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Introduction

In the last decades solid-phase organic synthesis (SPOS) has
become a powerful tool for synthetic organic and biological
chemistry. Although already developed more than 40 years
ago by Merrifield[1] for selective peptide synthesis (solid-
phase peptide synthesis, SPPS) there has been a rapid
growth in this research area in recent years so that solid-
phase organic synthesis is nowadays widely employed in all
kinds of organic syntheses.[2–6] The variety of available solid
supports and linkers[6] allows many reaction conditions, so
that solid-phase synthesis can be implemented for most or-
ganic synthesis protocols. Solid-phase synthesis is ideally
suited to perform reactions in parallel, because it readily en-
ables the (automated) performance of multistep synthetic
sequences.

A general solid-phase synthesis (SPS) scheme is depicted
in Scheme 1. A suitably functionalised solid support is
simply shaken with a mixture of solvents and reactants for a
given time; the mixture is then filtered and the support is
washed with suitable solvents. The immobilised substrate A
is then transformed, deprotected or coupled with reactant B.
Finally the product A–B is cleaved from the support giving
products of high purity.

Employing this stepwise synthesis, full control over se-
quence, chain length and end groups of the resulting oligo-
mers is achieved and any possible sequence isomer can be
prepared, paving the way for rapid parallel combinatorial
syntheses. This contrasts with supramolecular approaches
(self-assembly) which usually yield only one isomer or as-

sembly, namely the thermodynamically most stable one
under the applied conditions.

Despite the rapid development of solid-phase organic syn-
thesis examples for the application of this strategy to the
field of inorganic chemistry, that is, the synthesis and trans-
formation of transition-metal complexes, are rare. The most
important and common application of immobilised transi-
tion-metal complexes is catalysis.[7–10] For this purpose a
well-defined molecular pre-catalyst is permanently bound to
a solid support through adsorption, ionic or covalent bond-
ing, or intercalation depending on the type of support (inor-
ganic oxides, organic polymers or dendrimers).[11,12] Certain-
ly, for efficient catalysis the active site should remain on the
support during the whole catalytic process and leaching of
the catalytic centre should be inhibited, so that the catalyst
can be reused several times.

In contrast to catalytic applications of immobilised transi-
tion-metal complexes, the intermediates in SPOS are bound
to the solid phase through suitable linkers that enable the
easy attachment of the starting material to the support.
They are also stable under a broad variety of reaction condi-
tions, but allow selective cleavage at the end of the synthesis
without damage of the product.

To our knowledge the very first application of a solid-
phase synthesis protocol to construct an oligonuclear transi-
tion-metal complex was reported in 1975 by Burlitch and
Winterton.[13] Di-n-butyltin-dichloride was coupled to lithiat-
ed styrene/20% divinylbenzene copolymer followed by cou-
pling of tetracarbonyldihydridoosmium(II) with diethyl-
amine as the coupling agent (Scheme 2). The second metal–
metal bond was formed by using (nBu)2SnCl2/Et2NH giving
the polymer-anchored trinuclear complex 1-PS. Release of
intact trans-bis(di-n-butylchlorotin)tetracarbonylosmium(II)
(1) from the polymer was accomplished by acidic cleavage.

Apart from catalytic applications,[7–11] polymer-supported
carbonyl complexes have been recently used in stoichiomet-
ric reactions (Scheme 3). Carbonyl–molybdenum(0) and –
ruthenium(0) fragments were bound to polymers by coordi-
nation to double bonds (2-PS) and released by ligand dis-
placement with PPh3.

[14] Polymer-anchored arene–tricarbo-
nylchromium(0) complexes 3-PS were employed as traceless
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Scheme 1. General solid-phase synthesis (SPS).
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linkers for performing metal-activated, aromatic nucleophil-
ic substitution reactions on a solid support.[15] Fischer car-
bene complexes were prepared on a polymer support. Ami-
nation with benzylamine to give amino–carbene 4-PS and
oxidative cleavage with I2/air releases the oxygenated

amino–carbene ligand.[16] In all the transformations depicted
in Scheme 3 the polymer-bound complex is modified or de-
stroyed during release from the resin, so these types of
anchored transition-metal complexes are best described as
supported reagents.

Solid-phase synthesis with transition metals as a part of
the target product arose from biochemistry, medicinal
chemistry, analytical chemistry and catalysis. As inorganic
compounds possess specific properties that are not present
in biomolecules, such as peptides or DNA, the labelling of
biomolecules with transition-metal complexes has become
an active area of research.[17] To be of use in these fields of
chemistry the transition-metal complexes employed should
be stable in water and air and compatible with typical cou-
pling, deprotection and cleavage conditions. IR- and redox-
active organometallic moieties have been appended to pep-
tides or PNA by SPPS (Scheme 4; 5-PS–7-PS), for example,
for potential use in immunoassays or as an efficient media-
tor for enhanced cellular uptake.[17–20]

In drug development solid-phase library synthesis has
become a major strategy that has recently also be applied to
metal-containing drugs and pharmaceuticals. The pepti-
de-99mTc–chelate conjugate 8-PS has been prepared by SPPS
as a potential radiopharmaceutical equipped with a targeting
vector (Scheme 5).[21] Reedijk et al. reported the first exam-
ple of a solid-phase synthesis of peptide-tethered dichloro-
platinum(II) complexes,[22–24] and the automated synthesis of
a family of 36 analogues[25] as well as the SPPS of dinuclear
lysine-bridged platinum(II) complexes (Scheme 5; 9-PS)[26]

with the aim to discover new potent platinum anticancer
agents. DNA-sequence selective hairpin polyamide platin-
um(II) complexes have also been prepared on solid sup-
ports.[27]

The discovery and optimisation of lead structures in catal-
ysis research has also profited by solid-phase peptide synthe-
sis techniques. Gilbertson and later Meldal and co-workers
have introduced phosphino-containing amino acids into pep-

Scheme 2. SPS of trans-bis(di-n-butylchlorotin)tetracarbonylosmium(II).[13]

Scheme 3. Stoichiometric reactions with polymer-supported transition-
metal–carbonyl complexes.

Scheme 4. Metal-labelled (bio)molecules prepared on a solid sup-
port.[16–20]
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tides by means of SPPS (Scheme 5; 10-PS). These peptides
serve as chiral ligands for organometallic fragments, for ex-
ample, {Rh(norbonadiene)} or {Pd ACHTUNGTRENNUNG(allyl)Cl} in asymmetric
catalytic reactions.[28,29]

Metal-modified biomolecules prepared by SPS with one
metal label attached to the terminus of the oligomer (see,
for example, references [30–35]) as well as side-chain modi-
fications of biooligomers (see, for example, references [36–
39]) will not be considered further in this article. The prepa-
ration of metal-complex/peptide conjugates by solid-phase
peptide synthesis has been recently summarised in microre-
views and will not be covered in this article.[40]

Often metalation is the last step in the SPS so that the
benefits of using solid-phase methodology are not immedi-
ately clear, as in this case metalation could also easily be
performed after cleavage of the molecule from the solid
support in homogeneous solution (on-resin labelling vs.
post-SPS labelling). However, when combinatorial chemistry
comes into play (e.g., solid-phase library synthesis[25] and
solid-phase library screening[41]) the necessity of introducing
the metal while the molecule is still bound to the support
becomes evident. This is even mandatory when the transi-
tion metal constitutes an integral part of an oligomer back-
bone (Scheme 6).

Our approaches to selectively synthesise well-defined,
multinuclear, transition-metal complexes by SPS are out-
lined in Scheme 7. The first approach relies on the forma-

tion of coordinative bonds between an asymmetric bridging
ligand ]�( and a metal centre in each chain-elongation step
to build oligonuclear transition-metal complexes in a con-
trolled stepwise fashion on solid support. In the second ap-
proach chain growth is achieved by formation of covalent
bonds between ligands of suitably functionalised transition-
metal complexes X-(M]-Y. Both strategies will be described
in the following sections.

SPS of Transition-Metal Complexes: Formation of
Coordinative Bonds

Suitable building units for this approach have to satisfy sev-
eral conditions: to suppress ligand scrambling or chain rup-
ture during the synthesis the metal-complex fragments em-
ployed need to be rather inert, preferably closed-shell tran-
sition-metal complexes. At the same time free coordination
sites must be generated during the chain elongation step to
accommodate the bridging ligand. Furthermore the cleavage
conditions must be compatible with the stability of the coor-
dination bonds in the backbone of the oligonuclear complex.
Finally, on-resin analysis of solid-supported compounds at

Scheme 5. Metal-functionalised (bio)molecules for drug discovery and
asymmetric catalysis.

Scheme 6. Polymer-anchored, oligonuclear transition-metal complexes.

Scheme 7. SPS of oligonuclear transition-metal complexes.
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intermediate stages is very advantageous in guiding the mul-
tistep synthesis. So the first part of this section briefly ad-
dresses suitable linkers, suitable on-resin analytical methods
and stability of polymer-anchored, transition-metal com-
plexes.

For rather sensitive organometallic complexes a silyl ether
linker between the polymer and the first ligand has been
successfully employed.[42–46] This linker type has been used
in organic solid-phase synthesis of sensitive compounds, for
example, oligosaccharides and prostaglandins.[47–49] The feasi-
ble and mild cleavage of silyl ethers by using fluoride ions
was also attractive especially for sensitive organometallic
complexes (low-valent, soft transition metals).

A silyl-functionalised resin (polystyrene/divinylbenzene
copolymer) was prepared by bromination, lithiation and si-
lylation according to the reaction sequence shown in
Scheme 8.[42] A variety of hydroxyl-substituted ligands, such
as tridentate 2,2’:6’,2’’-terpyridines or bidentate Schiff bases
(11, 12, 13), can be attached to the resin by DMAP-cata-
lysed silyl ether formation (DMAP=4-(dimethylamino)pyri-
dine) giving the polymer–linker–ligand constructs 11-PS, 12-
PS and 13-PS, respectively.

Selective breaking of the Si�O bond and thus release of
the ligand from the polymer is accomplished by fluoridolysis
with tetra-n-butylammonium fluoride (TBAF).[42] Single re-
action steps on a solid support are easily monitored by IR
spectroscopy, if significant changes occur in the IR spectra
during the reaction.[50] The success of other reaction steps on
resin can only be controlled by elemental analyses or by
time- and material-consuming “cleave and analyse” proce-
dures. Very useful progress in this respect was, therefore, the
development of a mass spectrometric technique based on
electron ionisation mass spectrometry.[42] This simple and
widely available technique allows monitoring of all reaction

steps on resin and thus facilitates a deeper insight in the re-
action progress on solid support. In addition, resin loading
can be easily estimated by this method. Intensities of ob-
served peaks of the substituted polystyrene resin relative to
a characteristic styrene peak as internal standard correlate
with resin loading. This finding even enables the determina-
tion of rate constants for single reaction steps on the poly-
meric support. The fact that only a minimal amount of resin
is required for analysis makes this method additionally at-
tractive. However, the rather harsh conditions of the elec-
tron impact ionisation method impede its use for resin-
bound transition-metal complexes. For organometallic com-
plexes, especially carbonyl complexes, IR spectroscopy is
the method of choice to monitor the reaction progress on
the polymer support (highly sensitive IR detection of CO
stretching vibrations in an otherwise empty spectral region).

Polymer-supported carbonyl–molybdenum(0) complex
14a-PS is selectively formed by adding the tricarbonylmo-
lybdenum(0) source [Mo ACHTUNGTRENNUNG(CH3CN)3(CO)3] to 13-PS
(Scheme 9).[43] The labile acetonitrile ligand of 14a-PS can
easily be substituted by monodentate ligands, such as carbon
monoxide, isonitriles or triphenyl phosphine, to yield the po-
lymer-bound molybdenum(0) complexes 14b-PS–14d-PS
(Scheme 9). The intact mononuclear complexes 14b–14d
are retrieved from the resin by fluoridolysis and mild acidic
workup.[43] By carefully optimising reaction conditions, such
as cross-linking of the polymer, temperature and solvent,
the chromium and tungsten analogues of 14b–14d are acces-
sible in a similar fashion.[51,52]

Scheme 8. Immobilisation of ligands through a silyl ether linker on a
polystyrene/divinylbenzene resin.

Scheme 9. Formation, transformation and release of molybdenum–
carbonyl complexes.
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The polymer-anchored carbonyl complexes 14b-PS–14d-
PS are immune to ligand scrambling under the reaction con-
ditions (up to 60 8C) and cleavage conditions (fluoride ions,
dilute acetic acid). Stability studies also prove the high ther-
mal stability up to 200 8C, at which loss of carbon monoxide
is observed.

Despite its thermal stability 14b-PS undergoes oxidative
addition reactions with phenyltin trichloride and allyl hal-
ides with concomitant loss of one and two equivalents of
carbon monoxide, respectively (Scheme 10).[45] The former

reaction yields the seven-coordinate heterobimetallic molyb-
denum(II) complex 15-PS and the latter allyl molybde-
num(II) complexes 16a-PS–16c-PS. All molybdenum(II)
complexes can be released from the support without
damage giving 15 and 16a–16c, respectively. Thus mononu-
clear M0 (M=Cr, Mo, W) and MoII complexes fulfil the con-
ditions required for SPS of oligonuclear metal complexes
and the SPS of oligonuclear complexes was addressed.[44,46]

For this approach the bifunctional diimine isonitrile
ligand 17a (for mixed-metal carbonyl complexes) and 1,10-
phenanthroline-5,6-dione (17b ; for platinum(II) complexes,
vide infra) were employed (Scheme 11). Ligand 17a is capa-
ble of coordinating two metal–carbonyl units, one through
the isonitrile group and another one by the diimine chelate
and is, therefore, an ideal directional bridging ligand.

The SPS of bi- and trinuclear complexes by using ligand
17a as the connecting unit is summarised in Scheme 12.[44,46]

Coordination of a M1(CO)3 fragment (M1=Cr, Mo or W) to
13-PS is followed by addition of the bridging ligand 17a,
which binds to M1 in a monodentate fashion through its iso-
nitrile functionality (Scheme 12, 18-PS). Repeating this pro-
cedure employing a M2(CO)3 source (M2=Cr, Mo or W)
furnishes the expandable dinuclear complex 20-PS, while
end-capping with a M2(CO)4 source yields the blocked dinu-
clear complex 19-PS. Capping of 20-PS with a M3(CO)4
fragment (M3=Cr, Mo or W) gives trinuclear 21-PS. Up to
four M(CO)n units can be precisely arranged in this manner;
however, poor solubility of the products prohibits further
chain elongation.[53] Libraries of di- and trinuclear com-
plexes (19-PS, 21-PS) were prepared by parallel SPS. In all
cases the sequence of the M(CO)n units is defined by the
synthetic protocol and is preserved during all synthetic
steps; that is, no ligand scrambling or chain rupture is ob-
served. Although the SPS protocol requires more reaction
steps (immobilisation and cleavage) than a conventional
synthesis in solution, the advantages of the SPS fully out-
weigh these additional steps. All reactions can be driven to
completion by using excess building blocks and purification
is simply achieved by filtration. In a homogenous phase the
stoichiometry must be scrupulously adhered to as purifica-
tion (chromatography, recrystallisation) is very tedious and
inefficient.[53]

Conferring this resin/linker SPS strategy to the SPS of the
mononuclear PtII complex 22 has been equally successful, as
the mild cleavage conditions are fully compatible with the
stability of platinum(II) complexes (Scheme 13).[54] A similar
attempt to prepare 2,2’-bipyridinedichloroplatinum(II) com-
plexes on a solid support with a Sasrin linker[6] was already
reported in 1999.[55] However, under the cleavage conditions
employed (trifluoroacetic acid), the proposed polymer-sup-
ported platinum(II) complexes were degraded; this result
emphasises the need for transition-metal-complex compati-
ble linkers. Platinum(II) complexes with aliphatic amines as
ligands (24, Scheme 13) reported by Reedijk et al. are rea-
sonably stable under acidic conditions and libraries of pep-
tide–platinum(II) conjugates were prepared on solid phase
(using a Rink amide linker[6]) and their anticancer activity
was evaluated after cleavage from the support.[25] For resin-
bound PtII complexes, gel-phase 195Pt NMR spectroscopy
was found to be a very useful analytical tool for monitoring
the reaction.[23] The use of 22-PS or 24-PS as starting materi-
als for the SPS of oligonuclear metal complexes with well-
defined chain lengths and end groups awaits exploration.
Chloride abstraction from 22-PS or 24-PS under salt forma-
tion is rather inconvenient, as salts are usually difficult to
remove from organic resins. However, the SPS of the dinu-

Scheme 10. Oxidative addition reactions performed on solid support.

Scheme 11. Directional bridging ligands 17a and 17b.
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clear platinum(II) complex 25 with the metal in the main
chain has been successful, starting from polymer-bound (di-
ACHTUNGTRENNUNGimine)platinum(0) species and oxidative addition of ortho-
quinones, such as ligand 17b (Scheme 11), to zero-valent
platinum (Scheme 13).[56]

For the construction of heterodinuclear complexes Darens-
bourg et al. used the resin-bound tripeptide Cys-Gly-Cys-Ac
26-PS (prepared on a TentaGel resin equipped with a Rink
linker[6]) as a tetradentate N2S2 ligand for nickel(II) ions.
This immobilised metalloligand can accommodate a second
transition-metal fragment such as [W(CO)5] or [Rh(CO)2]

+

(Scheme 14, 27-PS and 28-PS).[57] Again, IR spectroscopy
proved to be valuable for on-resin analysis of the immobi-
lised carbonyl complexes. However, no attempt to release
the final dinuclear Ni–W or Ni–Rh complexes from the sup-
port was reported, although a Rink linker[6] has been em-
ployed. Chain elongation, starting from complexes of the
type 26-PS, to form oligonuclear complexes is conceivable
by extending the peptide chain with more [Cys-Gly-Cys]
units. This corresponds to a chain elongation approach with
formation of covalent bonds. This approach is outlined in
the following section by using metal-functionalised amino
acids.

SPS of Transition-Metal-Containing Peptides:
Formation of Covalent Bonds

Nature uses a stock of 20 a-amino acids to synthesise a large
variety of peptides and proteins in vivo. For a synthetic

chemist the most powerful tool for peptide synthesis in vitro
is the solid-phase peptide synthesis (SPPS) developed by
Merrifield.[1] SPPS is not restricted to natural amino acids.
Applying this methodology, non-natural amino acids and
even metal-containing building blocks can be incorporated
into a peptide. Conjugating a metal complex to a peptide
can confer new properties to the peptide and therefore ena-
bles new applications; for example, the use as specific label
or as tool for electron-transfer studies in peptides.[17,58] To
allow incorporation of a transition-metal complex at any po-
sition within a peptide the transition-metal building block
requires both an amino functionality and a carboxylic acid
group. To this end a variety of side-chain modified amino
acids has been designed (29–38, Scheme 15).[39,59–66] Recently,
a stable a-amino acid derivative incorporating a ferrocene
unit at the a-position has been reported.[97]

Some of these metalloamino acids are sufficiently stable
under aqueous and ambient conditions and can be employed
in SPPS.[67–71] For example, ferrocenylalanine (Scheme 15;
29, Fer) and cymantrenylalanine (Scheme 15; 34, Cym) were
incorporated in the pentapeptide [Leu5]–enkephalin by
SPPS replacing phenylalanine to give [Fer4,Leu5]–enkepha-
lin 39a and [Cym4,Leu5]–enkephalin 39b, respectively
(Scheme 16).[67–69] Two Fer amino acids were coupled to a
Glu4 tetrapeptide (Scheme 16, 40).[70] As expected, consider-
ing the large Fe–Fe distance, the two ferrocene units in 40
are electrochemically insulated from each other.[70] The
tris(2,2’-bipyridyl)ruthenium(II) amino acid 38 was intro-
duced into a 22 amino acid, alanine-based peptide (41) by
SPPS by using Boc/benzyl chemistry (Boc= tert-butyloxycar-

Scheme 12. SPS of heterobi- and trinuclear transition-metal–carbonyl complexes.
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bonyl) on a MBHA resin (Scheme 16).[39] Potential applica-
tions of these a-amino acid derivatives include peptide la-
belling, such as IR-sensitive labelling (piano-stool amino
acids 33–36) or radiolabelling (30, 32), and electron transfer
studies (29, 31 or 38).[17,58, 70,72]

All metal-functionalised amino acids 29–38 (Scheme 15)
are conceptually similar as the transition-metal complex is
located in the side-chain of an a-amino acid. Placing the
metal-coordinating moiety (Scheme 17, tris(2,2’-bipyridine)-
ruthenium complex 42,[73] chlorine–zinc(II) complex 43[74])
or the transition-metal fragment itself (Scheme 18, ferrocene
derivatives 44a[75–77] and 44b,[78] bis(2,2’:6’,2’’-terpyridine)ru-
thenium(II) derivatives 45a–45d[79, 80] and porphyrin deriva-
tives 46a–46d[81]) between the carboxy and the amino sub-
stituent should give transition-metal-containing building

blocks with significantly different properties as compared to
side-chain modified a-amino acids (Scheme 15).

Incorporating building blocks 42–46 into peptide-like
structures should have a large impact on electrochemical,
photochemical and dynamical properties of the resulting
pseudo-peptides (electronic communication and/or coopera-
tive effects such as folding or guest recognition). Further-
more the use of peptide coupling techniques should allow
the construction of oligonuclear, directional, metal com-
plexes with well-defined building-block sequences
(Schemes 6 and 7). The tris(2,2’-bipyridine)ruthenium com-
plex 42 can be protected with Boc or Fmoc protecting

Scheme 13. SPS of platinum(II) complexes (nb=norbonene).

Scheme 14. Ni–W and Ni–Rh complexes prepared on resin.

Scheme 15. Side-chain modified amino acids (bpy=2,2’-bipyridine).
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groups (Fmoc= fluoren-9-ylmethoxycarbonyl); however, in-
tegration of this building block in peptides has not yet been
published.[73] A chlorine–chlorin dyad has been prepared
from suitable precursor analogues of 43 as a mimic of the
photosynthetic reaction centre and the preferred conforma-
tion of the dyad has been elucidated.[74]

A single ferrocene amino acid (44a, Fca) has been incor-
porated in peptides built from alanine, valine or isoleucine
(Scheme 19; 47a–47c, 48a, 48b) by standard peptide-cou-
pling techniques in solution by using the DCC/HOBt or
EDC/HOBt protocols (DCC=1,3-dicyclohexylcarbodiimide,
EDC= N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide,
HOBt=1-hydroxybenzotriazole).[82–84] Fca can also be pro-
tected with the common Fmoc and Boc N-protecting groups
and is stable towards the respective deprotection procedures
(Scheme 20; 49a,[77] 49b[76]), which is mandatory for the se-
lective synthesis of oligomers. The conformations of the

Scheme 16. Peptides incorporating transition-metal-functionalised amino
acids prepared by SPPS.

Scheme 17. Transition-metal-containing amino acids with the metal-coor-
dinating moiety between COOH and NH2.

Scheme 18. Transition-metal-containing amino acids with the metal-com-
plex fragment between COOH and NH2.

Scheme 19. Oligoamides incorporating a single Fca moiety.

Scheme 20. N-Protected Fca derivatives Fmoc-Fca-H (49a) and Boc-Fca-
H (49b).
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Fca-containing peptides have been determined by using a
combination of spectroscopic and theoretical tech-
niques.[82–84] The chiral ferrocene amino acid (Scheme 18;
44b ; Fcca) has only recently been reported and awaits incor-
poration into peptides.[78]

Incorporation of more than one Fca unit with a direct
amide link between two ferrocene units has been realised in
diferrocenes 50a–50d and triferrocene 50e
(Scheme 21).[75, 77,85,86] Acid activation with acid fluorides

instead of benzotriazole esters proved advantageous in the
amide coupling of ferrocenes.[86] The conformations of the
oligoferrocenes have been investigated in solution by using
spectroscopic and theoretical methods. Electrochemical in-
vestigations indicate a moderate electronic communication
between the redox-active ferrocene units in 50a–
50e.[75,77, 85,86] Organometallic peptide conjugate foldamers
with alternating Ala and Fca moieties 51a–51d have been
prepared and their ordered structures determined.[87] A
strong electronic communication between ferrocene units in
51a–51d, however, seems quite unlikely due to the electron-
ically insulating alanine units.

Conferring amide coupling reactions involving Fca to
SPPS protocols was successful. One Fca unit has been ap-
pended to a tetrapeptide to give the pentapeptide Boc-Fca-
Ala-Gly-Val-Leu-NH2 (52a) and incorporated internally
into the octapeptide Ac-Val-Gly-Ala-Fca-Ala-Gly-Val-Leu-
NH2 (52b) by using Fmoc-protected a-amino acids, Boc-
Fca-H (49b) and a TentaGel resin with a base-labile HMB
linker[6] (Scheme 22; HMB=hydroxymethylbenzoyl).[88] Two
ferrocene units have been linked together on solid support
(TentaGel resin with an acid-labile Wang linker[6]) by using
Fmoc-protected a-amino acids and Fmoc-Fca-H (49a)
giving the tripeptide Ac-Fca-Fca-Ala-OH (Scheme 23,
53).[89] In a fully analogous fashion the tripeptides with one
internal Fca unit Ac-Ala-Fca-Gly-OH (54a), Ac-Ala-Fca-
Ala-OH (54b) and Ac-Gly-Fca-Phe-OH (54c) were pre-

pared by using Fmoc protecting groups on TentaGel-Wang
resin.[89,90]

The bis(2,2’:6’,2’’-terpyridine)ruthenium(II) amino acid
45a (Scheme 18) has been coupled to ferrocene units in so-
lution by using HOBt activation of the acid and deprotona-
tion of the unreactive amine with the Schwesinger phospha-
zene base P1tBu (P1tBu= tert-butylimino-tris(dimethylami-
no)phosphorane) giving ferrocene- and ruthenium(II)-con-
taining amides 55a–55c (Scheme 24).[79] Cyclic voltammetry
indicates that the two ferrocene units in 55c are electroni-
cally uncoupled. However, in 55a and 55c the ferrocene
moiety quenches the ruthenium-based MLCT excited state
by photoelectron transfer.[79]

Scheme 21. Oligoamides incorporating more than a single Fca moiety.

Scheme 22. SPPS of peptides containing one ferrocene unit.

Scheme 23. SPPS of peptides containing two ferrocene units.
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By using a SPPS approach (TentaGel resin; Wang linker;
acid chlorides as coupling reagents) 45a has been successful-
ly connected to the amino acid glycine and several coumar-
in-based chromophores to give dyads 56b and 56d and chro-
mophore-free reference compounds 56a and 56c. For this
multistep synthesis the SPPS approach is clearly highly ad-
vantageous as purification of intermediates reduces to
simple washing and filtration steps. The coumarin conjugates
56b and 56d display energy transfer from the chromophore
to the bis(2,2’:6’,2’’-terpyridine)ruthenium(II) unit in the ex-
cited state (Scheme 25).[91]

The expanded bis(2,2’:6’,2’’-terpyridine)ruthenium(II)
amino acid 45d (Scheme 18) has been incorporated into leu-

cine-based peptides by means of alternate complexation and
ligand coupling reactions in solution to give 57a–57d
(Scheme 26); this method is a combination of formation of
coordinative and covalent bonds during the multistep solu-
tion synthesis (Scheme 7). Oligomers 57a–57d display right-
handed helical structures in solution according to spectro-
scopic measurements.[92]

Porphyrinato–zinc(II) amino acid 46c has been incorpo-
rated into triad 58 with a carotenoid as electron donor and a
tris(heptafluoropropyl)porphyrin as electron acceptor, dis-
playing characteristics of an artificial photosynthetic reac-
tion centre (Scheme 27).[93] Metal-free porphyrin amino acid
derivatives have been conjugated to switchable organic
chromophores and the resulting conjugates have been
shown to act as logic gates and molecular switches.[94–96]

Scheme 24. Amides containing 45a and ferrocene units.

Scheme 25. Oligoamides containing 45a and chromophore units prepared
by SPPS.

Scheme 26. Expanded oligo ACHTUNGTRENNUNG(leucines) containing bis(2,2’:6’,2’’-terpyridi-
ne)ruthenium(II) moieties.

Scheme 27. Triad 58 as artificial photosynthetic reaction centre.
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Conclusion

The next logical step in the field of SPS with transition-
metal complexes is the extension of the method to the syn-
thesis of hetero-oligometallic (peptidic) oligomers in a com-
binatorial fashion. Such well-defined hetero-oligomers could
find useful applications as receptors, sensors, sensitisers, mo-
lecular wires, devices and switches, see for example, referen-
ces [79, 85,89,94–96].

In summary, the strategy of the solid-phase synthesis pro-
vides access to the synthesis of transition-metal oligomers
and transition-metal-functionalised peptidic architectures
that are difficult to obtain by solution-synthesis methods. A
main advantage of the solid-phase approach is that reagents
can be used in an excess and thus reactions can be driven to
completion. The very simple purification procedure on resin
is also a great benefit and even allows for automation and
parallel library synthesis. Therefore SPS is a valuable
method—not only for the synthetic organic chemist, but also
in the field of coordination and organometallic chemistry.
Future developments will show if SPS of transition-metal
complexes will make a similar impact on transition-metal
chemistry as has conventional SPPS in peptide chemistry.
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