. The C-terminal Gly residue was included to facili-
tate attachment of the bipyridine 77 or 78 to the sterically
hindered MBHA resin, since direct coupling of Abc-OH to
MBHA resin proved sluggish. The acetylated hexapeptide
amide Aha 79 was prepared by a Boc/TFA strategy from
Boc-Abc-OH (75) and other Boc amino acids using conven-
tional reagents and procedures for manual solid-phase pep-
tide synthesis. Reaction times and yields for the coupling of
77 to the Gly-MBHA resin were remarkably improved by
addition of stoichiometric amounts of the acylation catalyst
DMAP. Following the assembly, apopetide 79 was cleaved
from the resin with anhydrous HF, and subsequent conver-
sion of Ru'(Aha)Cl, into the heteroleptic tris(bipyridyl)
complex Ru''(Aha)(bpy) (80) was performed in solution.

3.2 Metallocene (Ferrocene)®”! Conjugate

Ferrocene-containing tripeptides containing one or two
ferrocene building blocks have been prepared by solid-
phase peptide synthesis.[*®! Heinze et al. incorporated the
solid-phase peptide synthesis-compatible ferrocene building
block Fmoc-protected 1’-aminoferrocene-1-carboxylic acid
(Fca)P! into the backbones of tripeptides. The coupling
was performed using DIC/HOBt for activation and Tent-
aGel-Wang, which turned out to be superior to polystyrene/
divinyl resin, as solid support. Cleavage of the resulting tri-
peptides from the support with trifluoroacetic acid gave the
mono- (Scheme 19) or diferrocene peptides. Reversible on-
bead oxidation allows switching between the neutral ferro-
cene (low-affinity state) and charged ferrocenium ion (high-
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affinity state), which results in superior anion-binding affin-
ities.

Metallocene-modified tri- to pentapeptides were iden-
tified as having antibacterial activities,*”! although the
highest activity is still one order of magnitude lower than
the minimum inhibitory concentration (MIC) values found
for most naturally occurring antimicrobial peptides
(AMPs). First, Metzler-Nolte and co-workers synthesized
metallocene-peptide bioconjugates in which the amino acid
sequence ranged from three to five residues by solid-phase
peptide synthesis (Scheme 20). The ferrocene and the co-
baltocenium groups were introduced at the N terminus by
coupling of ferrocenecarboxylic acid hexafluorophosphate
with the free amino group of the peptide 87 while the pep-
tide was attached to the solid support. Care has to be taken
during the cleavage from the Rink amide resin. Decomposi-
tion — that is, loss of a ferrocenoyl moiety — occurs when
the TFA/H,O/TIS cleavage mixture is used. However, this
problem can be circumvented by the use of phenol rather
than water.

Later, Metzler-Nolte and co-workers hoped to arrive at
small, readily available artificial AMPs with activities com-
parable to those of the best naturally occurring AMPs by
addition of metallocenes to more active peptide se-
quences.*!1 Arg- and Trp-containing hexapeptide sequences
that had been shown to have good antibacterial proper-
ties*?! were selected and modified by replacement of the N-
terminal amino acid with a ferrocenyl (or a cobaltocenium)
group. The metallocene peptide conjugates were prepared
on Rink amide resin, whereas the ferrocenecarboxylic acid
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Peptide-Metal Complex Conjugates

Eur

L
79

1) RuCly(DMSO),4
2) 2,2'-bipyridine

HN
‘}NHQ
e}

80

Scheme 18. Preparation of heteroleptic tris(bipyridyl) complex
Ru''(Aha)(bpy).

was attached by formation of an amide bond with the free
N-terminal amino group of the solid support. The ferrocene
moiety is stable towards deprotection reagents and to resin
cleavage, although the ferrocenoyl peptides are only stable

1) Fmoc -Deprotection
Fmoc—RinkQ >
86

3) Repeat steps 1 and 2

H-Rink—()
87
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Scheme 19. Synthesis of ferrocene-containing tripeptides by use of
a ferrocene building block and solid-phase peptide synthesis.

when phenol rather than water is used in the cleavage mix-
tures. The activity of the resulting metallocene-pentapeptide
conjugate [Fe(Cp)(CsH,)-C(O)-WRWRW-NH,] (93, Fig-
ure 4) was indeed increased and was even better than that
of the naturally occurring 20 amino acid pilosulin, which
was used as a positive control.

2) Coupling to amino acid

Fmoc—Phe—Rink—(g)
88

4) Fmoc-Deprotection

Hiapes limes 5) Coupling to metallocene
Fmoc—Trp—Arg—Arg—Phe—Rink—O
89
o 6) Cleavage and 0
side-chain deprotection
@—‘I'LTrp—Arg—Arg—Phe—RinkQ P @—JLTrp—Arg—Arg—Phe—NHg

F
< 90

Fe

@ 91

Scheme 20. Solid-phase peptide synthesis of metallocene-peptide bioconjugates.
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Figure 4. Metallocene-pentapeptide conjugates 92 and 93.

4. Cobalt and Rhodium (Group 9) Metal
Complex—Peptide Conjugates

4.1 Metallocene (Cobaltocenium) Conjugate

While much work has been devoted to ferrocene biocon-
jugates,3>#3 the closely related cobaltocenium group has
received considerably less attention, although the cobaltcen-
ium cation has a much higher redox potential and better
chemical stability than ferrocene. Its unique electrochemical
properties have, however, been exploited in enzyme biosen-
sors and DNA detection,**! and also in a more recent study
on the cellular uptake and directed nuclear delivery of a
cobaltocenium—NLS peptide bioconjugate.[*>] The lipo-
philic nature of the ferrocenyl moiety acts as a mimic for
the bulky Trp residue, whereas the positively charged co-
baltocenium moiety is isostructural with the neutral ferro-
cene, thus allowing an assessment of additional positive
charge, and acting as a bulky Arg mimetic.® Capping of
the N termini of Arg- and Trp-containing hexapeptide se-
quences results in net losses of one unit of positive charge
in the case of the ferrocenoyl bioconjugates, but the co-
baltocenium analogues retain the overall charges of the
peptides, which is favourable for their antibacterial activi-
ties.

Metzler-Nolte and co-workers reported the first nonradi-
oactive organometallic—peptide conjugatel*’! that specifi-
cally delivers the organometallic species into the nucleus of
a cell. Solid-phase peptide synthesis was used to prepare
the cobaltocenium conjugate of a nuclear localization signal
610
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peptide. The cobaltocenium—NLS conjugate significantly
accumulates in the nuclei of HepG?2 cells. The heptapeptide
H-Pro-Lys-Lys-Lys-Arg-Lys-Val-OH*®! was chosen as the
antigen NLS, which serves as an “address label” for pro-
teins and indicates their destination as the cell nucleus. In
addition, this heptapeptide enables the active transport of
a variety of substrates through the nuclear pore complex.!
An additional protected lysine residue was introduced at
the N terminus of the NLS peptide using Wang resin as
solid support. Fluorescein isothiocyanate (FITC) was used
as a label to visualize the metal conjugate inside the cells.
For this purpose, the N-terminal lysine residue was modi-
fied with a Mtt protecting group. After coupling of the co-
baltocenium moiety to the peptide, the N-terminal Fmoc
protecting group was cleaved, and cobaltocenium carbox-
ylic acid was coupled by use of TBTU. Cleavage from the
resin and removal of all amino acid side chains were ac-
complished with concentrated trifluoroacetic acid, yielding
the cobaltocenium-NLS peptide bioconjugate 94 (Fig-
ure 5).

H2N H2N H2N

NH
HoN HN=
HN NH
s 2
HN
94

(6] O OH

Figure 5. Cobaltocenium—NLS peptide bioconjugate 94.

4.2 Phenanthrenequinone Diimine (Phi) Rhodium Conjugate

Barton and co-workers have focused on the development
of peptide conjugates of rhodium(IIT) complexes as models
for sequence-selective DNA binding proteins.”% To this
end, a family of rhodium—peptide complexes (Figure 6) was
synthesized by coupling short oligopeptides to the intercal-
ating [Rh(phi),(phen’)]** (phi = phenanthrenequinone di-
imine; phen = phenanthroline) moiety to explore whether
the side chain functionalities of small peptides may be used
to augment metal complex recognition.®] To summarize
this work, DNA site-specificity depends on the peptide side
chain functional groups. Moreover, the phi complexes of
rhodium cleave DNA upon photoactivation.

Barton and co-workers used two complementary solid-
phase peptide synthesis strategies for the covalent attach-
ment of phi complexes of rhodium(III) complexes to spe-
cific sites on synthetic peptides.>?! All the natural amino
acids except for methionine were used in the synthesis, and
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Figure 6. Phenanthrenequinone diimine rhodium peptide conjugate.

peptides ranging from 5 to 30 amino acids were successfully
coupled to the rhodium complex by standard solid-phase
synthesis procedures. The metal-peptide conjugates were
synthesized either by the coordination method or by direct
coupling. In the coordination strategy the chelating ligand
is first coupled onto the amino terminus of the peptide on
the resin. Then, the resin-bound peptide containing the che-
lating ligand is treated with [Rh(phi),(DMF),](OTf)s, in a
manner similar to that used for the synthesis of the parent
rhodium complex. In the direct coupling strategy, the coor-
dinatively saturated metal complex is assembled first. The
functionalized metal complex and the terminal amine of the
peptide bound to the resin are then condensed in a way that
is analogous to the addition of another residue to the grow-
ing peptide chain. Several sets of conditions for the synthe-
sis were examined, in which peptides were constructed by
both Fmoc and tBoc methodologies and with manual as
well as automated solid-phase techniques. Furthermore, a
range of coupling agents was examined with both strategies.
To summarize, in the case of the coordination method, sev-
eral different coupling reagents were used with similar suc-
cess. These reagents include DCC/HOBt, DSC, TBTU and
TSTU. With the direct coupling method, Barton et al. ob-
served that the presence of the metal centre makes the coup-
ling reaction less efficient. The metal-peptide complexes are
more difficult to cleave from the resin than the peptide
alone. Several types of linkage to the resins, such as

European Journal
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MBHA, PAM and PEG-PAM, were also examined, but
variation in the linker does not affect the yield of the
cleaved product. The presence of the metal complex, how-
ever, does significantly decrease the overall yield; further-
more it tends to inhibit the coupling reaction, since coordi-
nation on the resin is of lower efficiency than the coordina-
tion of the metal complex alone in solution. In conclusion,
both strategies offer distinct advantages over solution-phase
methods, in that functionalization of side chains is pre-
cluded. Thus, selective attachment of the metal centre to a
specific residue or to the N terminus can be reliably ac-
complished.

4.3 (Diphenylphosphanyl)serine (Pps) Rhodium Conjugate

Gilbertson et al. have reported important examples of
resin-bound peptide-based phosphane transition metal
complexes over the last decade.’¥ Rhodium was used to
prepare the first peptide—phosphane-metal complexes. For
the incorporation of a phosphane-containing amino acid
building block it was necessary to prevent the undesirable
formation of phosphane oxide. To overcome this problem, a
temporary conversion of the phosphane into the phosphane
sulfidel* gave rise to an amino acid that could be used in
standard coupling procedures. The best route to the re-
quired amino acid involved the use of Evans’ chiral oxazol-

1) PhaPH, MegN*OH~ o 1) CIC(0)OtBu
H O 2) NagS;0 : idi
)\/U\ ) NazS,03 /\)J\ 2) Li, (S)-(~)-4-benzyl-2-oxazolidinone
H OH thFl’I OH =
96
S o7
1) KHMDS 1) LiOH
/\j’\ i 2) Tris-N3 0 j’\ 2) SnCl, ?
Phyp NN 3)HOAC PhyP /YJ\N o 3)FmocCl NaHCO; pth/\‘)ko,_,
I — I N IR
S \ s 3 \ S Fmoc
98 ph 99 Ph 100

Scheme 21. Synthesis of a phosphane-containing Fmoc-protected amino acid building block for use in solid-phase peptide synthesis.
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Scheme 22. Complexation of the bis(phosphane) ligand 101 with a rhodium salt.

Scheme 23. Mixed bidentate Pps,Cps-based rhodium conjugates.

idinone chemistry (Scheme 21). Addition of diphenylphos-
phane to acrylic acid proceeded smoothly with tetrameth-
ylammonium hydroxide as a base. Treatment with sodium
thiosulfate converted the phosphane into the phosphane
sulfide 97. Acid 97 is then converted into the amino acid
by formation of the oxazolidinone 98. Cleavage of the chiral
auxiliary and reduction of the azide 98 with tin(II) chloride
gives amino acid 99, which was finally converted into the
Fmoc-protected amino acid 100 ready for peptide synthesis.

Once the desired peptide was assembled, the phosphane
was regenerated by desulfurization with Raney nickel.[>%]
The phosphane-containing amino acids were incorporated
in i, i + 4 positions to stabilize helix formation and thus to
be able to chelate one metal ion between them (Scheme 22).
The peptide conjugate was synthesized by standard Fmoc
solid-phase peptide synthesis on Wang resin, and the (di-
phenylphosphanyl)serine (Pps) was incorporated as a di-
peptide with alanine [Fmoc-Pps(sulfide)-Ala-OPfp].’® The
resulting bis(phosphane) ligand 101 was complexed with
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104

rhodium by stirring with RhCI(NBD)*ClO, (NBD = nor-
bonadiene).

4.4 Mixed Bidentate Pps,Cps-Based Rhodium Conjugate

The (diphenylphosphanyl)serine (Pps) group was later in-
corporated into the 12-residue peptide 103 along with a (di-
cyclohexylphosphanyl)serine (Cps) unit (Scheme 23).57
The synthesis of the peptide conjugate, as well as the rho-
dium complexation, was carried out as described before, but
on polystyrene resin.

5. Nickel, Palladium and Platinum (Group 10)
Metal Complex—Peptide Conjugates

5.1 Ethylenediamine Platinum Conjugate

In 2000 Reedijk et al. reported the first synthesis of a
trimeric arginine-containing peptide-dichloroplatinum(II)
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Scheme 24. Solid-phase synthesis of platinum complex 109.

complex with potential antitumor activity by solid-phase
synthesis.”® An ethylenediamine moiety, serving as a plati-
num-chelating ligand, was tethered to a resin-bound argi-
nine-glycine dipeptide. The solid-phase peptide synthesis
was performed on Rink amide resin with commercially
available protected amino acids Fmoc-Arg(Pbf)-OH and
Fmoc-Gly-OH by a standard Fmoc protocol.’”) Fmoc-pro-
tected N-2-aminoethyl-glycine derivative 107 was then con-
densed with the dipeptide 106, followed by platination of
the ethylenediamine moiety, subsequent deprotection and
release from the solid support (Scheme 24). Preliminary
resin-cleavage experiments with TFA/H,O/(TIS) led to met-
allic platinum and free ligand, probably due to the re-
duction of the coordinated PtCl, moiety by the scavenger
TIS. However, nearly quantitative complexation was
achieved by treatment with excess K,PtCly; in DMF/H,O
followed by a resin cleavage with TFA/H,O.

Later, Reedijk and co-workers examined the scope and
generality of the solid-phase platination approach by pre-
paring a six by six array of individual dichloroplatinum
peptide analogues.[® The parallel solid-phase peptide syn-
thesis of a dichloroplatinum-peptide array was performed
on Rink amide resin with six natural amino acids on an
automated synthesizer. Unfortunately, these platinum pep-
tide complexes showed no potential as cytotoxic agents, but
only demonstrated the utility of solid-phase peptide synthe-
sis for the preparation of platinum drugs. However, in a
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subsequent publication,[®] Reedijik et al. did report on
some cytotoxic platinum tripeptide complexes, although the
highest activity, which was measured for the tripeptide con-
jugate containing the Gly-Gly dipeptide, was still lower
than that of cisplatin.

5.2 Dinuclear N, .-L-Lysine Platinum Conjugate

As an extension of these studies, Reedijk et al. described
the first solid-phase peptide synthesis of dinuclear lysine-
bridged platinum(II) complexes.[®? Platination of the lysine
was achieved with a fivefold excess of activated transplatin
to give the immobilized compound 111 (Scheme 25). To
avoid strongly acidic cleavage conditions, in view of the
moderate stability of the immobilized platinum complex
111, Rink amide MBHA was used in combination with the
2-chlorotrityl linker, which allow mild cleavage conditions.
Both linkers were suitable for the solid-phase peptide syn-
thesis of dinuclear trans-platinum complexes. Biological
testing of the platinum complexes showed their potential as
anticancer agents. However, in comparison with cisplatin,
compound 112 displayed a 60-fold decrease in activity.

Metal complexes of suitable geometry and coordination
properties are promising cross-linking agents.[®3] One appli-
cation of metal complex cross-linking is to increase the af-
finity of an antisense oligonucleotide to its target.[’ Lip-
613
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Scheme 25. Solid-phase synthesis of platinum complex 112 by metallation on solid support.

pert et al. used this strategy in a model cross-linking reac-
tion between the monofunctional trans-Pt-modified PNA EI _NH; 3 N _NHz
oligomer trans-[(NH;),Pt(g-N7-attcgc)CI]* (113) and its §—pt—cCl = 9—P—=G 3
complementary deoxyoligonucleotide 5'd(GCGAATG) a M T aNHs— o
(114) (Scheme 26).1951 The trans-Pt"-modified building ¢ A T
block 116 was synthesized through the reaction between
trans-[Pt(NH;),CI(DMF)|BF, and Fmoc/Bhoc-PNA G. t * A T T t A
Building block 116 was then coupled to the Rink amide- ¢ G c G
bound fully protected PNA oligomers with the aid of the -
coupling reagent HATU. Removal of the Bhoc protecting g c ) $ ¢ )
groups along with the release from the solid support was c G° c c®

effected with TFA/m-cresol (Scheme 27). In summary, this 13 114
methodology allows the preparation of monofunctional

trans-Pt'-modified mixed pu/pym PNA oligomers, which o .
have been shown to cross-link sequence-specifically with a f;geme 26. Cross-linking reaction between PNA 113 and DNA
target oligonucleotide. '

115

HaN_ Cl
o) /Pt\
N NH3 ABhoc Bhoc
HN > 1) Piperidine
Bhoc.. A 2) HATU/DIPEA Kfo & KT//
NN 3) Ac,O/DIPEA
Kfo o —_— Fmoc\N/\/N N/\/N M’o
Fmoc. /\/N\)J\ H H H

N OH

H ————

X
116
117: x = ttcgc
HaN,_ Cl
o} /Pt\
HN N NHg
x |
TFA/m-cresol Bhoc\ ABhoc Bhoc
Y “f “f
Fmoc\
H H
%{—J
X
118: x = ttcgc

Scheme 27. Solid-phase synthesis of a monofunctional trans-Pt'!-modified PNA oligomer.
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Cycle:

2) X, TBTU, NEM, DMF
3) 20% piperidine/DMF

X = Phe, Pro, Phe, Pro, Pro, Gly

H
1) N._ COOH

)

MezN_Fl’t_NMez
|
122

2) TBTU, NEM, DMF

> [GIy-Pro-Pro-Phe-Pro-Phe-PLL]z—Lys—O
121

[PINCNVal-Gly-Pro-Pro-Phe-Pro-Phe-PLLI,—Lys ()
123

Scheme 28. Solid-phase synthesis of a platinum-biomarker-containing peptide by use of metal-containing amino acid 122.

5.3 Tetradentate Monoanionic “Pincer” NCN
{ICcH,(CH,;NMe,),-2,6-R-4]7} Platinum Conjugate

Van Koten et al. reported a robust organoplatinum(IT)
biomarker that can be incorporated into peptides by stan-
dard solid-phase coupling techniques.[®®! The biomarker-
containing peptides can be identified by addition of an
aqueous KlI; solution, producing visually detectable col-
oured resin beads. For the almost instantaneous change of
colour from colourless to deep purple, capping of only 6%
of the available amine termini of the resin-bound peptide is
sufficient. Furthermore, this colouration process is revers-
ible by washing with DMF/Et;N or DMF/morpholine solu-
tions. PEGA 9o resin [a copolymer of bis(2-aminopropyl)-
poly(ethylene glycol)/acrylamide] was chosen as the solid
support since it combines good characteristics for organic
synthesis and screening in aqueous buffer solution, which is
required for a biomarker-function in solid-phase screening
assays. A lysine residue was first coupled to the resin, to
double its loading capacity. The peptide sequence Gly—Pro—
Pro-Phe-Pro-Phe was synthesized on a photolabile
linker,’*”! by syringe technology!®® with Fmoc/OPfp-derivat-
ized amino acids, which were activated with Dhbt-OH. Fi-
nally, the N-protected platinum(II) biomarker 122 was at-
tached to the N terminus of the resin-bound peptide 121
with TBTU and NEM activation (Scheme 28).

5.4 Iminodiacetic Acid (IDA) Nickel Conjugate

Metallopeptides of the general form Ni"AA -AA,—-
His!*”! are used in biochemical analysis of protein—nucleic
acid and protein—protein interactions.’” Long and co-
workers prepared two libraries derived from AA,—~AA,—His
sequences in which the first and the second positions of the
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peptide ligand were varied.[’!! Standard /Boc protocols on
methylbenzydrylamine (MBHA) resin were used, including
all possible combinations of 18 natural a-amino acids ex-
cluding Cys and Trp to prevent disulfide formation and
partial DNA intercalation’? of these residues. The opti-
mized metallopeptide Ni'l-Pro-Lys-His was found to cleave
DNA an order of magnitude more efficiently than Ni'-Gly-
Gly-His.

Tampé and co-workers synthesized a metal-chelating
amino acid building block for synthetic receptors.”*! Such
synthetic receptors bearing an IDA-chelate were employed
as metal ion sensors and as receptors for histidine-tagged
proteins. Standard solid-phase peptide synthesis was used
to incorporate the SAAC 125 into a polypeptide
(Scheme 29). The peptide conjugate was further labelled
with fluorescein at a cysteine residuel’ to signal metal ion
binding. After release of the IDA-peptide 127 from the
resin, it was treated with Ni** and several experiments were
performed, demonstrating strong binding to imidazole.

5.5 Bidentate Phosphane Palladium Conjugates

Palladium(II) allyl complexes were prepared by Meldal
and co-workers from resin-bound ligands to demonstrate
their catalytic properties.”! The palladium complexes 133
135 and 138 were synthesized on solid support by use of
Fmoc-protected amino acids and Fmoc-protected amino al-
dehydes. Phosphane moieties were introduced by phos-
phanylmethylation of the free amines as the final solid-
phase synthetic step, prior to complexation with palladium.
PEGA 9 resinl’® was selected because of its excellent
swelling properties in organic solvents, as well as in water.
After the PEGA 9y, resin had been functionalized with
Fmoc-glycine by TBTU activation and subsequent Fmoc-
615

WWW.eurjoc.org



MICROREVIEW

G. Dirscherl, B. Konig

(0] (0}
FmocHN
Hk OtBu NH—Ser—Thr—GIu—LeuQ
HO)J\(\/\/ ;\
NHFmoc OtBu 0 o
FmocNH-Ser-Thr-Glu-Leu 125 %
o -9 PO N
SPPS 126
HN NH
H
FIuorophore Bl
OH
SPPS o /;(H o) y O
- HoN N N NHz
= BOGRNYS
OH
HaN" SNH HO )K/NH)J\
27
Ni2*
HN NH»
Os_-OH
Fluorophore
2
f SNy
OH
” \
H2N ’ ','2 7
o é

Scheme 29. Solid-phase peptide synthesis of fluorescein-labelled IDA peptide 127 and subsequent metallation in solution to give nickel

complex 128.

deprotection with piperidine, the HMBA linker was intro-
duced with the aid of TBTU. The HMBA linker can be
efficiently cleaved under mild conditions and is also suitable
for on-bead NMR analysis, since it possesses no stereocen-
ter making the analysis more difficult. The first amino acid
Fmoc-phenylalanine was attached to the HMBA linker by
MSNT activation in dichloromethane (Scheme 30). For all
the other couplings TBTU was sufficient. The resulting
peptide-based bidentate phosphane palladium conjugates
132 and 137 were shown to be suitable for palladium cataly-
sis of asymmetric allylic substitution reactions.

5.6 Bidentate P,S-Based Palladium Conjugates

Recently, bidentate mixed heteroatom ligands have
proven to be very successful for asymmetric organic synthe-
sis.”71 One class of such ligands are P,S-ligands,[’®! which
have been successfully applied in palladium-catalysed allylic
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substitution reactions.””) Meldal et al.B% expanded their
methodology for the solid-phase synthesis of peptide-based
bidentate phosphane ligands described above to the solid-
phase peptide synthesis of P,S-bidentate chelating palladi-
um(Il) complexes, exploiting the readily available chiral
pool of cysteine derivatives (Scheme 31).

6. Copper (Group 11) Metal Complex—Peptide
Conjugates

6.1 IDA Copper Conjugate

Peptides with metal complexes in their side chains and
peptide-metal complex conjugates have been used to en-
hance or control binding affinities and peptide conforma-
tions.B!l To extend the scope of solid-phase synthesis of
peptide—metal complex conjugates, Konig et al.’ reported
their preparation from modified amino acids bearing metal
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Scheme 30. Formation of palladium(II) allyl complexes on solid support.

complex ligands or metal complexes in their side chains.
The IDA motif, known for its ability to bind imidazole resi-
dues and N-terminal His, was chosen and converted into its
copper complex as a SAAC. This modified amino acid 143
was incorporated into a peptide sequence by standard solid-
phase peptide synthesis (Scheme 32). The use of HMBA-AM
resin allowed nucleophilic cleavage of the copper peptide
conjugate from the resin without decomplexation.
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6.2 Bis(2-picolyl)amine (bpa) Metal Conjugate

As discussed above, radioactive metals have been success-
fully and extensively applied to radioimaging (e.g., with
9mTc complexes). Control of cellular uptake and metal ion
localization is thus a challenge for medicinal inorganic
chemistry. However, this concept is not widely applied to
non-radioactive metals.

WWW.eurjoc.org 617



MICROREVIEW

G. Dirscherl, B. Konig

Ho—HMBA—()

139
1) Fmoc-Phe-OH, MSNT, Melm
2) Piperidine
3) Fmoc-Ala-OH, TBTU, NEM
4) Piperidine
5) Fmoc-Cys(tBu)-OH, TBTU, NEM
6) Piperidine
7) Fmoc-Phe-H, NaCNBH3, AcOH
8) Piperidine
9) CgH5COOH, TBTU, NEM

Y

S Ph
H H 2
—HMBA
\[(Nj/\u N%H O AO
OPh o (0]

MeCN

+Pd
thp\ j)k o—HMBA—())

O

j [PACI(n3-CaHs)l2

142
Ph

Scheme 31. Palladium catalyst derived from a solid-phase synthe-
sized peptide scaffold and metallation on solid support.

Copper, on the other hand, plays an important role in
cell-regulating processes, but in certain cells there is not one
single free copper ion.[®3 Any Cu®* ion is sequestered by
so-called Cu chaperones, proteins that also serve to deliver
the metal to specific Cu enzymes.®¥ For such systems,
Metzler-Nolte et al. proposed to use bioconjugates of
metal-chelating ligands, linked to physiologically active
peptides.[®3] The preparation of metal-bpa complexes linked
to amino acids and a cellular localization signal peptide —
namely, a nuclear localization signall®! (nls) — was reported.

N/ o O

N N
ONO | N

M---N
ONO

N= 148

N\ /

M =Cu, Zn

H

The nls peptide used by Metzler-Nolte et al. in their work
is a heptapeptide with the primary sequence H-Pro-Lys-
Lys-Lys-Arg-Lys-Phe-OH and serves as a tag to proteins,
indicating their destinations in the nuclei of cells.®” The
nls-bpa bioconjugate 148 (Figure 7) was prepared by Fmoc
solid-phase peptide synthesis on Rink amide resin with an
acid-labile linker, and acid-labile side chain protecting
groups for amino acids Lys (Boc) and Arg (Pbf) were used.
The peptide synthesis cycle consisted of Fmoc removal with
piperidine and TBTU coupling. Metal complexation was
carried out in aqueous solution with Cu(NOs),. The forma-
tion of the complex 148-Cu was immediately apparent from
the deep blue colour of the solution due to a blue shift of
the Cu d-d transition in the Cu(bpa) complex. The metal—-
peptide conjugates were suggested as artificial metallochap-
erones, because they have the potential to deliver metal ions
to specific compartments in the cell as determined by the
peptide moieties.

7. Zinc (Group 12) Metal Complex—Peptide
Conjugate

7.1 Bpa Zinc Conjugate

Metzler et al. also showed that Zn?* binds to their nls
peptide conjugate 148. The Cu'' and Zn'" complexes were
characterized, including by X-ray structure analyses, and
the results indicated similar structural features in the transi-
tion metal complexes.

Kraemer and co-workers prepared conjugates of peptide
nucleic acids (PNAs) and metal-binding ligands by solid-
phase synthesis.®® The ligands were attached to the PNAs
through linkers of different length for optimization of metal
complex—DNA interaction. Synthesis of conjugates was ac-
complished through sequential coupling/deprotection steps
with the required number of Fmoc-Gly-OH building blocks
to the terminal amino group of the Rink resin-bound PNA.
Amination with bis(2-picolyl)amine, PNA deprotection and
cleavage gave conjugates with 2-picolylamine. Equimolar
concentrations of bioavailable metal ions Ni**, Zn>* and
Cu?* were used in the complexation step, and the affinities
of the metal-bpa conjugates towards DNA (Figure 8) were
shown to be strongly dependent upon the nature of the
metal, in the order Ni**, Zn?* > Cu?*.

NH

)=NH

Figure 7. Structures of metal bioconjugates 148-M. M = Cu'! or Zn'l.
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Scheme 32. Incorporation of Cu'-IDA SAAC into a peptide sequence.
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149

Figure 8. A proposed approach for metal-dependent binding of
PNA probes to oligonucleotide targets.

Konig et al. reported solid-phase peptide synthesis proto-
cols in which the positions and numbers of SAACs and
their metal complexes may be varied.®®] Peptide-metal
complex conjugates were obtained either by incorporation
of the metal-coordinated SAAC followed by mild nucleo-
philic resin-cleavage, or by complexation in metal salt solu-
tion after cleavage from the resin.
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A bpa-containing peptide (Scheme 33) and a dinuclear
peptide receptor (Scheme 34) based on the bpa chelate were
synthesized on Rink amide resin by solid-phase peptide
synthesis. Fmoc-protected aliphatic amino acids and SAAC
150 (Figure9) were coupled with HBTU, HOBt and
DIPEA in NMP/DMF by a conventional fritted syringe
technique. After cleavage from the resin, the peptide conju-
gates were treated with Zn(NOs), in an aqueous solution.

N N7 l
X ! N
N
Fmoc- OH
moc H
e}
150

Figure 9. Bpa SAAC 150.

To expand the versatile solid-phase approach, the already
metal-coordinated bpa-derived Fmoc-amino acid 159 (Fig-
ure 10) was incorporated into the peptide chain.
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Scheme 33. Solid-phase peptide synthesis of peptide conjugate 154 and subsequent metallation to provide peptide metal complex 155 in

solution.
= N7
N x
N

Fmoc- H
moc H (0]
(o}
159

Figure 10. Zn'-bpa SAAC 159.
To avoid the loss of metal ions under acidic conditions,
which are necessary to cleave from Rink amide resin,

HMBA-AM was used as resin, as it allows nucleophilic
cleavage of the peptide (Scheme 35).

7.2 Bis-bpa Zinc Conjugate

Bis(Zn"! chloride)-SAAC 164 has also been successfully
used in solid-phase peptide synthesis. Cleavage with a
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DIPEA/MeOH/DMF solution gave the metallated peptide
bis-bpa zinc complex 167 (Scheme 36).

7.3 Bis(1,4,7,10-tetraazacyclododecane) Bis(cyclene) Zinc
Conjugate

The solid-phase synthesis of metal-complex-containing
peptides bearing cyclene moieties has been performed.%
The amino acid complex 173 was prepared from the pre-
viously reported triazene-bis(cyclene)®!! 168 by treatment
with a-amino Z-protected L-Lys—OBn (Scheme 37). Nucle-
ophilic aromatic substitution gave compound 169, and the
benzyl protecting groups were simultaneously removed by
hydrogenolysis with 10% palladium on charcoal as catalyst.
The complexation of the Fmoc-protected cyclene ligand
with Zn'! required careful control of the reaction condi-
tions.

After Boc removal with HCl-saturated ether, the com-
plexation of the hydrochloride salt was achieved with a Zn
salt in a buffered solution (Hepes buffer, pH 8). Preliminary
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Scheme 34. Solid-phase peptide synthesis of bis-bps ligand 157 and subsequent metallation to provide dinuclear peptide metal complex

158 in solution.

attempts to couple amino acid 171 to aliphatic amino acids
using HBTU, TBTU and DIPEA as coupling reagents
failed. The more efficient reagent HOAt!°?! was used instead
of HOBt together with the onium salt HATU. DIPEA was
exchanged for collidine,®¥ a more suitable base for the
HOAt reagent. With HOAt/HATU/collidine, the coupling
of 171 in two coupling cycles gave dipeptide 177
(Scheme 38).

A more extended peptide 180 was obtained on the
Fmoc-Ala-loaded SASRIN resin 178 under the same coup-
ling conditions (Scheme 39). In the following steps, the Boc
groups were cleaved with HCl-saturated ether and the neu-
tralized compound 181 was subsequently treated with
7Zn(ClOy,), salt to provide the peptide complex 182.
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8. Samarium, Europium, Terbium and
Gadolinium (Lanthanides) Metal Complex—
Peptide Conjugates

8.1 N-(Isothiocyanatobenzyl)diethylenetriamine-
N,N',N'',N'"'-tetrakis(acetic acid) Metal Conjugate

The chelates of certain lanthanides, such as Eu’*, Tb?",
Sm3* and Dy?*, have unique fluorescence properties (e.g.,
large Stokes shifts, sharp emission peaks and exceptionally
long decay times).”* These properties are exploited in time-
resolved fluorimetry!® (TRF). Oligopeptide conjugates
were synthesized and used in a TRF-quenching assay
(based on caspase-3, an enzyme that plays a key role in
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Scheme 35. Direct solid-phase peptide synthesis of metal-peptide conjugate 163 on HMBA-AM resin with metal-containing amino acid 159.
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Scheme 36. Incorporation of bis(Zn'' chloride)-SAAC 164 in a peptide sequence.
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Scheme 37. Preparation of Fmoc-protected amino acid 171 and the bis(Zn"-cyclene) SAAC 173.
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Scheme 38. Solid-phase synthesis of dipeptide conjugate 177.
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programmed cell death, or apoptosis) and in a receptor
binding assay (based on motilin, a polypeptide hormone
secreted by Mo cells of the small intestine that increases the
migrating myoelectric complex component of gastrointesti-
nal motility and stimulates the production of pepsin).l
Hovinen et al. described the synthesis of oligopeptide build-
ing blocks that allow for the introduction of lanthanide(I1I)
chelates into synthetic oligopeptides by standard automated
solid-phase peptide synthesis. The applicability of building
block 18371 for oligopeptide derivatization was demon-
strated with peptide sequences of motilin, substance-P, neu-
rokinin-A and caspase-3 synthesized by Fmoc solid-phase
peptide synthesis (Scheme 40). After the building block 183
had been coupled to the amino terminus of the coding se-
quence with use of a prolonged reaction time, but otherwise
standard HBTU/HOBt conditions, the oligopeptide was re-
leased from the resin. Treatment of the deblocked oligomer
with europium(III) citrate converted the conjugate into the
corresponding europium peptide chelate 18S5.

Karvinen et al. have paved the way to a multiparametric
caspase assay by characterizing the fluorescence properties
of a series of lanthanide (Ln3*) chelates (Scheme 41) incor-
porated into peptides and testing their functionality in a
caspase-3 assay.”® Caspases are a group of cysteine prote-
ases involved in apoptosis®? and inflammatory reac-
tions.['%1 As the caspases and their substrates are a well
characterized'°!l and interesting group of enzymes as po-
tential drug targets,['%? Karvinen et al. have chosen them
as a model system for the development of a multiparametric
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1. piperidine 1. Cycle 2: Fmoc-Ala-OH
A GDIN 3 2. wash
Fmoc-Ala—O— SASRIN!
3. Fmoc-Ala-OH 2. Cycle 4: Fmoc-SAAC 171, (2.5 equiv.), 3 h,
178 4. HOBt, HBTU, DIPEA HOALt, HATU, collidine
3. wash
“————— 4 Fmoc-SAAC 171, (2.5 equiv.), 3 h,
HOAt, HATU, collidine
Cycle 1 : ,
ycle 5. Cycle 5: Fmoc-Ala-OH
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Scheme 39. Solid-phase synthesis of peptide 180 and peptide complex 182.

homogeneous time-resolved fluorescence quenching assay
(TR-FQA). The principle of the enzymatic assay is shown
in Figure 11.

The homogeneous multiparametric assay was capable of
measuring the activities of three different caspases from one
well through the use of specific substrates labelled with eu-
624
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ropium, samarium and terbium chelates (Scheme 41). Al-
though the quenching efficiencies were significantly lower
than those observed earlier,['°3! some of the chelates tested
during this work proved to be extremely functional in TR-
FQ assays, and the technique might be adaptable to DNA
assays.
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Oligopeptide synthesis
using building block 183
at NHp-terminus

183

R =COO-tBu

FmocHN
H
N—| protected peptide CONHMO
O O
184
R = COO-tBu
1) Piperidine

2) TFA / scavengers
3) Eu' citrate

<coo-
N H BHz 1
-00C NMN | peptide | —CONH,
-00C
oy 0 o)
(4
CoO 185

Scheme 40. Introduction of a luminescent europium(III) chelate by solid-phase oligopeptide synthesis with N-terminal 183 and subsequent
complex formation in solution.

NH-COOH,| NH-COOH! R/E\IZCH)_OHzl

- | - /NH—COOHZI
N N N R

z
-OOO—&

Scheme 41. Simplified structures of the tested lanthanide chelates.
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7

Q
'
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Figure 11. Principle of the TR-FQA caspase assay. The assay is based on recovery of the Ln3* fluorescence after removal of the quencher
by protease activity. QSY-7 e-amino-labelled lysine, inserted into a caspace recognition sequence, was used as quencher for all lanthanide
chelates.
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Scheme 42. Introduction of luminescent lanthanide(I11) chelates into oligopeptides using building block 191.
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Hovinen et al. modified the synthesis of the building
block 187, allowing the introduction of photoluminescent
europium(III) and samarium(III) chelates into synthetic oli-
gopeptides on solid-phase by Fmoc chemistry. Oligopeptide
synthesis and introduction of the Fmoc-protected building
block 191 into the growing peptide chain was performed as
reported earlier.'® Upon completion of the oligopeptide
synthesis, the conjugates were converted into the corre-
sponding lanthanide(I1I) chelates by treatment with the ap-
propriate lanthanide(III) salts (Scheme 42).

8.2 1,4,7,10-Tetraazacyclododecane (Cyclene) Europium
Conjugate

The metal-coordinating ligand cyclene was attached to
the arginine-rich region of the TAT protein (a transacti-
vator of HIV-1 infection, responsible for the replication and
expression of HIV-1), and the lanthanide complexes of the
ligand—peptide conjugate were investigated in hydrolysis-
cleavage experiments.['! TAR-RNA of HIV-1 was chosen
as the target for the hydrolysis studies, as it is recognized
by the HIV-1 regulatory TAT.['%I The peptide—cyclene con-
jugate nonamer 196 with the attached cyclene moiety was
synthesized by standard solid-phase peptide synthesis. In
the last coupling step, the Boc-protected cycleneacetic acid
1951171 was coupled to the N terminus of the nonapeptide
194. After subsequent cleavage from the resin under stan-
dard TFA conditions, the peptide 196 was incubated with
the Eu' salt (Scheme 43). Surprisingly, the nonamer—cy-
clene conjugate 196, without Eu'l, gave selective and ef-
ficient cleavage at neutral pH and room temperature, and
the authors report that those cleavage reactions are more
efficient in the absence of Eu' than in its presence.

N ll‘Bu tBu

tBuO 0} Oy -OtBu
TJ
Co)
N N
Ak
tBuO 0 O~ OtBu
198

2) TFA
3) Gd¥*

tBuO (0] O4_-OtBu
T~7
N N
(oo ]

tBu Bu

1) HBTU

European Journal
of Organic Chemistry

1) SPPS coupling: Boc, /—\ ,Boc
L, J3
N N
BOC/ -/ \)J\OH
FmocHN—Arg—Arg—GIn—Arg—Arg—ArngO Lo
194 2) Deprotection with TFA

H /—\ H

N N
[ ] g Eu'' salt
N

H \)J\NH-Arg-Arg-GIn-Arg-Arg-Arg - "

196

H /—\ H

N N
[ Eu®* j 0
N N
H JJ\NH-Arg-Arg-GIn-Arg-Arg-Arg

197

Scheme 43. Synthesis of peptide-cyclene conjugates by solid-phase
synthesis and europium complex formation in solution.

8.3 1,4,7,10-Tetraazacyclododecane-N,N' ,N'' ,N'"’-
tetraacetic Acid (DOTA) Gadolinium Conjugate

Several types of ligands, including DOTA, DTPA,
NOTA and TETA,['%8 have been attached to peptides.
DOTA is of particular interest, since this macrocyclic ligand
forms complexes with exceptionally high binding affinities
and kinetic stabilities with a variety of metal ions.[!?]
Sherry et al. prepared Gd3*-G80BP (Binding Peptide) by
solid-phase peptide synthesis (Scheme 44) and demon-

Boc Boc tBu Trt Pbf

| I | ! ! |
+ H2N—Thr—Phe—Asp—Asp—Leu—Phe—Trp'—Lys—GIu—GIy—Hls—Arg—CO‘Q

199

Boc Boc (Bu

| Trt Pbf

N N
L) e e oo Boc ! .
BuO [0} o) H—Thr—Phe—Asp—Asp—Leu—Phe—Trp—Lys—Glu—GIy—His—Arg—CONHg

200

Scheme 44. Solid-phase peptide synthesis of Gd**-G80BP 200.
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[112]

strated that magnetic resonance imaging (MRI) can detect lating group at three different residues (Scheme 45).
the binding event of a Gd*>*-DOTA-labelled peptide (Gd**-  Conjugation of DOTA to the N terminus of the resin-
G80BP) to its target protein Gal-80['!%1 (Gal-80 is a protein  bound peptide was accomplished with DOTA-tris(¢Bu) es-
involved in regulation of galactose metabolism).[!!!] ter by standard Fmoc solid-phase peptide synthesis.

In a later work, Sherry et al. modified the Gal-80 binding  Attempts to add subsequent amino acids beyond DOTA,
peptide TFDDLFWKEGHR by introducing a DOTA-che- even with either HATU or TFFH as coupling agents (these

tBUO\ﬁ j/OtBU
L i S
tBuO OtBu

Fmoc

o
) HN HoN Ala-Ala-Asp(tBu)-Gly-CONH,
a
© 204
HzN Ala-Ala-Asp(tBu)-Gly—1 Rink |
Q 203

OfBu OtBu

o 0

BuO lA ‘> {BuO _>
N \H/\N
j(\& \)N OtBu &N\) \)J\

OtBu

______ a) b, C)
Fmoc—o—u\ _Rlp_k_ —
202 HN HN
HoN -R:m_k- HoN-Gly-Ala-Ala-Asp — N
OtBu
o

HN
HoN-Gly-Ala—N Asp(tBu) Gly-CONH,

HoN Asp(tBu) -Gly— Rink ! 8

a) Fmoc-amino acids, HOBT, HBTU, DIPEA
b) Fmoc-amino acid pentafluorophenyl esters, HOBt
c) TFA, thioanisole, 1,2-ethanethiol, anisole

Scheme 45. Solid-phase peptide synthesis of three pentapeptides with variable DOTA positions.
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coupling agents are reported to have superior coupling
capabilities to HBTU), were not successful. A report by
Lewis et al. showed that Fmoc—-DOTA-lysine can be intro-
duced into a peptide sequence by using a XAL-PEG-PS
resin.[''3] XAL-PEG-PS solid supports are prepared by
grafting soluble polar PEG chains onto microporous poly-
styrene-co-divinylbenzene and have been shown to be supe-
rior to conventional resins for the synthesis of hydrophobic
peptides.[''¥] However, Sherry et al. used the more reactive

NH
RSN N
H
H
R ON 1) TFA
! j/ 2) Acetic anhydride,
Hit OHN O~ 'NH pyridine, DMF

209 HN H,Q

4) IBUOOC\/\/\/ NCO

J ﬁl
Bu00C” N N">coomu
tBuOO! COO1Bu
211
5) TFA

Cleavage from resin with

anhydrous HF

3) Piperidine, DMF

European Journal
of Organic Chemistry

activated amino acid Fmoc-pentafluorophenyl ester in their
work to couple the remaining amino acids successfully to
the endo-DOTA peptides. After addition of Gd** to each
peptide-DOTA conjugate, competitive binding experiments
showed that the exo-peptide labelled with Gd**—-DOTA at
the N terminus had a reasonable affinity for Gal-80, while
those peptides labelled with Gd3*~DOTA at endo positions
within the peptide sequence had no detectable binding af-
finity for Gal-80.

X

” R" 07 "NH
o
o)
HN
210 N—{';
H
NH,
X
R* N~ NH
H
o N
Ff’j’
HNZON" 07 NH

212

HN. _O

HOOC,
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\_

N\_\N
/_/

N

COOH

Ve
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Scheme 46. Synthesis of cNGR-Gd""DTPA complex 215 by solid-phase synthesis of the ligand and subsequent gadolinium complex

formation in solution.
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Scheme 46. Continued

8.4 Diethylenetriaminepentaacetic Acid (DTPA)
Gadolinium Conjugate

Gadolinium complexes of DTPA are widely employed as
contrast agents in medicinal imaging.[''>! The effectiveness
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of GA™MDTPA-based contrast agents can be improved by
incorporating target-specific oligopeptides to induce ac-
cumulation of MRI probes in the tissue of interest.[!'®] A
cyclic peptide containing the Cys—-Asn—-Gly-Arg-Cys
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(CNGRC) sequence (ctNGR) was identified as a targeting
unit for the aminopeptidase CD13, which is overexpressed
on endothelial cells during angiogenesis.'!”l Hackeng and
Meijer et al.l''8] designed a ¢cNGR-Gd"'DTPA complex
215 composed of the cNGR targeting domain and a Gd''-
DTPA complex for imaging of angiogenesis (Scheme 46).
The gadolinium chelate was introduced at the g-amine of
the lysine side chain of the peptide 210. For this purpose,
an isocyanate-functionalized lysine-based DTPA pentaester
211 was coupled to the resin-bound peptide 210. Solid-
phase peptide synthesis and HBTU activation for Boc
chemistry on a MBHA resin!'!"?! was applied to synthesize
side chain-protected BocCNGRCGGK (Fmoc)-MBHA 209
containing the target-specific NGR sequence. The conver-
sion of the amine-functionalized DTPA'?Y into the corre-
sponding isocyanate 211 was achieved with di-fert-butyl
tricarbonate, a versatile reagent for the quantitative conver-
sion of primary amines into isocyanates under mild reac-
tion conditions.['?!] The DTPA-functionalized oligopeptide
212 was obtained by treatment of the lysine side chain &-
amine group with an excess of isocyanate-functionalized
DTPA analogue 211. After quantitative formation of the
disulfide bridge by oxidation, the gadolinium complex 215
was prepared by addition of gadolinium chloride to a solu-
tion of peptide conjugate 214 in water.

Conclusions

The discussed examples of metal complex—peptide conju-
gates synthesized on solid phase show that a wide variety of
different structures are already accessible by the developed
methods. Procedures in many cases differ from standard
SPPS protocols in order to address the special requirements
of ligand and complex stability. Both general strategies —
the synthesis of peptide-ligand conjugates and complex-
ation with excess metal ions on solid support or the incor-
poration of an amino acid complex in the growing immobi-
lized peptide chain — have their specific advantages and
limitations. While complexation of peptide-ligand conju-
gates is synthetically easier in many cases, it does not allow
the specific preparation of bi- or oligonuclear complexes
with different metal ions. This is in principle possible with
artificial metal complex amino acids, if they are kinetically
and thermodynamically sufficiently stable and introduced
in the right order. However, all reaction conditions of the
subsequent peptide synthesis, including deprotection and
cleavage steps, must be compatible with the stability of the
complex. With further advancements of the methodology
the preparation of peptide-metal complex conjugates by
automated solid-phase synthesis will surely become more
common. However, the special conditions necessary for the
formation of various metal complex types and their
individual stability profiles will always call for specific pro-
tocols.
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Abbreviations

Bhoc — N-Benzhydryloxycarbonyl
Boc — tert-Butoxycarbonyl

BOP - (Benzotriazol-1-yloxy)-tris(dimethylamino)phosphonium
hexafluorophosphate

ByPOP - (Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexa-
fluorophosphate

DCC - N,N'-Dicyclohexylcarbodiimide

Dde - 1-(4,4-Dimethyl-2,6-dioxocyclohexyldiene)ethyl
Dhbt-OH - 3,4-Dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine
DIC - N,N’-Diisopropylcarbodiimide

DIPEA — N,N-Diisopropylethylamine

DMAP - 4-(Dimethylamino)pyridine

DMF - Dimethylformamide

DNA - Deoxyribonucleic acid

DSC - N,N-Disuccinimidyl carbonate

EDTA - Ethylenediaminetetraacetic acid

FITC - Fluorescein isothiocyanate

HATU - 2-(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyluron-
ium hexafluorophosphate methanaminium

HBTU - 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate

HMBA - Hydroxymethylbenzoic acid
HMBA-AM - 4-Hydroxymethylbenzoic acid AM
HOA't — 1-Hydroxy-7-azabenzotriazole

HOBt — 1-Hydroxybenzotriazole

MBHA - 4-Methylbenzhydrylamine

MeOH — Methanol

MSNT - 1-(Mesitylene-2-sulfonyl)-3-nitro-1,2,4-triazole
Mtt — 4-Methyltrityl

NBD - 4-Halo-7-nitrobenzo-2-oxa-1,3-diazole
NEM - N-Ethylmorpholine

NHS - N-Hydroxysuccinimide

NMP - N-Methylpyrrolidone

OPfp — Pentafluorophenyl ester

PAL linker — 5-(Aminomethyl-3,5-dimethoxyphenoxy)pentanoic
acid

PAM resin — [p-(Hydroxymethyl)phenyl]acetamidomethyl polysty-
rene

Pbf - 2,2,4,6,7-Pentamethyldihydrobenzofuran-5-sulfonyl
PEG - Polyethylene glycol

PNA - Peptide nucleic acid

Pu — Purine

Pym — Pyrimidine

SAAC - Single amino acid chelate

SASRIN - Super acid-sensitive resin

SPPS — Solid-phase peptide synthesis

TBTU -  2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
tetrafluoroborate

TFA — Trifluoroacetic acid

TFFH — N,N,N',N'-Tetramethylfluoroformamidinium hexafluoro-
phosphate

TIS - Triisopropylsilane
TMS — Trimethylsilane

TSTU — N,N,N',N'-Tetramethyl-O-(succinimidyl)uronium tetra-
fluoroborate

XAL - Xanthenyloxyalkylamide
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